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Preface

AC motors play a major role in modern industrial applications. Squirrel-cage induction mo-
tors (SCIMs) are probably the most frequently used when compared to other AC motors
because of their low cost, ruggedness, and low maintenance. The material presented in this
book is organized into four sections, covering the applications and structural properties of
induction motors (IMs), fault detection and diagnostics, control strategies, and the more re-
cently developed topology based on the multiphase (more than three phases) induction mo-
tors. This material should be of specific interest to engineers and researchers who are
engaged in the modeling, design, and implementation of control algorithms applied to in-
duction motors and, more generally, to readers broadly interested in nonlinear control,
health condition monitoring, and fault diagnosis.

Section I gives an introduction of squirrel-cage induction generators (SCIGs) and doubly fed
induction generators (DFIGs) with regard to modelling and control. Furthermore, a power
control system applied to the induction generator is explained. This section concludes with
anthIM sttural properties of IMs, emphasizing a methodology to determine experimentally
the parasitic capacitances in (VSI)-fed IM drives based on the (PWM) techique.

Section II focuses on the health condition monitoring of induction motors and fault diagno-
sis of squirrel-cage induction motors with broken rotor bars and end rings. Condition moni-
toring of electric machines has received a strong impulse from the industry to ensure
consistent and reliable operation of the modern industrial systems.

Section III reviews the fundamentals of the modeling, simulation, and control of IMs. It fo-
cuses mainly on the direct torque control (DTC), hybrid fuzzy—fuzzy controller (HFFC),
adaptive fuzzy sliding-mode controller (AFSMC) for an indirect field-oriented control
(IFOC), and robust control. In general, some of the requirements of the motor control system
developed and evaluated in this section are accuracy, dynamic performance, and robust-
ness.

Multiphase induction motors have become one of the main research topics in the field of IM
during the past decade for various applications, especially in those where high reliability
and fault tolerance are needed. Different topologies of multiphase IMs have been recently
developed mainly for high-power applications, where an increase in the number of phases
enables reduction in the power per phase, which leads to a reduction in the power per inver-
ter leg. Section IV explains the fundamentals of the modeling and control of two different
topologies of multiphase motors. On the one hand, regarding the five-phase IM, some simu-
lation and experimental results are presented to show the behavior of the entire system in
healthy and faulty conditions. On the other hand, with regard to the asymmetrical six-phase
IM, the implementation of the model-based predictive control (MBPC) techniques as well as
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a comparative study of reduced-order observers used to estimate the rotor currents in an

MBPC current control are presented.

Finally, I wish to express my gratitude to the authors of the chapters as well as to the Engi-
neering Faculty of the National University of Asuncion (FIUNA).

Raul Igmar Gregor Recalde
Engineering Faculty of the National University of Asuncion

Asuncion, Paraguay
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Chapter 1

Induction Generator in Wind Power Systems

Yu Zou

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60958

Abstract

Wind power is the fastest growing renewable energy and is promising as the number
one source of clean energy in the near future. Among various generators used to
convert wind energy, the induction generator has attracted more attention due to its
lower cost, lower requirement of maintenance, variable speed, higher energy capture
efficiency, and improved power quality [1-2]. Generally, there are two types of
induction generators widely used in wind power systems — Squirrel-Cage Induction
Generator (SCIG) and Doubly-Fed Induction Generator (DFIG). The straightforward
power conversion technique using SCIG is widely accepted in fixed-speed applica-
tions with less emphasis on the high efficiency and control of power flow. However,
such direct connection with grid would allow the speed to vary in a very narrow range
and thus limit the wind turbine utilization and power output. Another major problem
with SCIG wind system is the source of reactive power; that is, an external reactive
power compensator is required to hold distribution line voltage and prevent whole
system from overload. On the other hand, the DFIG with variable-speed ability has
higher energy capture efficiency and improved power quality, and thus dominates
the large-scale power conversion applications. With the advent of power electronics
techniques, a back-to-back converter, which consists of two bidirectional converters
and a dc-link, acts as an optimal operation tracking interface between DFIG and loads
[3-5]. Field orientation control (FOC) is applied to both rotor- and stator-side
converters to achieve desirable control on voltage and power [6,7].

In this chapter, a brief introduction of wind power system is presented first, which is
followed by introduction of SCIG and DFIG from aspects of modeling and control.
The basic FOC algorithm is derived based on DFIG model in dq reference frame. At
last, the power generation efficiency is considered through different Maximum Power
Point Tracking (MPPT) methods that have attracted a lot of attention in the variable-

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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speed operation systems. A comparative analysis involving advantage and disad-
vantage of the methods is conducted.

Keywords: wind power systems, SCIG, DFIG, back-to-back converter, FOC, MPPT

1. Introduction

The core component of a modern induction generator wind power system is the turbine
nacelle, which generally accommodates the mechanisms, generator, power electronics, and
control cabinet. The mechanisms, including yaw systems, shaft, and gear box, etc., facilitate
necessary mechanical support to various dynamic behavior of the turbine. The generator is
dedicated to the conversion between mechanical energy, which is captured by turbine rotor,
and electrical energy. The generated electrical energy then needs to be regulated and condi-
tioned to be connected to the power grid for use. In this section, the wind power system layout
and classification are introduced first, which is followed by the outlining of the feasible power
electronic converter interface between generators and loads. Lastly, the control scheme is
briefly addressed and discussed in detail in section 2.

1.1. Overview of wind power systems

Figure 1 shows the general layout of a wind turbine nacelle. The generator is either driven (in
generation mode) or propelling (in motoring mode) the turbine blades through a shaft. The
gearbox can be used to facilitate the speed difference between turbine and generator. The blade
stall and pitch mechanisms are also involved to limit the power as well as the turbine plane
yawing and tilting. By these means, the blade effective aerofoil cross section and thus the
interface with wind pressure can be controlled. The performance coefficients responding to
different yaw angle and pitch angle show significant variations [1-3]. In addition, as the most
dynamically efficient choice, three blades connected through a hub with flanges is the
commonly used topology in the front of the nacelle. The flanges are designed to enable the
pitch angle adjustment. In most of the variable-speed wind systems, the high-efficiency
operation always relies on the wind speed information. As a result, the anemometer can be
used as one of the solutions. The basic function of the tower is to reach a higher position in
order to obtain more airstream and wind speed. The tower can be constructed in either soft or
stiff ways. A stiff tower has a natural frequency which lies above the blade passing frequency.
Soft towers are lighter and cheaper but have to withstand more movement, and thus suffer
from higher stress levels [2].

There are a number of classifications that group the wind power systems into different
categories. According to the loads, grid integrated system and islanded system are employed
to feed power grid and isolated load, respectively. According to the generators used, popular
options are SCIG wind system, DFIG wind system, and Permanent Magnet Synchronous
Generator (PMSG) wind system. Other alternative generator systems are also mentioned in



Induction Generator in Wind Power Systems
http://dx.doi.org/10.5772/60958

Wind
daction

High-spaed
ahak

” \ Y mao
r

Figure 1. Wind power system nacelle [8]

the literature, such as brushless DFIGs (BDFIG) system [5,6], direct-drive synchronous
generator (DDSG) system [7,9], switched reluctance generator (SRG) system [10], multiple-
stage geared SCIG system [10], and radial/axial/transversal-flux PM generator systems
[7,12-14]. These solutions generally require relatively complex operation principle and
equipment assembly. According to the presence of the gear box, there are multistage gear box
wind system, single-stage gear box wind system, and direct drive wind system (without gear
box) in where the Synchronous Generator (SG) qualifies the system to have a simpler and more
reliable drive train. However, the lower generator speed, and thus larger torque, requires more
poles, larger diameter, and volume, and hence higher cost.

The most promising classifications in induction generator wind systems are fixed-speed,
limited-variable-speed, and variable-speed wind systems, according to the operations of
induction generator speed. Comparisons between these wind power systems have been
intensively conducted, based on different speed variation levels [12,15-19]. A summary of their
advantages and disadvantages is presented in Table 1. The fixed-speed concept has been
successfully applied in SCIG wind systems. The drive train applies multiple-stage gearbox and
a SCIG s directly connected to the grid via a transformer. To support the grid, external reactive
power compensation and soft starter are necessary [5,6]. The limited variable-speed system is
an improved version of the SCIG type but it uses a wound rotor induction generator instead,
which allows the stator to be connected to the grid, and the rotor to have a variable resistance
controlled by a power converter. Through the control of rotor resistance, the slip of the

5
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generator is varied. The variable-speed system is a concept commonly used in large power
rating applications (>1.5 MW). Different combinations among DFIG, SCIG, partial or full
converters would lead to variable-speed operation systems. The control system maintains the
optimal generator speed, thus the optimal output power, through controlling the generator
currents and voltages. Due to the high efficiency and capability of Faults Ride Through (FRT),
this type of wind power system dominates the high-capacity power market nowadays.

Advantages Disadvantages
Fixed-speed a. Simple construction and robust a. Not optimal operation, thus low efficiency
system b. Low cost and maintenance b. Easy power fluctuation caused by wind speed
c. Easy control and tower pressure

c. External reactive power compensation is
needed

d. Weak capability of FRT

Limited-speed a. Limited speed variation is implemented a. Speed variation range depends on the size of
system b. The slip ring may be replaced by optical the variable rotor resistance (<10%)
coupling b. The controlled rotor power must be dissipated

by heat in the resistor
c. Still need reactive power compensation and

cannot support the grid alone

Variable-speed a. Large range of speed variation a. Relatively complicated control system
system b. Appropriate control enables optimal operation b. Higher converters and control costs
for maximum power extraction c. May need a multistage gearbox and slip ring in

c. No external power compensation is needed and DFIG system

is able to support the grid d. May need expensive PM material and large
d. High FRT capability diameter design in direct drive

e. Suitable and commonly used for large-scale

wind farms

Table 1. Comparison among different wind power systems

1.2. Power electronics interface topologies in wind power systems

Power electronics is the key element enabling the regulation and conditioning of the power,
voltage, and frequency with high efficiency and flexibility. In addition, more involvement of
distributed power systems nowadays emphasizes the crucial role of power electronics
interface among energy generation, storage, and transmission.

Due to the developments in semiconductor switches and microprocessors, many power
electronics techniques have been developed during the past decades [20,21]. Besides the diode
converters, line-commutated thyristor converters and self-commutated IGBT/MOSFET
converters are found applicable to wind power systems. The line-commutated converters are
generally used in high-power applications but they are incapable of controlling the reactive
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power. The self-commutated converters are able to transfer and control power bidirectionally
because of the capability of controllable switch turning-off. Nowadays, wind power systems,
especially the variable-speed wind power system, primarily rely on the converters that
implement full power control. Different converter topologies and combinations have been
successfully employed in this field, as shown in Figure 2.

R #S T f sl
{% (d)
(a)

WE|T [ WS

(b)

o] k-

(c)

B P

—H

144

—H

(e)

Figure 2. Commonly used power electronics converter topologies for wind power system ((a) diode and line-commu-
tated converter, combined with reactive power compensation; (b) diode and PWM VSI converter; (c) diode and DC/DC
chopper and PWM VSI converter; (d) back-to-back PWM VSI converter; (e) matrix converter)

Due to the employment of diode rectifier, the topology in Figure 2(a) is uncontrolled and a
thyristor inverter is used to regulate the generator speed through dc-link voltage to obtain
firing angle commands. Obviously, this scheme is simple for control and costs less than self-
commutated converter. More importantly, it is suitable for high power rating applications.
However, the weakness is that extra reactive power compensation is required, which contains
avoltage source converter (VSC). The grid voltage may be regulated to obtain reference current
for the compensator and the control signal comes from the regulation of the compensator
current [22,23]. To remove the compensator, a self-commutated converter could be used to
take the place of thyristor inverter, as shown in Figure 2(b). Again, the regulation of dc-link
voltage can provide current reference, which is controlled to generate control signals for the
PWM inverter [24]. Two self-commutated converters connected through a dc-link, as shown
in Figure 2(d), enable bidirectional power flow, which is the key to ensuring high efficiency in
motoring operation of generator. The FOC is applied on both sides of converters based on dg
reference frame [23,25]. The grid-side converter keeps a constant dc-link voltage, while the

7
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generator-side converter is responsible for both active and reactive power control [23]. In the
generator-side converter control, the d-axis current could be set at zero to maximize the torque,
while the g-axis current is derived from power regulation [26,27]. An alternative topology of
Figure 2(d) is shown in Figure 2(c), where the generator-side self-commutated converter is
replaced by a diode rectifier connected to an intermediate chopper [28]. This configuration is
impossible for bidirectional power flow caused by the diode rectifier. But it can achieve a
similar wide range of speed variation as two self-commutated converters. The grid-side
converter controls the dc-link voltage for d-axis current reference and controls the reactive
power for g-axis current reference. The active power regulation and thus the speed control are
carried out to generate reference dc-link current. The duty cycle of chopper switch can be
obtained using current regulation. The converter configurations discussed are actually
multistage implementation of AC conversion. An intermediate DC stage is needed to assist
conversion and associated control. In recent years, such procedure has been investigated by a
single-stage converter, the matrix converter, which performs the energy transformation
without help from a bulky storage stage. The controllable switches are arranged in such a way
that any input phase may be connected to any output phase at any time. The matrix converter
may be applied to the DFIG system, like the topology in Figure 2(e) [29,30]. According to the
stator flux FOC, the reactive and active power can be regulated by d- and g-axis current,
respectively [30]. An alternative control strategy is by regulating the rotor winding voltage to
control the power factor (PF) and applying the double space vector PWM technique [29]. It is
worth noting that the SCIG system has high starting currents. One effective way to limit the
starting current is by using the soft-starter that applies thyristors to limit the RMS starter
current below rated current. The starter is shorted after the full load is reached. The torque
peak can be decreased as well, which reduces the gearbox pressure [9,10].

The high-efficiency energy conversion and full control of power exclusively rely on the power
electronic converter and the control scheme applied on. Consequently, the broadly accepted
total wind power system topologies subject to above power electronics are reviewed as follows.
Since the high-efficiency variable speed systems are the primary focus, Figure 3 summarizes
the feasible variable-speed system topologies, for induction generator systems as well as
synchronous generator systems for systematized purpose. Due to the low demand on the
converter power rating of approximately 30% of the total power rating, the DFIG with partial
converter, shown in Figure 3(a), is a widespread topology for wind power systems. Also, due
to the presence of a rotor-side converter, the rotor power is fed back to the grid without
dissipation in the resistor. Instead of a partial converter, PMSG or SCIG can be connected to a
full rating converter, as shown Figure 3(b). This topology has better grid FRT ability because
the generator-side is totally independent of the grid-side. However, the converter rating and
loss are high. Figure 3(c) shows the direct drive system, which is aimed at removing the gearbox
and associated loss [16]. The generator rotor is connected to the turbine shaft directly and runs
at the same very slow speed. Therefore, a high torque and a large machine radius are required
to transfer the same amount of power. Fewer components enable less loss and thus more
reliable performance in this type of system. To compromise between machine size and
spinning speed, the single-stage gearbox, shown in Figure 3(d), is applied [15]. Figure 3(e)
shows the electrically excited synchronous generator (EESG) system, which has a rotor-side
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converter to provide DC excitation while the stator is connected to a full converter like the case
in Figure 3(c). Although there is an increase in cost due to the extra winding for excitation and
it also requires more maintenance, the EESG could minimize the loss through controlling the
flux via rotor converter [7,11,12].

e

Figure 3. Commonly used wind power system topologies ((a) DFIG with partial/matrix converter; (b) PMSG/SCIG
with full converter; (c) direct drive; (d) PMSG with full converter and less stage gearbox; (e) EESG direct drive)

1.3. Generator control schemes in wind power systems

SCIG and DFIG are used almost exclusively in the energy conversion stage of the induction
generator wind power system. The most commonly used system topologies are SCIG directly
connected into the power grid and DFIG fed by back-to-back converter (Figure 3(a) and Figure
3(d)). The first topology implies a constant frequency and voltage of the SCIG that establishes
a fixed-speed operation. In such system, the SCIG relies on the grid (or capacitor bank) to
provide reactive power which is necessary to build electromagnetic excitation for rotary field.
The generating mode of SCIG is triggered by driven torque which acts opposite to the generator
speed within the super-synchronous speed operation region. Due to the absence of the power
electronics interface, such system can only serve the grid support applications, wherein just
limited control (pitch angle control) can be applied.

The DFIG system, on the other hand, enables the flexible and efficient operations with FOC
applied on the rotor-winding-side power electronics interface. The FOC is an instantaneous
control that effectively manipulates the position-dependent variables, such as torque and
power, in induction generator wind power systems. By aligning a particular space variable

9
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with d-axis, stator currents could be decoupled into flux component and torque component in
dg rotating frame. The currents can be thus controlled separately like in DC motor drive. To
implement the control in hardware, PWM technique is generally employed based on Space
Vector Modulation (SVM). The SVM is based on space reference voltage vector and associated
switching logics. Any space vector can be comprised of vector sum of two adjacent voltage
vectors, and the duty cycles of three-phase voltages are calculated based on the dwelling time
of two voltage vectors. This is the method widely used in standard industry applications.

The following section examines the detailed modeling and control strategies of both systems.

2. Model and control of induction generator in wind power systems

2.1. Model of wind power and wind turbine

As a typical kinetic energy, wind energy is extracted through wind turbine blades and then
transferred by the gearbox and rotor hub to mechanical energy in shaft. The shaft drives the
generator to convert the mechanical energy to electrical energy. According to Newton’s law,
the kinetic energy for the wind with particular wind speed V,, is described as:

1 2
E =-mV 1
v, (1)

k

where m represents the mass of the wind, and its power can be written as:

O _lomy. 1
oot 20t " 2

pAV, )V, = % pAV? 2)

w w

where p and A are the air density and turbine rotor swipe area, respectively. The extracted
mechanical power can thus be expressed as:

P, = C,(4 B)P, =C, (% B) AV, ©

where P, is the mechanical output power in watt, which depends on performance coefficient
C,(A, B), C, depends on tip speed ratio A and blade pitch angle 8, and determines how much
of the wind kinetic energy can be captured by the wind turbine system. A nonlinear model
describes C,(A, f) as [3]:

C (ﬂ" ﬂ) =4 (Cz —c,f-c,p _Cs)e_c6 4)
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where, ¢,=0.5, ,=116/A,, ¢;=0.4, ¢,=0, cs=5, ¢;=21/A; and

1 0.035
4= e ®)
A+0.088 p°+1

With the dependence on the A and , maximum value of C, could be reached and maintained
through controlling the pitch angle and generator speed at particular wind speed. A group of
typical C,— A curves for different § is shown in Figure 4 and there is always a maximum value
for C, at one particular wind speed. Correspondingly, the output power is determined by
different C, and also the generator speed at different wind speed, as shown in Figure 5, where
there is always one maximum power value for each wind speed, which is the goal of the MPPT
control.

Beta =0 deg
0.4 S

- S Beta =2 dep
f o N W
|E K - TR A
: CR .
ﬁ ".I \. ) ..\'-\.
E 02- - --..__J_]etﬂ = lﬂdﬁg . i
¢ Sdes
g ELta = 16. d;‘g
h . .‘.. .\
S Heta =125 deg
p N
m ‘x\.. :

0.1 ; .ﬂ

. - e 15

Tip speed ratio Lambda

Figure 4. C, versus A curve for a wind turbine (8 is the pitch angle) [23]

2.2. Model and control of SCIG

As a fixed-speed wind power system, SCIG is directly connected to the grid through trans-
former and thus operates at almost constant speed without controlling from power electronics
interface. It was commonly used in Denmark during 1980s and 1990s and thus is also called
“Danish Concept” system. The robust and simple configuration qualifies such system for many
applications where the cost is a higher priority concern than efficiency. Figure 6 shows the
schematics of entire SCIG wind system including the wind turbine, pitch control, and reactive

11
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Figure 5. Power versus generator speed curve for wind turbine [31]

power compensator. The entire system includes three stages for delivering the energy from
wind turbine to the power grid. The first one is wind farm stage which handles with low-
voltage V,,,; the second is distribution stage which has medium-voltage Vy; the third is grid
transmission stage which has high-voltage V4. The three-phase transformers take care of the
interface between two stages [10]. The nominal power is considered as active power reference
to regulate the pitch angle, while the distribution line-to-line voltage and phase current are
monitored to favor the reactive power compensation for distribution line. This fairly straight-
forward technique was firstly used since it is simple, with rugged construction, has reliable
operation and is low cost. However, the fixed-speed nature and potential voltage instability
problem severely limit the operations of SCIG wind system [1,3].

It is clear from Figure 5 that at a particular wind speed, the output active power is also a fixed
value in the case of fixed generator speed. Thus, the output power is exclusively wind speed
dependent until the nominal power is reached. The wind speed at nominal power is called
nominal wind speed. Beyond this wind speed, the pitch angle system will prevent the output
power from exceeding the nominal value. The pitch angle is determined by an open-loop
control of regulated output active power and, as shown in Figure 7. Due to the huge size of
blade and thus the huge inertia, pitch angle has to change at a slow rate and within a reasonable
range. It is also worth noting that without reactive power source, the SCIG system tends to a
voltage droop in distribution line which will cause overload problem.

Simulation in [23] illustrates the operation of a 0.855MW SCIG system. From Figure 8, the initial
generator speed is set at slip s=-0.01 p.u. with respect to synchronous speed and then response
to the wind speed input disturbance. Since the power is lower than the nominal value (0.855
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MW) before t = 10 s, pitch angle control is not online. Since that moment, the wind speed
increases and so do the generator speed and power until the wind speed exceeds the nominal
value (11 m/s) at where the pitch control is triggered to block the further increase of output
power. In this way, the output power persists at nominal value thereafter.

It is noted that the generator speed can only vary in very small range around 1 p.u. and thus
it is impossible to attain the optimal output power. Also, without independent control ability,
SCIG system consumes reactive power of 0.41 Mvar at the steady state, which will lead to line
voltage droop. To provide necessary reactive power, a Static Synchronous Compensator
(STATCOM) is applied in distribution line. As in Figure 9, distribution line voltage can drop
by approximately 0.055 p.u. in SCIG system without STATCOM, which will be a potential
induction of overload in system. In contrast, SCIG system with STATCOM can hold distribu-
tion voltage at 0.99 p.u., which is favorable to grid system stability. The compensated reactive
power from STATCOM is shown in Figure 10 and is equal to 0.3 Mvar at the steady state.
Although STACOM provides impressive help to a constant distribution line voltage, DFIG
wind system presents more attractive attributes.
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Figure 10. Compensated reactive power from STATCOM [23]

2.3. Model and control of DFIG

Traditionally, the dynamic slip control is employed to fulfill the variable-speed operation in
induction generator wind system, in which the rotor windings are connected with variable
resistor and control the slip by varied resistance [3,11]. This type of system attains limited
variations of generator speed but external reactive power source is still necessary. In order to
completely remove the reactive power compensation and control both active and reactive
power independently, DFIG wind power system is one of most popular methods in wind
energy applications [1,3,7]. The DFIG wind power system with associated back-to-back
converter is a typical variable speed system as shown in Figure 11, which complies with the
topologies in Figures 3(a) and 2(d). The generator stator windings are connected directly to
grid (with fixed voltage and frequency of grid) while the rotor windings are fed by an AC/DC/
AC IGBT-based PWM converter (back-to-back converter with capacitor dc-link), at variable
frequency through slip rings and brushes. Although such system needs the gearbox and slip
rings to function, many advantages enable DFIG system to dominate most wind market
nowadays. It facilitates variation of a wide speed range (+30% around synchronous speed),
the lower rating requirement on power converters (30% of generator power), and thus lower
cost. Also, it has high efficiency induced by bidirectional power flow, and the ability to perform
reactive power compensation and smooth grid integration. In this configuration, the back-to-
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back converter consists of two parts: the stator/grid-side converter and the rotor-side converter.
Both are voltage source converters while a capacitor bank between two converters acts as a dc
voltage interface.

In this section, the modeling of DFIG is introduced first and followed by the consequent FOC
algorithm which is divided into two parts: stator-side converter control and rotor-side
converter control. The SVM method and islanded operation control are also addressed.

Wind Farm Stage Distribution Transmission
Stage Stage
Turbine DFIG Transformer Transformer _ Grid
= = — = e, 4
Vit Vs Vais @ Vgria 5:,::}:
I s I dis ;q:.:'

Converter Converter  Coupling I
Choke *

ek

[ PWM Generator ] [ PWM Generator ]

T Vahc_n:‘ T Vahc:iscl

Stator Side
Control System

Rotor Side Stator Side

I abc_sc

Vdc - ref I q_sc_ref

P, opt Qref

Figure 11. DFIG wind power system configuration

2.3.1. dq model of DFIG

The modeling is conducted under the dg reference frame. The equivalent circuits of DFIG in
the dq reference frame are depicted in Figure 12(a, b) and the relationships between voltage V,
current /, flux ¥, and torque T, can be derived by writing KVL equations. For stator-side, the
d- and g-axis voltage components are given as:

dl dl
Vio=RIl, -o¥ +(L +L,)—2+L,—*a
S s das s qs S m dt m dt

i, dl,
V. =RI +0%¥, +(L,+L,) _ L, b

And similarly, the d- and g-axis voltage components in rotor-side are given as:
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dl
dr 4 [, %u
dt "odt

Vdr = erdr - Swsqjqr + (Llr + Lm)

adl
V. =RI +so%¥, +(L, +L,)—="+L, —~b
qr rqr s dr r m) - dt mo gt

Because the flux linkage along d- and g-axis follow:

\Pds = LsIds + LmIdra
VY =LI +LI1 b
qs 5" qs m”qr

LPdr = LVIdV + Lmlds a
¥ =LI +LI b

m” qs

The reorganized DFIG stator voltages in d- and g-axis, respectively, are presented as:

avy
Vds = RsIds - 0)5\}’ S + _dsa
1 dt

<
I

i
RI + 0¥, +—=b
s7gs s ds dt

And the DFIG rotor voltages in d- and g-axis, respectively, are presented as:

avy
V.=RI, —so¥_ +—"La
1 dt

ay
V =RI +sw‘1’d,+—qb
qr roqr s r dt

The generator electromagnetic torque is correspondingly given as:

T=32n (Wul,— ¥,0)

e 2 4 ds™gs qs

8)

©)

(10)

(11)

(12)

where L=L,+L; L=L,+L,; and sw, = w, — w, represents the difference between synchronous

speed and generator speed; subscripts 1, s, m, d, q denote the rotor, stator, magnitizing, d-axis

and g-axis components, respectively; T, is electromagnetic torque; L,, and n, are generator

mutual inductance and the number of pole pairs, respectively.
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Figure 12. Equivalent circuit of DFIG ((a) d-axis; (b) g-axis)

2.3.2. Control of rotor-side converter

The control of DFIG modeled above is applied on back-to-back converter and is therefore also
divided into rotor-side control and stator-side control.

First, the rotor-side converter is studied. To d-axis, the rotor flux linkage ¥, in Equation (7a)
is substituted by Equation (9b), resulting in:

(L1, +L,1,)
V, =R, —so, (LI, +L,I )+ % (13)
By substituting the I, by Wy, in Equation (8a), the Equation (13) can be expressed as:
dl, L d(¥,—-L,I
V,=RI, ~soll —sol I +L,l+—mM (14)
1 s at L, dt

Because it is directly connected to the grid, the stator voltage shares constant magnitude and
frequency of grid voltage. One could make the d-axis align with stator voltage vector, and it
is true that V=V, and V=0, thus V=¥, and ¥,;=0, which are stator voltage-oriented vector
control scheme, as depicted in Figure 13. Therefore, Equation (14) can be organized as:
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Equation (15) implies that the d-axis rotor voltage consists of two voltage components V! and
V&

1 L \d
V,'=[R +|L = |1, a
L, )at (16)

v, =-so[LI,+L,I]b

g-axis

G

Figure 13. Stator voltage FOC reference frame

The V' is called current regulation part and depicted by Figure 14, where 0 = L, - L,,%/L,. Due
to the linear relationship between V! and I, the PI controller is employed. Besides, V,,* is the
cross-coupling part and requires feedforward compensation for a complete control. Eventu-
ally, the rotor-side converter voltage in d-axis is derived as:
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=V, =V, '+ V> (17)

where subscript rc denotes the rotor-side converter. After the conversion of dg-abc, the rotor-
side converter voltage V. . can be obtained, which is used to generate PWM control signals
for rotor-side converter.

ldar et + Var 1 lar
Ry + o5

Figure 14. Current regulation part of d-axis rotor-side converter voltage

If only steady-state is considered, the derivative parts in Equation (10) are neglected and one
can obtain stator flux as:

V.- RI, }
) 10}

S

\PdL
¥, =(V, - RI,)/(-»)b (18)

Y= WL+ P c

According to Equations (8), (10), and (12), the rotor-side converter reference current is derived

as:
a 2L T,
dr _ref 3np LW\PS (19)
where
I)B_YL’f = Popt - Ploss = Tea)r a (20)
Pluss = Relsz + errz + Rclszc +er2b

where I, R, and F are stator-side converter current, choke resistance, and friction factor,

respectively. P, P, ., and Py, are desired optimal output active power, reference active
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power, and system power loss, respectively. Combining Equations (8), (10), and (11), the active
power is used as command inputs to determine current references Iy, .

Similarly, the g-axis rotor-side converter voltage consists of current regulation and cross-
coupling parts too:

L>)d
VI=[R +|L —=2 |=]I
qr [ r [ r Lq ]dt] qr
| L d¥ @
‘/'hz :Sws|:LrIdr + Lmlds +— : :|b
L dt
I/[]H‘ = Vq? = Vqu + Vqr2 (22)

where the derivative of stator flux in Equation (21b) is considered as zero at steady-state. Also,
the current regulation part is illustrated in Figure 15. If the stator-side converter’s reactive
power is controlled to be zero, the output reactive power is stator reactive output power. Then,
one has:

1
Q=Q+Q=Q==-Vil,= -V, (¥.- L1 23)

s

Thus, the regulation of reactive power can lead to I, ..

-fqr_ref + IIIIiIr|:|r1 1 Ior
p Pl —» >
R, + as

Figure 15. Current regulation part of g-axis rotor-side converter voltage

Involving the deviations of rotor voltage and reference currents in both d- and g-axis, Figure
16 exhibits the total control scheme for rotor-side converter, where the P, is obtained from
MPPT.

2.3.3. Control of stator-side converter

The stator-side converter is controlled based on relationship between voltage, flux, and current
of stator and choke, which is modeled by a cross-coupling model, as described in Figure 17. It

21
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Figure 16. Total rotor-side converter control scheme

is seen that the grid (stator) voltage is equal to the sum of stator-side converter voltage and
choke occupied voltage. By KVL:

dl
V=Rl -o¥ +L d”';f V.4
i 4)
V.=RI +o¥, +L ——+V b
c”qsc sc dt qsc
The flux linkage follows:
=LI, a
dsc dsc
“L1 b (25)

¢ gsc

Thus, the reorganized stator-side converter voltage in d- and g-axis, respectively, are presented
as:

dl
=V,-RI, +oLl -L —%

Vd scTgsc c dt
., (26)
Ve=V,-RI, -oLl, -L —b
gsc c”qsc s c dt

where the subscripts sc and ch denote the variables of stator-side converter and choke,
respectively. L. and R, are the inductance and resistance of the choke.

Based on the model in Equation (26a, b), the current regulation part of choke voltage in d- and
g-axis are described as (27a, b) and Figure 18(a, b).
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Figure 17. Equivalent circuit of stator-side converter choke [23]
d
Vdchl = [RL‘ + Lc EJ Id>c a
p (27)
1_
chh = (RC +L E] Iqqc b
ldsc ret + Vigen! 1 ldse
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> > >
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Figure 18. Current regulation part of choke voltage ((a) d-axis; (b) g-axis)

The cross-coupling part of choke voltage Vg, and V., are expressed as (28a, b) and the total

stator-side converter voltage is derived as (29a, b).
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Vdch = Lchsc a
(28)
chh = a)chIdsc b
Vdsc V Vdchl - Vdd12 a
_ 1 2 (29)
‘/qsc - Vqs - chh - qch b

The current reference I . is generally set at zero for zero reactive power output from stator-
side converter while Iy, . is determined by the regulation of dc-link voltage V. The stator-
side converter voltage control is depicted in Figure 19.

I .dr rel Idsr refl I .-‘ﬂ. . T 'd“
9 /—-‘\T i f:-—h{_“fl—_-h-'
. roa i .
I de_meas Ir]sr r II deh Idg T I abr_sc
Cross-coupling d3 lk_'__'___‘_'.-'-'—b-
loerr e Vi : o

P __“.“::—Il-l”
o~

I ]
"rqw qeh

qs
Cross-coupling
part

Figure 19. Total stator-side converter control scheme [23]

With both rotor- and stator-side converter controls, the simulation results [23] in Figure 20
present a stable and controllable dynamic response to a gusty wind speed. Also, an FRT
capability is verified by a voltage droop happening within a constant wind speed. Figure 21
shows twice oscillations at two dynamic moments and the control system effectively recovers
the system-regulated outputs in short amount of time.

2.3.4. Space Vector Modulation (SVM)

The purpose of both rotor- and stator-side converter controls is to obtain the reference voltages
which are expected to be produced by the converter. The next step is obviously to generate the
corresponding PWM gate signals for the converter. To a 2-level three-phase voltage source
inverter, there are six switches of three legs in inverter controlling the phase voltage and thus
the current of induction generator. By defining the “ON” and "OFF" states of upper switch by
“1” and “0,” respectively, for one leg, there exist up to eight different states for inverter outputs.
They are summarized in Table 2 as well as the resulted phase voltage in abc and af frames.
Eight inverter output voltages can be considered as eight voltage vectors [0, 0, 0] through [1,
1, 1] that are illustrated in Figure 22.
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V5[0, 0, 1] V6[1,0,1]

Figure 22. Eight inverter voltage space vectors

L, L L V. Vin Ve v, \'A
1 1 1 0 0 0 0 0
1 0 0 2V /3 -V 4f3 Va3 V@BV o 0
1 1 0 V3 Vo3 2V 4/3 N1/6)V 4 NA2)V 4
0 1 0 Va3 2V /3 V3 N1/6)V 4 V(1/2)V ¢
0 1 1 2V 4 /3 Vy/3 Vi/3 ~NQR/B)V 4 0
0 0 1 -VJ/3 -VJ/3 2V o /3 N(1/6)V 4 (1/2)V 4
1 0 1 Vy/3 2V 4 /3 Vi3 NA/6)V 4 N(1/2)V 4
0 0 0 0 0 0 0 0

Table 2. Space vector states (L,-L; represent inverter legl-leg3)

Once the reference space vector voltage in af frame is achieved by current regulation, the
magnitude and angle of the voltage are used to implement the SVM. With constant PWM
frequency, a space vector is always realized by a vector sum of two adjacent vectors in Table
2. Taking the space vector voltage (0 to 60 degree section) in Figure 23 as an example, it is equal
to the vector sum of V; and V, with magnitudes of d, and d,, respectively, which are the duty
cycles of two vectors [32]:
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V_| sin(60" -y
- e,
2 sin
\/;Vdc
q = Vsp siny (30)
v 2 sin60
gvdc
d=1-d - dy c

where d, denotes the duty cycle of zero vector. Generally, the zero vectors [0, 0, 0] or [1, 1, 1]
contribute the remaining PWM period after d, and d,. The space vector voltages located in
other sections can follow the same procedure to obtain the duty cycles of d,, d,, and d,. Then,
the Minimum-Loss Space Vector PWM (MLSVPWM) technique is applied to determine the
sequence of vectors [32]. The PWM signals are eventually obtained based on computed duty
cycles and sequence of vectors. Figures 24 and 25 show the simulation and experimental three-
phase duty ratios for inverter phase A, B, and C, where no switching action happens if 0 or 1
duty cycle is the case. It is seen that there is always one phase being absent of switching at any
moment, which minimizes the switching loss of the semiconductor switches. Also, the
experimental results reveal the sinusoidal nature of the line voltage duty ratio that is expected
for sinusoidal fundamental line voltage output of inverter. With this PWM SVM technique,
the rotor- and stator-side converters are controlled by previously derived FOC.

Ve

V2[1,1,0]

V2[1,1,0]
» ] =

dx Va

_______________________________________..

Figure 23. Duty cycles of vectors for reference space vector voltage
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Figure 24. Three-phase duty cycles using MLSVPWM (simulation results [33])
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Figure 25. Phase duty cycles and phase-to-phase duty cycle using MLSVPWM (experiment results [33])

2.3.5. Islanded operation

Compared to the grid integration DFIG wind system, the isolated DFIG wind system
operating at regulated voltage (magnitude and frequency) is also found applicable and
valuable to some independent power subgrid or distributed power systems. One of the
application examples — DFIG-Synchronous machine system configuration — is shown in
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Figure 26. Modified FOC for power generation in Figure 27 is used and the line voltage
magnitude and frequency are stabilized by extra variable load and synchronous machine.
The line frequency is held by compensating the resistive load, while the line voltage is held
by feeding controlled field voltage of synchronous machine. The proposed controller scheme
in [34] is employed for synchronous machine field voltage controller. As shown in Figure
28(a, b), the line frequency is regulated at 60Hz with limited error while the line voltage
is regulated at 1 p.u. The constant frequency and magnitude in transmission line voltage
is the basic requirement for a controllable power delivery. Based on the regulations of
frequency and line voltage, the active power and reactive power are also under control-
led respectively [25]. The dc-link voltage is kept at nominal value, while the generator speed
is controlled at optimal 0.95 p.u., as shown in Figure 29.
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Figure 26. Islanded DFIG-Synchronous machine wind power system
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Figure 27. DFIG-Synchronous machine system control scheme
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Figure 28. Line voltage and frequency in islanded DFIG system ((a) line frequency; (b) line voltage)
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Figure 29. Simulation results for islanded operation ((a) dc-link voltage V,; (b) generator speed w,; (c) active power P;
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2.4. Grid synchronization

The key to performing FOC is to follow the position angle of the d-axis component so that the
output can be synchronized with dg frame, especially in the grid integration operation mode.
In order to operate in this mode, the induction generator voltage must be synchronized with
the grid voltage by applying the Phase Lock Loop (PLL) technique. The technique takes the
grid signal as input and keeps track of the position angle of the grid voltage for FOC as well
as reproducing the grid voltage frequency as output, in a real-time manner. To introduce the
algorithm, assume an estimated grid voltage angle (accurate grid voltage angle of 0); the
resulting grid voltages in dq frame are written as:

V.=V, cosf + v, sinfa

. . (31)
Vq = -V sin@+ Vﬁ cos @b
where
V, =V cosba
V, = V,sin6b (32)

and V,, denotes the magnitude of the voltage space vector. By substituting V, and V in (31a,
b) by (32a, b), the V4 and V, can be organized as:

V.=V, cos 6-0)a
d ( A) (33)
V,=V, sin(@ - 6)b

It is seen that if is equal to 0, V; is equal to V,,, and V, is equal to 0. Therefore, the accurate
grid voltage angle 6 can be obtained by regulating the grid voltage V, to zero. Assuming there
is an error O between and 6 that =0 - , due to the small value of 9, it is true that Vo= V,0
and the PLL system in s-domain can be described as Figure 30, where (s) denotes the estimated
grid voltage angular frequency and K (s) is a PI controller. After removing the unknown
accurate 6, the PLL scheme is essentially a regulation of V, in Figure 31, where the measured
V, goes through a 1st-order low-pass filter whose cutoff frequency is w.. In this way, the noise
is effectively eliminated.

The introduced PLL algorithm is simulated and shown in Figure 32, as well as zoom-in image
in Figure 33 [33], where O radian grid voltage position coincides with the zero-crossing of phase
voltage V,, and the frequency can be detected to be 60Hz after short transient (the initial grid
frequency is assumed as 55Hz). These results indicate a successful “locking” of grid frequency
and position angle, with which the FOC (Figures 16 and 19) are conducted on back-to-back
converter in a real-time manner and can thus continuously “match” the generated voltage with
the grid voltage.
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Figure 33. Zoom-in image of Figure 32

3. Maximum Power Point Tracking (MPPT)

Efficiency always plays an important role in induction generator wind systems. While the SCIG
system loses precise control of power due to the fixed-speed operation, to achieve high
efficiency in wind power conversion systems, the MPPT in variable-speed DFIG system has
been intensively investigated. Basically, the studied techniques in MPPT include three
strategies: (1) the methods relying on wind speed, (2) the methods relying on output power
measurement and calculation, and (3) the methods relying on reference power curve.

3.1. Pitch angle control of induction generator wind systems

An overall picture of induction generator wind system operation versus wind speed is
depicted in Figure 34, where the output power mustbe “truncated” after reaching certain level.
Pitch angle control, as investigated in section 2.2, is used not only in SCIG system but also in
DFIG system for this purpose. It is seen that the capability of pitch angle control in response
to the increase of wind speed, on limiting the power output, is primarily dependent on turbine
blade physical structure. Therefore, the system needs to be shut down by brake system in the
case of wind speed cutoff. Figure 34 also emphasizes the augmented power output of MPPT
operation over fixed-speed operation and this inspires the investigation of advanced variable-
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speed wind systems, where the induction generator speed can always be controlled in a large
range to capture desired output power by combining the previously discussed FOC with
MPPT strategies.
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Figure 34. Wind power system operations

3.2. MPPT methods for DFIG wind systems

3.2.1. Wind speed based method

Most DFIG wind power systems are dependent of wind speed measurement [2,4]. In these
systems, anemometers are applied to measure the wind speed and thus the systems suffer
from additional cost of sensors and complexity. In order to solve this problem, wind speed
estimation methods have been reported [25, 35-36]. Relying on the complex algorithms, the
accurate wind speed can be captured for controlling the optimal tip speed ratio so that the
MPPT can be performed accordingly, as shown in Figure 35. However, the wind speed
information and associated efforts on software/hardware are still necessary and significant.
To eliminate the dependence on wind speed, some sensorless control strategies have been
developed [31,37-38]. These methods are in test for small-scale stand-alone systems and the
complicated estimation algorithms remain, which will result in weakening of accuracy and
control speed in real operating environment where the wind speed changes rapidly.

3.2.2. Power variation rate based method

Tracking the maximum power can also be accomplished through measuring the output power
directly [39-42]. The idea of this method is through checking the variation rate of the output
power with respect to that of generator speed (dP/dw), the power operation point location can
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Figure 35. Estimated wind speed and real measured wind speed [35]

be determined and be accordingly controlled thereafter. Theoretically, the maximum power
operating point can be reached when dP/dw = 0, as shown in Figure 36. A flowchart of the
algorithm is shown in Figure 37, where the operation point (w,, (k), P(k)) is measured and
compared with (w,(k-1), P(k-1)) under wind speed V (i), where i is the index of wind speed;
kis given as the test step index under particular wind speed V,,(i). Among all the tested points,
only one point holds the truth that dP/dw = 0 and it is the optimal operation point (e (i),
P,.(i)) that will be returned and saved. This procedure is required in a means of real-time for
different wind speed (i=1,2,...,). According to the information from the optimal points, either
the generator speed or the duty cycle of converter can be tuned.

4 steady stute
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Power,
T
dP/die=0 dP/d0<)
D/, <" arrdD<d DMV <D —p AP/AD>0
AV /A NIV R0
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Figure 36. MPPT based on output power varying rate [41]

3.2.3. Reference power curve based method

Besides the above strategies, MPPT can be carried out by means of tracking the reference
(optimal) power curve, which is the fitting curve going through all the maximum power points
of all wind speeds [43-45]. A generalized reference power curve is given as:
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Figure 37. Flow chart of power variation rate testing algorithm

_ Kk k-1
P=bo,+b_ o +.+bwo + b,

(34)

To determine the optimal degree of the polynomial, comparison is conducted for a 2.678 MW

DFIG wind system [33]. Under a particular wind speed, four reference curves lead to four

different operation points and the 3rd-order polynomial in Equation (35) leads to the most

accurate reference curve along optimal operation points, as shown in Figure 38.

_ 3 2
P =bw + b + bo + b,

(35)
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This method has been widely used due to its simple concept and absence of extra wind
measurement costs. The optimal reference power curve is constructed according to the
experimental tests and programmed in a microcontroller memory, to be used as a lookup
table. The algorithm diagram is illustrated in Figure 39. Either the generator speed is
measured to obtain power reference for power regulation, or the wind speed is measured
to obtain generator speed reference for generator speed regulation. The former method
produces more accurate output power, while the latter has faster control speed [25]. Some
research works simply apply a cube function of generator speed as reference power or a
square function of generator speed as reference torque. Despite these feasible solutions, the
accurate maximum power and corresponding optimal generator speed are undervalued.
Such approximation will obviously lead to harmed power generation efficiency. More
importantly, analysis is necessary to verify the stability of the method in terms of vary-
ing wind speed and output power.

An evolved solution was proposed in [47] to effectively minimize the drawback of the above
method. The real-time tuning of reference power curve coefficients is conducted and
followed by updating the reference power curve. First, instead of disturbing output power
directly, the most significant coefficient is incrementally disturbed by constant. This change
of reference power curve induces the variation of the output power, which is measured
and compared with previous step power. When the difference in output power between
two consecutive steps approaches a small enough value, the disturbed coefficient is returned
to update the reference power curve. The resulting reference power curve is the accurate
optimal reference power curve. Due to the existence of reference power curve, such tuning
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Figure 39. MPPT based on reference power curve [46]

calculation does not need to be conducted continuously with high frequency. In addition,
without disturbing output power directly, this method can conduct updating and perturba-
tion faster. Moreover, any deviation of system model will not give rise to deviation of
optimal power generation because of the real-time tuning. Thus, the method is robust. As
depicted in Figure 40, power variation is checked to capture the optimal coefficient and the
reference power curve is updated accordingly to lead the system running in MPPT mode.
The whole procedure is described in the simulation results in Figures 41 and 42, where the
perturbation of coefficient b,, the generator speed, and generated power halt after reach-
ing the optimal values. No more perturbation and updating are needed, thus saving the
calculation cost. Despite the oscillations at each b; perturbation step, the dc-link voltage
and the reactive power remain at desired values while the output power and generator
speed are updated, step by step, toward the optimal values. The generator speed and output
power are generally measured with much higher frequency than that of perturbation. It is
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also worth noting that the bandwidth of b; updating must ensure that both generator speed
and output power are able to reach their steady-states.
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Figure 40. Novel MPPT algorithm proposed in [47]
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4. Conclusion

Wind power systems have been widely studied and applied for years. By virtue of many
advantages, induction generators are found to be suitable in this area. This chapter introduced
and studied two popular types of induction generators — SCIG and DFIG. An overview of the
generators, power electronics, and control strategies was presented first, followed by detailed
modeling of entire wind system. Most importantly, the control algorithms were illustrated,
ranging from FOC, SVM, PLL, to MPPT. Especially, different MPPT strategies were investi-
gated and compared.
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Abstract

In this chapter, a power control system for a wound rotor induction generator has
been explained. This power control system has realized a control method using a
rotating reference frame fixed on the air-gap flux of the generator. Application of such
a system allows control of the active and reactive power of generators independently
and stably. So, a two-step process is presented here. The first step is to acquire the
complex power expression (and thus the active and reactive power expressions) for
an induction machine in space vector notation and in two-axes system. Then, a
computer aided circuit is given to realize the power and current control by analyzing
them. Also, the results of an experiment given in literature are shown to be able to
compare the results.

Keywords: Doubly-fed wound rotor, Induction generator, Active and reactive pow-
er control

1. Introduction

Energy is defined as the capacity of a body to do mechanical work. Energy is preserved in
earth in many different forms, such as solid (coal), liquid (petroleum), and gas (natural gas).
Also, several resources are available such as solar, wind, wave, geothermal, and nuclear
energy. On the other hand, energy cannot be found in nature in electrical form. However,
electric energy has many advantages: easy to transmit at long distances and complying with
customer’s needs through adequate control.

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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More than 30% of energy is converted into electrical energy before usage by the help of electric
generators that convert mechanical energy into electric energy [1]. There are two kinds of
electric generators: synchronous generators and induction generators. Generally, synchronous
generators are generally used in big power plants to produce electricity. On the other hand,
induction generators are used in utilizing nonstable small energy resources such as uncon-
trollable and automatically load-regulated small running water and wind turbines (plants) [2,
3]. Wind turbines have become much more popular due to the increasing demand for clean
energy. Due to expensive production and maintenance costs, multiwatt turbines/wind farms
are preferred. Configurations of generators and their controllers differ. Squirrel cage genera-
tors, wound rotor generators, permanent magnet generators, DC generators, and variable
reluctance generators are operated in these systems. But nowadays a kind of wound rotor,
doubly-fed induction generator, has begun to be used more [4].

Both, the synchronous generator with rotating DC magnetic field and the induction generator,
have similar fixed stator winding arrangement, which, when energized by a rotating magnetic
field, produces a three-phase (or single phase) voltage output. However, the rotors of the two
machines are quite different, with the rotor of an induction generator typically consisting of
one of two types of arrangements: “squirrel cage” or a “wound rotor.” Also, unlike the
synchronous generator that has to be “synchronized” with the electrical grid before it can
generate power, induction generator can be connected directly to the utility grid and driven
directly by the turbines rotor blades at variable wind or running water speeds. Induction motor
is an economical and reliable choice as generator in many wind and running water power
turbines where its rotational speed, performance, and efficiency can be increased by coupling
a mechanical gearbox.

Being cheap, reliable, and readily available in a wide power range from fractional horse power
to multi-megawatt capacities leads squirrel cage induction motor type machines to be used in
both domestic and commercial renewable energy/running water power applications. The
features that make this motor desirable make also the induction generator desirable over other
types of generators. Generally, induction generators are constructed based on the squirrel cage
induction motor type.

However, the induction generator may provide the necessary power directly to the mains
utility grid, but it also needs reactive power to its supply which is provided by the utility grid.
Stand-alone (off-grid) operation of the induction generator is also possible but the disadvant-
age here is that the generator requires additional capacitors connected to its windings for self-
excitation.

Three-phase induction machines are very well-suited for wind power and even hydroelectric
(running water) generation. Induction machines, when functioning as generators, have a fixed
stator and a rotational rotor, the same as that for the synchronous generator. However,
excitation (creation of a magnetic field) of the rotor is performed differently and typical designs
of the rotors are the squirrel-cage structure where conducting bars are embedded within the
rotors’ body and connected together at their ends by shorting rings and the wound (slip-ring)
rotor structure that carries a normal 3-ph winding, connected in star or delta and terminated
on three slip-rings, which are short- circuited when the machine is in normal operation.
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Induction machines are also known as asynchronous machines, that is, they rotate below
synchronous speed when used as a motor and above its synchronous speed by some prime
mover when used as a generator. The prime mover may be a turbine, an engine, a windmill,
or anything that is capable of supplying the torque and speed needed to drive the motor into
the overspeed condition. So when rotated faster than its normal operating or no-load speed,
induction generator produces AC electricity. In this position, the speed is hypersynchronous,
the slip is negative (and usually small), the rotor e.m.f.s and currents have such direction as to
demand active power output from the stator terminals. But magnetization is still dependent
on the stator winding accepting reactive power for this purpose from the electrical source, so
that the induction generator can only operate when connected to a live and synchronous AC
system. If a lagging reactive power input is equated with a leading reactive power output, then
the generator can be described as operating with a lending power factor. The torque acts in a
direction opposite to that of the rotating field, requiring a mechanical drive at the shaft. Because
an induction generator synchronizes directly with the main utility grid- that is, produces
electricity at the same frequency and voltage — no rectifiers or inverters are required. A major
advantage of the induction generator is frequency regulation. The output frequency and volts
are regulated by the power system in the induction generators and are independent of speed
variations. The self-regulation effect minimizes control system complexity. But the perform-
ance characteristics as a generator will vary slightly from those as a motor. In general, the slip
rpm and power factor will be lower and the efficiency will be higher. The differences may be
so insignificant as to be undetectable by normal field measuring methods. On the other hand,
alongside advantages mentioned above of the squirrel-cage and wound rotor induction
generators whose rotor windings are short- circuited, there are some disadvantages [2, 3]. For
example, the active and reactive power of generators cannot be controlled independently and
stably. A computer and a cycloconverter in rotor circuit are needed to accomplish this task.

In recent years, there has been an increased attention toward wind power generation. Con-
ventionally, grid-connected cage rotor induction machines are used as wind generators at
medium power level. When connected to the constant frequency network, the induction
generator runs at near-synchronous speed drawing the magnetizing current from the mains,
thereby resulting in constant-speed constant-frequency (CSCF) operation. However, the
power capture due to fluctuating wind speed can be substantially improved if there is
flexibility in varying the shaft speed. In such variable-speed constant-frequency (VSCF)
application, rotor-side control of grid-connected wound rotor induction machine is an
attractive solution [5]. A doubly-fed wound rotor induction generator can produce constant
stator frequency even though rotor speed varies. This system can be controlled by a small-
capacity converter compared with the generator capacity, when the control range speed is
narrow. Because of these features, this system is currently considered to be adaptable to power
systems for hydroelectric and wind-mill-type power plants [6-8].

When adapted to the power system, it is important to examine the effects of this system
on the power system. In the system under consideration, the stator is directly connected to
the three-phase grid and the rotor of the doubly-fed induction machine is excited by three-
phase low-frequency AC currents, which are supplied via slip-rings by either a cycloconvert-
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er or a voltage-fed PWM rectifier-inverter. The AC excitation on the basis of a rotor-
position feedback loop makes it possible to achieve stable variable-speed operation.
Adjusting the rotor speed makes the induction machine either release the electric power to
the utility grid or absorb it from the utility grid [9]. The concept of power control was
applied to reactive power compensator applications some 20 years ago, but the applica-
tion to electrical machine control is new [10].

To control induction generator, several methods are used: electrically [vector control [11],
active and reactive power control [12], direct torque control [13], direct power control [14],
variable structure or sliding mode control [15], passivity control [16]], and mechanical (pitch,
stall, and active stall control [17], yaw control [18], flywheel storage [9]). More information can
be found in [19].

In literature, two kinds of approach are proposed for independent control of active and reactive
powers. One of them is stator flux oriented vector control with rotor position sensors. The other
is position sensorless vector control method. The control with rotor position sensors is the
conventional approach and the performance of the system depends on the accuracy of
computation of the stator flux and the accuracy of the rotor position information derived from
the position encoder. Alignment of the position sensor is, moreover, difficult in a doubly-fed
wound rotor machine [5].

Position sensorless vector control methods have been proposed by several research groups in
the recent past [20-23]. A dynamic torque angle controller is proposed. This method uses
integration of the PWM rotor voltage to compute the rotor flux; hence, satisfactory perform-
ance can not be achieved at or near synchronous speed. Most of the other methods proposed
make use of the measured rotor current and use coordinate transformations for estimating the
rotor position [21-23]. Varying degree of dependence on machine parameters is observed in
all these strategies.

Alternative approaches to field-oriented control such as direct self control (DSC) and direct
torque control (DTC) have been proposed for cage rotor induction machines. In these strat-
egies, two hysteresis controllers, namely a torque controller and a flux controller, are used to
determine the instantaneous switching state for the inverter. These methods of control are
computationally very simple and do not require rotor position information. However, the
application of such techniques to the control of wound rotor induction machine has not been
considered so far. A recently developed algorithm for independent control of active and
reactive powers with high dynamic response in case of a wound rotor induction machine is
direct power control. In direct power control, the directly controlled quantities are the stator
active and reactive powers. The proposed algorithm as direct power control also differs from
DTC in that it does not use integration of PWM voltages. Hence, it can work stably even at
zero rotor frequency. The method is inherently position sensorless and does not depend on
machine parameters like stator/rotor resistance. It can be applied to VSCF applications like
wind power generation as well as high-power drives [5].

Little literature has been published on control strategy and dynamic performance of doubly-
fed induction machines [22; 24-27]. Leonhard (1985) describes a control strategy for an
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adjustable-speed doubly-fed induction machine intended for independent control of the active
and reactive power. The control strategy provides two kinds of current controllers: inner
feedback loops of the rotor currents on the d-q coordinates and outer feedback loops of the
stator currents on the M-T coordinates. However, it is not clarified theoretically why the control
strategy requires the two kinds of current controllers.

This chapter describes the power control characteristics on the rotating reference frame fixed
on the air-gap flux of a doubly-fed wound rotor induction generator and proposes a new
approach to control with rotor position sensor. The proposed approach is the enhanced version
of a previous study [28]. Thus, in this chapter, a new power control system that has been
developed by using the computer and driver for a wound rotor induction generator takes
place. This system is a new theoretical approach and this power control system has applied a
control method using a rotating reference frame fixed on the air-gap flux of the generator. By
using this control system, the active and reactive power of generator can be controlled
independently and stably. Therefore, to achieve this purpose, firstly the complex power
expression (and thus the active and reactive power expressions) for an induction machine in
space vector notation and in two-axis system has been gotten. Then, power and current control,
which are fundamental subjects, have been analyzed and as a result a computer- and driver-
aided circuit is given to achieve the power and current control.

2. Analysis of the control system

For the stable control of the active and reactive power, it is necessary to independently control
them. As known, the active power control is the control of torque produced by the machine
and the reactive power control is the control of flux. The stator active and reactive power of
doubly-fed wound rotor induction generator is controlled by regulating the current and
voltage of the rotor windings. Therefore, to achieve independent control, the current and
voltage of the rotor windings must be divided into components related to stator active and
reactive power. Itis well-known that an induction machine can be modeled as a voltage behind
a total leakage inductance. Therefore, after a three-phase to two-phase power variant trans-
formation, the induction machine model becomes that of Fig. 1 [10].

Approximate vector diagram of an induction machine is shown in Fig. 2. In this section, the
analysis of the doubly-fed wound rotor induction generator on the rotating frame fixed on the
air-gap flux (M-T frame) is carried out.

The M-axis is fixed in the air-gap flux and the T-axis is fixed in the quadrature with the M-axis.
The relations of stator a;-f3; axis, rotor a3, axis, and M-T axis are shown in Fig. 3.

2.1. Complex power expression

Assuming that the voltage vector is used as the reference for the determination of lagging and
leading, we can write the complex stator power expression for a machine in space vector
notation as:
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which can be written in two-phase stationary frame variables as:
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Expanding Equation (2) we get the expressions for the stator active and reactive power as
defined in [29]:

Sy =Uy Ly, +Up Ly + (U Ly~ U Iy ) 3)

Therefore,
P =U,,I,, +U. I, (4)
Q=U,,lL,~U.I,, (5)

where P, is the stator active power, and Q; is the stator reactive power, Iy, and Iy, are the M
and T axis stator currents, and U,; and Uy, are the M and T axis stator voltages.

2.2. Power control

In this section, the relationship between stator power and rotor current is analyzed. In
Equations (4) and (5), the stator active and reactive power was expressed by the stator current
based on the M-T frame. The relationships between the rotor and stator currents are:
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I, =1,,Cosy —1,Siny (6)

I, =1,Cosy —1,,Siny (7)

Iy + 1y = (1, +1,)Cosy = (I, +1,,)Siny ®)
I, =1,Cosy;1,=1I,,,Cosy )]

I, =1,,Siny; 1, =1,,Siny (10)

Ly +1, =01, ==, (11)

By using Equations (9) and (10), the term of (I}, + I,) is expressed in terms of Vs and Ly

Io+1, = [%JSinyCosy - (%)CosySiny =0 (12)
M M
Vs =Ly (IMl +IM2) (13)

where ), is the air-gap flux, Iy, and I, are the M and T axis rotor currents, and Ly, is the mutual

inductance.

By using Equations (12) and (13), the stator active and reactive power is expressed in terms of
Py and Ly

Pl :uM1|:(LM (IMI +IM2)/LM)_IM2:|+UT1(_IT2)

(14)
P1 = (‘//5 / LM>uM1 - uMllMZ _uTlITZ

Ql = uMI(_ITZ) - uT1|:(LM (IMl + IMZ) / LM)_IM2:|

(15)
Ql = uTllMZ _(‘/’5 / LM)UTI _uMlITZ
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In this system, the stator winding is directly connected to the power system. The conditions
Uw = 0, Uy = constant, {, = constant are derived from this feature [25]. By using these
relationships and Equations (12), (13), (14), and (15), the stator active and reactive power is
expressed in terms of rotor current. Equations (4) and (5) are rewritten as follows:

P~-Up I, (16)

Ql ~ uTllMZ _(‘//5 / LM )UT] (17)

Equation (16) shows that the stator active power (P;) is expressed by the terms proportional
to the rotor current Iy,. Equation (17) shows that the stator reactive power (Q,) is expressed by
the terms proportional to the rotor current I;, and constant value ({s/Ly,).Ur;. From the above
relationships, the rotor current is divided into the active power (P,) and the reactive power
(Q;) components. That is, the independent control of the stator active and reactive power can
be actualized by regulating rotor currents I;, and Ip,.

2.3. Current control

In this section, the relation between the rotor currents and the rotor voltages is analyzed. The
equations for wound rotor induction machine based on M-T frame are shown as follows:

U,, =RI, + % ~ (@ + @, L, I, + % (@, + 5 )y (18)

U, =R, L"f;idtlﬂ +( @+, )L I, + Wi +( @, + 05 )W 15 (19)
U,,=R]I,,+ % (@ + ;) Ly, Iy, + d‘”d—A;” (@5 + @5 )Wy (20)
U, =R, ind—d:“ +(@ + @)Ly Ly, + d”’:% + (@ + 05 )W 15 (21)

where y;; and Y, are the M and T axis stator air-gap flux, R; and R, are the stator and rotor
resistance, w; is the stator angular speed, w; is the angular speed of the air-gap flux, Y, and
Py, are the M and T axis rotor air-gap flux, L,, and L,, are the stator and rotor leakage
inductance, ws is the slip angular speed.
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These equations are transformed by using the relationships U5 = oy Wnizs = Paizer and ws =
w;-w,, and the following expressions are derived:

U,,=R]I,,+ % — (@ + @, )Ly, I, + % — (@ + @, W1 (22)
U, =R, Lzad—i]“ (@ + @)Ly Ly, + d‘i’j% + (@ + 0 )W s (23)
u,,=R]I,, % ~( @5+ ;) Ly Iy + Uy + 015 (24)
U, =R, LZZ—‘iI” (@ + @) Ly Ly + Uy = 0 3105 (25)

where w, is the rotor angular speed.

When the Equations (22), (23), (24), and (25) are transformed by the rotor current I, and I,
Equations (26) and (27) are given:

Ly, = (umz +(a)5 + a)b')LZGITZ - UMM‘) / (RZ * pLZG) (26)

IT2 = (uTz —(a)s + a)b‘)LZGIMZ _uTW + wzl//5)/(R2 * pLZ") 27)

where p is the differential operator.

The stator winding is directly connected to the power system. Therefore, stator voltage
becomes constant in the normal state, leading to the conditions Uy, # 0 and Uy, = constant.
And L,, is negligible because it is generally small [25].

Thus, Equations (26) and (27) become as follows:

Ly, =Uy, / R, (28)

I, = (UTZ —Up+ wz‘//a‘) / R, (29)

Equations (28) and (29) show that rotor voltages along the M and T axes, respectively depend
only on the rotor currents along the M and T axes. In other words, the relationships between
the currents and voltages along the M and T axes are linear. Consequently, the rotor currents
I\, and Iy, can be controlled independently by regulating the rotor voltages Uy, and Uy,.
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2.4. Composition of the control system
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Figure 4 illustrates the control system diagram. Considering the analysis of control system, it
can be interpreted that M-T frame can be used to describe the composition of the active and
the reactive power. Mentioned control system has six parts: (1) power control loop (regulation
of the rotor current references from the deviation between detection and reference values for
both active and reactive power); (2) current PI regulator for rotor currents I;, and I, (same
application with the first part for regulation of the voltage); (3) air-gap flux calculator (using
the stator currents, voltages, and the signals of the position sensor); (4) P; and Q, detector
(calculation of the stator active and reactive power); (5) detector of the rotor current (vector
values of M-T axis, Equation (30)); (6) coordinate transformer (three-phase voltage references,

Equation (31)) [25].

I, Cos(/1+;/) Sin(/l+;/) 1 -1/2 -1/2 iaz “
I, | |Sin(A+y) Cos(A+7)| 0 3/2 —J3/2 I“ (30)
c2
u, 1 0 ,
a Cos(A+y) =Sin(A+y)||Uu
U, |=|-1/2 3/2 [5' Ei )) c ((/1 ))Hum (31)
n(A+ os( A+
U.| |-1/2 —3/2 ¢ 7y
Power System
PT. B
By
PyQy " (DO—
9 Detector ” £ cr
I, T
Iz Coordinate |
o | P Transformer | L
| T : oo
- Position
) Air-gap Flux o~ | ¢
" Calculator Saqer
Iz 1_ - T
= Coordinate | U} | Cyclo- — 1/ /d
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I L, U  Wound-rotor induction gen,

Figure 4. Block diagram of the control system

2.5. Power reference generation

Power Reference Generation (PRG) is one of the key modules of the algorithm. Strangely, it is
the only module that depends on the parameter values. Due to direct connection to the torque,
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active power reference is the simplest way to find out the torque value desired to produce. On
the other hand, there are some difficulties related with the active power reference.

Normally, the following equation is enough to calculate active power reference [10]:

P, =T, o,=T,(27n,) (32)

ref ref “m2 ref

where T, is supplied from some outer loop such as a speed control loop, and n, is the actual

mechanical shaft speed at a particular instant of time.

Equation (32) is reliable under some limits so that calculated value of active power is not
adequate to generate the torque T, Main reason is the losses (losses in the stator and rotor
resistance and iron losses) where all input power can not be transmitted to output. Loss in
rotor resistance is influenced by the slip of the machine. Schematic demonstration of the power
flows under motoring and generating for an induction machine are shown in Fig. 5.

Rotor Stator
—_———

|

// 7] S |8
\ N
P, \\PE'Z §P31

N

(a) Rmor

Figure 5. Schematic demonstration of the power flows in an induction machine under (a) motoring and (b) generating
(P; = input power (taken from supply in motor mode, given from shaft in generator mode), P, = mechanical power, P,
= air-gap power (transferred from stator to rotor under motoring and from rotor to stator under generating), P, = pow-
er loss, Py, =iron loss, P, = copper loss, P, = additional losses produced by harmonics, P;,, = friction and windage loss-
es, P, = effective electrical power taken from rotor circuit, P, = output power (shaft power in motor mode, electrical
power in generation mode) (1 subscript means stator, 2 subscript means rotor) [28]

As seen in literature, whilst some researchers can assume that the stator resistance power and
the iron losses can be ignored (under many practical situations), the power in the rotor
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resistance cannot be ignored, especially under heavy load conditions when the slip of the
machine can be large [10].

As the diagram shows, under the motoring condition the input power separates into two parts:
one part is for the losses (stator, iron, and harmonics) and the other part is related with the
rotating field power (air-gap power).

Also, under generating the input shaft power separates into two parts: the losses (friction,
windage) and mechanical power. All these parts should be balanced to reach the goal power
value. To manage this aim, we should be able to calculate the slip and afterward we could
calculate required power expressions as follows for the motoring/generating situation (if the
friction and windage losses are neglected):

P T, o
P = shaft — ref " m2 (33)

T )

ref

where P . is the desired shaft power, and P
previously.

is the terminal reference power as defined

The reactive power reference generation is linked with the slip. So, first we should deal with
it. Figure 2 gives an approximate vector diagram of the voltages, currents, and fluxes of an
induction machine. Reactive power can be calculated as the multiplication of the emf voltage
E in one axis (e.g. q,) of the machine by the current in the other axis (e.g. d,):

IQ|=1,,E (34)

Ql=1,,0p, (35)

where 1, is the flux magnitude, I, is the magnetising current, and w; is the stator angular
speed related with electrical frequency.

Rearranging (35) one can write:

Qref

(Imvrefl//mvcf )

-, (36)

sref

realizing:
f,=p,m,

W5 = Pp- Wiy
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Wy = W + W
w, = slip angular speed related with slip frequency
W ¢ = the desired slip angular speed related with slip frequency

I

mr ref

= the desired magnetizing current
p, = the pole pairs
| Q¢ | = the desired reactive power

refr

The negative sign in Equation (36) results from the sign of Q,;, the reference reactive power.

Given Equation (36), we can now write the expression for the slip:

(0

This expression can be substituted into the active power slip compensation term 1/(1-s). The
L reeand U, ¢ terms in this expression are reference values. Clearly, I, and U, for an induction
machine are related, that is, {,,, = L,.I,.. Hence, we have written the numerator of Equation
(37) as Ly, I reo- This requires acquiring the value of magnetizing inductance of the machine.

The reactive power expression can be written as:

Qref = Imra)ll//m = IlrrrV/rn (0)2 + a)s) (38)

So, it can be concluded that the reactive power is dependent on the slip frequency. The slip
frequency is well-related with the torque. In case a rapid change in torque is needed, slip
frequency changes as a step and consequently the reactive power value changes. The torque
T and w, expressions of an induction machine can be written as (using the standard expression
from Field Oriented Control):

T=15p,L I,

I/L, (39)

, :Ip/(TZI

s

) (40)

mr

where 1, = L, /R,, L, = the rotor inductance, and R, = the rotor resistance. Therefore, 1, is the
rotor time constant.

Rearranging Equation (39), one can write:
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1,=(TL,)/ (15p,,|1,.]) (1)
Substituting Equation (41) into Equation (40) gives:
o, =(TL,)/ (1.5ppo” IL,[ 72) (42)

The denominator in Equation (42) can be simplified by assuming that the leakage inductance
of the machine is very small in relation to L,, and hence L, = L. Therefore, Equation (42) can
be written as:

2T 2T

(3PPLW1 Imr ’ TZ) (3ppl//m Imr

(0

S

%) (43)

We are now in a position to write an expression for the reference reactive power. Substituting
Equation (43) into Equation (38) and simplifying, we get Equation (44):

ZTref L | I 2 ZTref
O |+ L, (1], ) et (@)
ref 2 of SPpTZ ref 2 3ppr2

Quy =~ (|1m

3. Experimental studies

An experimental setup using the control system shown in Fig. 4 was established by Yamamoto
and Motoyoshi and the characteristics of the control system along the M-T frame have been
experimentally examined. Experimental data are taken from their study [25]. The schematic
diagram of the experimental system is shown in Fig. 6. Specifications of the generator used in
experimental system are shownin Table 1. Equations (16) and (17) show that active and reactive
power is proportional to the rotor currents Iy, and Iy,

Phase 3 Stator Voltage 270V
Pole Pairs 2 Rotor Voltage 257V
Power Capacity 20 kW Synchronous Speed 1500 rpm

Table 1. Specifications of the generator used in experimental system [25]
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Figure 6. Experimental system [25]
3.1. Experimental results

Figures 7 and 8 show the relationships between stator power and rotor current reference and
Figs. 9 and 10 show the relationships between stator power and stator power reference.

Figure 10 shows the step response of the stator reactive power Q, and the step response of the
rotor current IM2 which is in proportion to the stator reactive power (Q,). Figure 8 shows the
step response of the rotor current I, which is in proportion to the stator active power (P,).
Figure 9 shows the step response of the stator active power P;. I;, and I, respond to stepping
of I*y, and I*}, in 20 ms without any effect on Iy, and Iy;,. P; and Q) respond to stepping of
P* and Q% in 80 ms without any effect on Q; and P;. The effects of this active and reactive
power control method have been proved by these experimental results.
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Figure 7. Step response of the M-axis current [25]



Active and Reactive Power Control of Wound Rotor Induction Generators by Using the Computer and Driver 63
http://dx.doi.org/10.5772/61130

T-axis Current
Reference Ir;

M-axis Current
Ref hwz
T-axis Current T
F bra
- >
20|m_s'
Rotor Current [NVIAVSNAARA o % +—1
lez MMM ARV
Stator Current Al i A )
L Ay AY
lar e e e el
Stator Voltage A/ a e e
Var i\\ a i‘\ F i‘ - :r‘\- AW LW LW A s s
1 1 |‘51 I

Active Power,
Reference Py

Active Power
Py

Reactive
Power Q

Rotor Current
lz

Figure 9. Step response of the active power [25]
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3.2. Harmonic analysis

For the power converter of this system, the cycloconverter which is suitable for a large capacity
system is often used. Generally, when the large-scale converter is applied to the electric power
network system, it is a very important item to analyze the harmonic currents of the power
converter. As known, the harmonic currents of the power converter are transmitted to the
electric power network system through the rotor and stator windings. In this chapter, the
characteristics of the transmission of the harmonic currents caused by the cycloconverter are
analyzed theoretically.

Before beginning analysis, let us remember the basic principles of cycloconverter and mathe-
matical background (taken from [30]) for the understanding of the subject.

3.2.1. Principle of the cycloconverter

Asknown, cycloconversion is concerned mostly with direct conversion of energy to a different
frequency by synthesizing a low-frequency wave from appropriate sections of a higher-
frequency source. As shown in Fig. 11a, a cycloconverter can be considered to be composed of
two converters connected back-to-back. The load waveforms of Fig. 11b show that in the
general case, the instantaneous power flows in the load fall into one of four periods. The two
periods, when the product of load voltage and current is positive, require power flow into the
load, dictating a situation where the converter groups rectify, the positive and negative groups
conducting respectively during the appropriate positive and negative load-current periods.

—1 converter P i
group :
1

—_-

]

e SEH s B
Fixed i

- [~
Paositive =] ~ v:i
1

frequency !
el ~F Negative Positive | Positive Negative |
Negative [~ group  group  lgroup  group
L— converter N inverting rectifying !inverting rectilying 1
group
(a) (b)

Figure 11. General cycloconverter layout (a) Block diagram representation, (b) Ideal load waveforms [30]

The other two periods represent times when the product of load voltage and current is
negative; hence, the power flow is out of the load, demanding that the converters operate in
the inverting mode. As shown in Fig. 11a, the principle of the cycloconverter can be demon-
strated by using the simplest possible single-phase input to single-phase output with a pure
resistance as load. Each converter is a bi-phase half-wave connection, the positive group
labeled P and the negative group for reverse current labeled N.
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. §

Figure 12. Single-phase load fed from a three-pulse cycloconverter [30]

The operation of the blocked group cycloconverter with various loads can be readily explained
by reference to the three-pulse connection shown in Fig. 12, with the associated waveforms for
inductive load in Figs. 13 and 14. As known, the wound rotor induction motor is an inductive
load. In this chapter, waveforms are drawn for inductive load.

Voltage Current
Desired X £

Positive
group
voltage |

Figure 13. Waveforms with maximum voltage to an inductive load [30]
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Figure 15. Cycloconverter connections with three-phase output. (a) Three-pulse bridge, (b) Six-pulse bridge [30]

The waveforms are as shown in Fig. 13 when the load is inductive, these being at a condition
of maximum voltage. The load current will lag the voltage and, as the load-current direction
determines which group is conducting, the group on-periods are delayed relative to the
desired output voltage. The group thyristors are fired at such angles to achieve an output as
close as possible to a sinewave, but now the lagging load current takes each group into the
inverting mode. The group will cease conducting when the load current reverses. The load-
voltage waveform is shown as a smooth transfer between groups, but in practice, a short gap
would be present to ensure cessation of current in, and the regaining of the blocking state in,
the outgoing group, before the incoming group is fired. The waveforms drawn assume the
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current is continuous within each load half-cycle. The effects of overlap will in practice be
present in the waveforms.

In practice, the load-current waveform in Fig. 13 is assumed to be sinusoidal, although it would
contain a ripple somewhat smaller than that in the voltage waveform. A light load inductance
would result in discontinuous current, giving short zero-voltage periods. Each thyristor will
conduct the appropriate block of load current, having the branch currents shown. The current
i, - i, would represent the transformer input line current if one assumed the supply to be via
a delta primary transformer. The input-current waveform shows changes in shape from cycle
to cycle but where the input and output frequencies are an exact multiple, the waveform will
repeat over each period of output frequency.

As shown in Fig. 14, a reduction in the output voltage can be obtained by firing angle delay.
Here firing is delayed, even at the peak of the output voltage, so that control is possible over
the magnitude of the output voltage. Comparison of Fig. 14 with Fig. 13 indicates a higher
ripple content when the output voltage is reduced.

As shown in Fig. 15a, the three-pulse cycloconverter when feeding a three-phase load can be
connected with a total of 18 thyristors. As shown in Fig. 15b, a six-pulse cycloconverter can be
based on either six-phase half-wave blocks or the bridge connection when 36 thyristors are
required.

Voltage
z /— Current

Desired
output

!

Inverting Rectifying

|

1]

]

! .
Rectifying 1 Inverting

1

]

9 CRRRLIKK
Lo

Figure 16. Cycloconverter load-voltage waveform with a lagging power factor load (six-pulse connection) [30]

Load
voltage

An example of the cycloconverter output waveforms for the higher-pulse connections is given
in Fig. 16, with an output frequency of one-third of the input frequency. It is clear from these
waveforms that the higher the pulse-number, the closer is the output waveform to the desired
sinusoidal waveform. In general, the output frequency is in general limited to about one-half
to one-third of the input frequency, the higher-pulse connections permitting a higher limit.

As in Fig. 15, when the three-pulse cycloconverter feeds a three-phase balanced load, the
current loading on the supply is much more evenly balanced. The waveforms to illustrate this
are given in Fig. 17 for a frequency ratio of 4/1 with a load of 0.707 power factor lagging. It has
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been assumed that the load current is sinusoidal, although in practice it must contain ripple.
The total load current is not identical from one cycle to the next, obviously contains harmonics,
and its fundamental component lags the supply voltage by a larger amount than the load
power factor angle.

Desired voltage

Desired current
’A‘ .A.A.A

X XXIAA

Load
phase 2

Load
phase 3

A line
current to

load 1

A line
current to
load 2

A line

current to /’|

load 3 I\] |
Voltage
’ .
A

Total
A line
current

Figure 17. Development of total input current to three-pulse cycloconverter with three-phase lagging power factor
load [30]

The thyristors of a cycloconverter are commutated naturally, and whether the load is resistive,
inductive, or capacitive, the firing of the thyristors must be delayed to shape the output. The
net result is that the AC supply input current will always lag its associated voltage.

3.2.2. Circulating current mode

The previous section specified cycloconverter operation where either the positive or negative
groups were conducting, but never together. As shown in Fig. 18, if a center-tapped reactor is
connected between the positive group P and negative group N, then both groups can be
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permitted to conduct. The reactor will limit the circulating current, that is, the value of its
inductance to the flow of load current from either group being one quarter of its value to the
circulating current, because inductance is proportional to the square of the number of turns.

In Fig. 19, typical waveforms are shown for the three-pulse cycloconverter shown in Fig. 18.
Each group conducts continuously, with rectifying and inverting modes as shown. The mean
between the two groups will be fed to the load, some of the ripple being cancelled in the
combination of the two groups. Both groups synthesize the same fundamental sinewave. The
reactor voltage is the instantaneous difference between the two group voltages. The circulating
current shown in Fig. 19 can only flow in one direction, the thyristors preventing reverse flow.
Hence, the current will build up during the reactor voltage positive periods until in the steady
state it is continuous, rising and falling as shown.

Y
= /—Intergroup reactor

Figure 18. Three-pulse cycloconverter with intergroup reactor [30]

3.2.3. Mathematical analysis

The above subjects have demonstrated that almost all the waveforms associated with power
electronic equipment are non-sinusoidal, which contains harmonic components. The purpose
of this subject is to analyze the harmonic content of the various waveforms and discuss their
effects as regards both supply and load.

Any periodic waveform may be shown to be composed of the superposition of a direct
component with a fundamental pure sinewave component, together with pure sinewaves
known as harmonics at frequencies which are integral multiples of the fundamental. A non-
sinusoidal wave is often referred to as a complex wave [30].

Mathematically, it is more convenient to express the independent variable as x and the
dependent variable as y. Then, the series may be expressed as:

y= f(x) =a,+4a, cos(x) +a, cos(Zx) +...+a,cos(nx) + b;sin(x) + b,sin(2x) +...+ b, sin(nx) (45)
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Rectifying
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Figure 19. Waveform of a three-pulse cycloconverter with circulating current but without load [30]

Equation (45) is known as a Fourier series, and where f(x) can be expressed mathematically, a
Fourier analysis yields that the coefficients are [31]:

1 s
a, = E_J;f(x)dx (46)
1 T
a, = ;:[! f (x)cosnxdx (47)
1% .
b, = — :[, f ( x) sinnxdx (48)

Alternatively, the series may be expressed as:
Y= f(x) =R, +R, sin(x -4, ) +R, sin(Zx - ¢2) +R, sin(3x - ¢3)+ «*+R, sin(nx - ¢n) (49)

Equations (49) and (45) are equivalent, with:
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a, cosnx+b sinnx=R, sin(nx - ¢n) (50)

From which the resultant and phase angle:

R, =(a;+b))"” 1)

P = arct{m% (52)

n

Electrically, it expresses the independent variable as wt instead of x and the dependent variable
as volts or amperes instead of y. Then, the series may be expressed as:

v=V,+V, sin(cot —¢1)+ v, sin(2cot —¢2) +V, sin(3a)t —¢3) +..+V sin(na)t —¢n) (53)

where

v is the instantaneous value of the voltage at any time t;

V, is the direct (or mean) value of the voltage;

V, is the maximum value of the fundamental component of the voltage;

V, is the maximum value of the second harmonic component of the voltage;
V; is the maximum value of the third harmonic component of the voltage;
V,, is the maximum value of the nth harmonic component of the voltage;

¢ defines the relative angular reference; and

w =2ntf, where f is the frequency of the fundamental component, 1/f
defining the time over which the complex wave repeats itself.

The constant term of Equation (46) is the mean value of the function, and is the value found
in, for example, the calculation of the direct (mean) voltage output of a rectifier. In the analysis
of a complex wave, certain statements and simplifications are possible by inspection of any
given waveform. If the areas of the positive and negative half-cycles are equal, then a, is zero.
If f(x + m) = - f(x), then there are no even harmonics, that is, no second, fourth, etc. In plain
terms, this means the negative half-cycle is a reflection of the positive half-cycle. If f(- x) = -
f(x), then a,= 0; that is, there are no sine terms. If f(- x) = f(x), then b = 0; that is, there are no
cosine terms. Symmetry of the waveform can result in Equations (47) and (48) being taken as
twice the value of the integral from 0 to 7, or four times the value of the integral from 0 to 7/
2, hence simplifying the analysis.
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Where it is difficult to put a mathematical expression to f(x), or where an analysis of an
experimental or practical waveform obtained from a piece of equipment is required, graphical
analysis can be performed [30].

The conditions of analysis are as follows.

1. The frequency of the harmonic current for the three-pulse and six-pulse cycloconverter is
6mfl +(2n+1)fs, where m is any integer from 1 to infinity, nis any integer from 0 to infinity,
flis the frequency of the power source, and fs is the output frequency of the cycloconverter
[32].

2. The analysis is carried out only on the harmonic components.
3. Zero-phase-sequence current (harmonic currents of multiple of 3) is neglected.
4. The stator is connected to the fundamental frequency voltage source.

Using these conditions, the three-phase rotor current can be defined as follows:

Sin{6mo, - (6n-1)0,{+ A, Sin{6m6, —(6n-5)0,|

6n 1 m (611—5)»11 s
=22 , , (54)
m o +B(6” 1)"15171{611101 —(611—1)05} + B(6”75)mSzn{6m01 —(611—5)62}
6 1) {67}19 6n 1 (6’ —2—”}
n— "l 3
2z
+A6 ) Szn{6ma91 6n 5 [9 -— }
n— m S 3
IbZ = Zz o (55)
Y T Sm{6m€l (6n-1) [9 ——]}
n— s 3
2z
+B (61-5) Szn{6m@1 6n— 5 (Q —?)}
6 ) Szn{6m@1 6n— 1 6’s +2—ﬂj}
n— m 3
2z
+A g, ), Sin{6me, —(6n-5) Y
l,=3> (56)
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where m=1,2,...., n=1,2,......, O=wt: w, is the stator angular speed, O=w.t: w; is the slip angular
speed.

When Equations (54)—(56) are transformed to the d-q axis based on the stator voltage, (57) and
(58) are derived:

A Sm{éma —6n0. }

(6n-1)m
+A s, Sin{6mo, - (6n-1)0,|

(6n-5) s
I = Zz +B

m.on (6)1—1)

Sin{6mo, +(6n-1

(57)

)
Sin{6mo, +6n0,}
+B )

o)

(6»1—5)1)]

A Cos{6m0 — 616 }

S

(6n=1)m
+Aq,.5,Cos{6m0, - (6n-1)6 |

_ (6 75) ) s
=22, +B,,, \ Cos{6mé, +6nf,} (58)
)

m n (6n71) s

+Byg, ), Cos{omo, +(6n-1

‘)

The characteristics of transmission from the rotor winding to the stator winding are analyzed

(6n—5)m

by substituting into the fundamental equation of a wound rotor induction machine. The
analysis uses the symmetrical coordinate method for simplification. In this case, positive phase
sequence component value (F component value) and negative phase sequence component
value (B component value) have a conjugate relationship. The F component value is used for
the analysis in this paper, which gives the following fundamental equation of the wound rotor
induction machine:

VF1 R, +(p+]a) )(Ll +Lm) (p+ja)1)Lm I,
. (59)
sz (p+]a)0)Lm R2+(p+]a)0)(L2+Lm) I,
When Equation (59) is transformed relative to I, the following equation is obtained:
+jo, )L
I, = (p+jo )L, I,+V, (60)

" Rl+(p+jwl)(L1+Lm) " o

In this analysis, stator voltage is the fundamental voltage source, then, Vi, =0is defined. When
Iy, is expressed by I, and I, using Equation (60) and Iy, = (1A2)1y, + jlp), the following
expression is derived:
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I = (p+j)L. 1( +I ) (61)

R+ (p+jo)(L +Lm)ﬁ T

Equation (59) is substituted into Equations (57) and (58). Applying Laplace transformation,
the stator current is calculated. A-phase stator current is derived as follows:

C g1 Cos{ (61 +1)6, —6m0 |

(6n-1)m
+Clg,5),Cos{(6m—1)6, - (6n-1)6}

=22

5 +Djgu g, Cos{(6m=1)6, + 60| ©2)
)

+Dig, 5, Cos{(6m+1)6, +(6n-1

0

where

L L
C(an—l)m ] A(6,,,1)m [m]/ D(én—l)m ] B(E,,lfl)m { (Lm +L )]

L L
C(én—S)m ~ A((m—S)m m ’D((m—S)m ~ B(6n—5)m (Lm + L])

The results of this analysis show that the harmonic currents fed to the rotors winding are
transmitted to the stator windings by changing its frequency. The rotor harmonic currents at
6maw;+(6n - 5)w, change to stator harmonic currents at (6m+1)w+6(n - 1)w,. And the rotor
harmonic currents at 6mw;+(6n - 1)w, change to stator harmonic currents at (6m=+1)w;+6nw.
This is the effect of the rotating speed of the wound rotor induction generator. Moreover, the
ratio between the amplitude of harmonic currents in the rotor and the stator is nearly 1:1.

Analysis results are verified by the experimental system shown in Fig. 6. Table 2 gives an
example of experimental results. It is seen that experimental values well match with the
theoretical ones. Thus, experiments confirmed that the analysis gives reliable results.

Rotor Harmonic Current Stator Harmonic Current

Frequency Experimental Value Frequency Experimental Value Theoretical Value
296.7 Hz 3.18 A 250 Hz 299 A 312 A

303.3 Hz 1.65 A 350 Hz 153 A 161 A

293.3 Hz 043 A 340 Hz 0.46 A 042 A

316.7 Hz 0.40 A 260 Hz 0.36 A 0.39 A

Table 2. Experimental results (w,=50 Hz, w=50 Hz, m=1, N= 1400 r/min, I,=1,=25 A) [25]
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It has been proved by experiment that this control system can control the active and reactive
power independently and stably. In addition, it has been confirmed by analysis and experi-
ment that the harmonic currents fed to the rotor windings of the generator are transmitted to
the stator windings changing its frequency [25].

3.3. Proposed experimental setup

By using the computer and driver/buffer, the experimental setups to control active and reactive
power of the wound rotor induction generator independently and stably are shown in Figs.
20 and 21 [28]. The terminals in experimental setups shown in Figs. 20 and 21 are numbered
considering that the three-pulse cycloconverter with a total of 18 thyristors shown in Fig.

15a will be used.
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Figure 20. Schematic block diagram of the experimental setup for computer-aided power control of wound rotor in-

duction generator
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Figure 21. Another schematic block diagram of the experimental setup for computer-aided power control of wound

rotor induction generator
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4. Conclusion

New configurations for power control system of the doubly-fed wound rotor induction
generator have been proposed. These configurations are based on a control method using a
rotating reference frame fixed on the air-gap flux of the generator. By using them, the active
and reactive power of generator can be controlled independently and stably. To achieve this
purpose, power and current control that are fundamental subjects have been analyzed and as
a result, a computer-aided circuit is given to achieve the power and current control. Using

computers enables application of new technologies for easier control. For example, any new

metaheuristic techniques or classification/identification techniques could be applied by just
changing the code in the computer.
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Abstract

Three-phase induction motors present stray capacitances. The aim of this chapter is to
present a methodology to experimentally determine these capacitances and also evaluate
the effects of electromagnetic interference on motors in common mode. The proposed
procedures for this methodology consist of: a) identifying the motor equivalent electrical
circuit parameters through characteristic tests performed in the laboratory; b) setting up
configurations between the PWM inverter and the motor for voltage and current meas-
urements: common mode and shaft voltages, leakage and shaft (bearing) currents by us-
ing a dedicated measuring circuit; c) calculating the parasitic capacitance values between
stator and frame, stator and rotor, rotor and frame and bearings of the motor using the
capacitance characteristic equation; d) using the dedicated software Pspice to simulate
the system composed by the three-phase induction motor fed by PWM inverter with the
equivalent electrical circuit parameters; e) determining the characteristic waveforms in-
volved in the common mode phenomenon.

Keywords: Induction motors, parasitic capacitances, PWM inverter

1. Introduction

The use of inverter controlled by pulse width modulation (PWM Inverter), on drive and control
of the three-phase induction motors is increasingly common, especially for the power range
of up to 10 Hp.

The recent developments in power semiconductor devices (IGBT, MOSFET, and others) have
allowed these drives to achieve switching frequencies up to 20 kHz. In these frequencies, the

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited.
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rise time of PWM voltage becomes very small and responsible for the appearance of phenom-
ena, defined as electromagnetic interference (EMI) in the induction motor [12, 18, 25]. Due to
the presence of parasitic capacitances in the motor caused by the free orisolated spaces between
metal parts, capacitive couplings occur, which become flow paths of the high-frequency
electric current between the motor phases (differential mode coupling) and between phases
and the ground (common mode coupling). The higher the switching frequency, the greater are
the extensions and consequences of these phenomena.

The differential mode phenomena are responsible for excessive heating of the motor, harming
the electrical insulation characteristics, performance, and, consequently, their useful life, and
can burn out the motor. This occurs because the PWM inverter does not feed the induction
motor with a sinusoidal voltage, but by applying modulated or switched pulses, producing
high-frequency harmonics, and high-voltage gradients values (high dV/dt) to the stator
windings [3].

The phenomena due to the common mode are responsible for the appearance of circulating
currents between motor and ground moving through the frame, bearings, and motor pedestals.
As the common mode voltage is different from zero, it raises a shaft voltage between the
bearing parts and the ground, which is dependent on both this common mode voltage and the
parasitic capacitances that can circulate electric currents capacitive for multiple paths by the
motor [10]. One of these paths passes through the bearings, and in this case the motor currents
are known as bearing currents, which, due to discharges occurring at the dielectric break, can
cause damages at their bearings and if the shaft locks, the motor would be forced to stop and
it will cause burning of the windings. Another phenomenon that occurs is electric shock or
electric discharge machining (EDM), due to the flow of leakage current motor to the frame
when it is not grounded or this ground is not suitable [1, 4, 7].

The conventional method to determine these parasitic capacitances is by measuring the
impedance of the induction motor using LCR Bridge [1 to 10]. In this method, the induction
motor is disassembled for specific parameters to be measured. For the determination of the
parameters between the stator and the motor frame, the rotor is removed and measurements
are conducted with each phase bridge between the LCR and the frame and among the three
phases (short-circuited in this case) and the frame. After that, the rotor is put back and its axis
is short-circuited to the frame. Parameter values between stator and rotor are measured. The
LCR Bridge is connected at the common point of the three phases (neutral) and the stator frame.

The parameters of the motor bearings are dynamic and depend on operating conditions
(speed) of the three-phase induction motor and also the dielectric characteristics of resistivity
of the lubricant temperature and the geometric construction of the motor [1 to 10]. The rotor
parameters can only be determined after all previous parameters have been obtained. The LCR
Bridge is connected between the rotor shaft and the frame of the induction motor.

In the absence of an LCR Bridge and an appropriate laboratory for this type of test, another
methodology [40, 41] is used to determine the parameters of the equivalent circuit of the
induction motor in steady state (nominal frequency) [26, 27] and for high frequency [1, 10, 14,
41], through laboratory measurements using features configurations of links between the
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PWM inverter and the motor for measuring the following parameters of interest: common
mode voltage (V) and shaft voltage (Vsyapr); leakage (I paxace) and bearing (I) currents, by
measurement circuit designed for this purpose; and calculation of the values of the parasitic
capacitances between the stator and motor frame (Cgp), stator and rotor (Cg), rotor and motor
frame (Cgp) and bearings (Cg) using characteristic equations as will be shown in this chapter.
The computer application PSPICE [36, 40] is used to simulate the three-phase induction motor
powered by a PWM inverter system using the high-frequency equivalent circuit of the motor.
The characteristic waveforms that represent the common mode phenomena will be obtained
to allow comparisons for validation of procedures to determine the capacitance.

In this methodology [40, 41], the three-phase induction motor does not need to be disassembled
and reassembled as in the case of measurement with LCR Bridge. Only the bearings are
insulated, and the determination of parasitic capacitances is performed while the motor is
running. The results of testing for measurement and determination of two 1 Hp induction
motor parasitic capacitances and simulations, using the Pspice program, are presented.

2. Equivalent circuit of three-phase induction motor at high frequencies

At high frequencies, the capacitive reactance among the various parts of the three-phase
induction motor are shown in Figure 1, which illustrates the equivalent circuit of the three-
phase induction motor fed by PWM inverter [1, 6, 15]. The distributed parameters R, L, and C
represent the high-frequency coupling between the windings of the stator and the rotor.

Zygy is the impedance between the rotor and the motor frame, also called air gap impedance
Z,; Zry is the impedance between the windings of the stator and the rotor; Zg is the impedance
between the stator windings and the frame; Z, is the air gap impedance; and Z represents the
impedance between the rotor and the bearing. Ry, and Ly, represent the equivalent impedance
of the driver through which circulates the bearing current and R, is the lead resistance
connected between the frame and ground. Using the defined impedances shown by equations
(1) through (4), one can obtain the high-frequency simplified circuit of the induction motor
presented in Figure 2 [15]:

Z;=2,=]XC, 1)
ZSY = RST + jXLSr + jXCST (2)
Z, =R, +jXL, +jXC, 3)

Z,=(R //jXC,)+ R, +R +jXL, 4)
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Figure 1. High-frequency equivalent circuit of induction motor
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Figure 2. High-frequency simplified circuit for three-phase induction motor according to its impedances

Simplifications of the circuit shown in Figure 2 can be done using the following considerations
[1,3, 6,9, 10]: a) Zg; is purely capacitive; b) at frequencies lower than 200 kHz, Zg; assumes a
capacitive characteristic; and c) Zg; represents a circuit with RC behavior. At frequencies of 4-
20 kHz range, which are typical switching frequencies of a PWM inverter, parasiticimpedances
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of the induction motor assume purely capacitive characteristic [10], according to the example
shown in Figure 3.
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Figure 3. Capacitive impedance characteristic of the three-phase induction motor [10]

Thus, it is possible to simplify the equivalent circuit presented in Figure 2 keeping only the
parasitic capacitances at the high frequencies, as shown in Figure 4.

” ¢ Vsuarr
t
Ven 11

Csr Cg

— Csr Crr

T

Figure 4. Simplified equivalent circuit of high-frequency induction motor

In Figure 4, V¢ is the common mode voltage, Cs; is the capacitance between the stator winding
per phase and the induction motor frame, Cg, is the capacitance among the windings of the
stator and the rotor, Cg; is the capacitance between the rotor and motor frame, and Cy is the
capacitance of the bearing. Using this high-frequency equivalent circuit of the induction motor,
the equations of both shaft voltage (Vsuapr) and leakage current (I gaxace) are obtained:

:Ua+Ub+UC

0y = 5)

C
Veuarr = Vou| =——2—— 6
SHAFT (@) (CSR +CRF +CB] ( )
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V, V. \%

CM SHAFT SHAFT
7)

I =
LEAKAGE XCSF XCRF XCB

The capacitances Cgp, Csg, Cgg, and Cy are defined according to the geometric characteristics of
both the stator as the rotor of a three-phase induction motor and its bearings [1, 2, 11, 12, 13,
23]. In [1], these capacitances are set according to the following equations, depending on the
geometrical dimensions of the induction motor shown in Figure 5.

K Ngg,60. (W, +W,).L

8
K.,.N,.e, W .L
Cop = % )
K, .7me . L
C — RF 0" r
RF ln(Rs /Rr) (10)
N, 4.r.e, .
b 0°%r (11)

""(R,+R /R, -1)

In the above equations, Ky, Ko, and Ky factors are stacked packages of magnetic stator and
rotor, Ng and Ny, are the number of slots of the stator winding and the rotor, W, and W, are
the width and depth of the groove stator, W, is the width of the rotor slot, L, and L, are the
lengths of the stator and rotor slots, R, and R are the radii of the stator and rotor, d is the
thickness of the insulating dielectric material of the stator channel, g is the gap length, N, is
the number of bearing balls, R, and R, are the ball lightning and the raceway, ¢, and ¢, are the
permittivity of the medium (air and insulation). The parasitic capacitances become important
when, besides the common mode voltage is different from zero, the frequency of the phase
voltages becomes high, resulting in small capacitive reactance and the circuit in parallel with
the remaining equivalent.

When the three-phase induction motor is fed by pure sinusoidal voltages, at the power grid
frequency, the effect of these capacitances is minimal or nonexistent. If there is an unbalance
in phase voltages, the common mode voltage becomes nonzero, establishing current flow
through these capacitances (Figure 4) which will be significant, if the amplitudes of phase
voltages are high. Thus, assuming that the motor is supplied by balanced phase voltages, the
common-mode voltage (5) is zero. When the three-phase induction motor is fed through a
PWM inverter, it establishes a “capacitive coupling” created by the modulated phase voltages
of the inverter output. These voltages have trapezoidal characteristic value with high dV/dt of
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Figure 5. Dimensions — induction motor and bearing [1]

the inverter while the semiconductor switches are turned on or off, as shown in Figure 6 (a,
b) [12, 18, 22].

Vown(V) 40077 dV/dt(V)
T 300 C T
]
|
0 I dv I
|
|
: 0 v
-400 il dt
0 17.0 0 4.0
a) t(ms) b) t(ms)

Figure 6. a) Terminal voltage of the PWM inverter, b) dV/dt voltage

87



88

Induction Motors - Applications, Control and Fault Diagnostics

As the supply voltages are not sinusoidal, the common mode voltage (V) takes nonzero
values. Thus, this voltage and also the switching frequency (f;) of the PWM inverter now have
an important role on common mode capacitive currents. For example, Figures 7a and 7b
present the waveforms of the output phase voltages of the inverter and the common-mode
voltage for a switching frequency (fs) of 16 kHz.

Van(V) 200

0

-200 o V(R,0)
Ven(V) 200 .

0

200
Vin(V) 200

T::
|

0

-200
0 2.0

a) t(ms)

Vem(V) 200

200

b) t(ms)
Figure 7. a) Phase voltage, b) a common mode voltage (Vqy) - fs=16 kHz

The higher the switching frequency, the better is the characteristic of the waveform of the
current applied to the induction motor. Besides that, the frequency raise often implies an
increase in the switching times of the IGBTs increasingly smaller, providing both increased
feature dV/dt, which is directly related to the values of the capacitive currents of common
mode current, as the reduction of the capacitive reactance significantly increased the ampli-
tudes thereof. The following equations show these relationships:

[ =C.— 12
=G (12)
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[=2x.f,.CV (13)

Observing equations (12) and (13), it is possible to conclude that V and I are effective values
of voltage and common mode current. Thus, from the down-movement of the common-mode
electrical currents (also called capacitive currents) as shown in Figure 8a [18], one can obtain
the equivalent circuit of the motor for high frequency presented in Figure 8b [1 to 10].

"
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Figure 8. a) Circulating currents in the motor, b) high-frequency equivalent circuit and circulating currents [10]

The electric currents are established as follows: [10] a) II is the current flowing through the
common mode voltage point (Vy), which passes through the pump capacitance for the motor
frame, ground or neutral and returns to the system to V¢ point. It is the largest component
of the leakage current (I; gaxace), compared to other capacitive currents because Cg; capacitance
is much larger than others. This current is primarily responsible for the electrical discharge of
the motor frame to the “ground.” If the motor is not grounded to the frame satisfactorily, an
important electrical discharge at various parts of it and even at the load may occur and cause
an “electric shock” if someone leans on the motor frame. b) Il is the current flowing through
the common mode voltage point (V¢y), which passes through the Cg; and capacitances Cgg,
motor frame, ground or neutral system and returns to the V¢, point. c) Il is the current flowing
through the common mode voltage point (Vy;), which passes through the Cg; capacitance
motor shaft bearing capacitance C; motor frame, ground or neutral system and returns to the
Veum point. d) IV is the current flowing shaft voltage point (Vsyapr); Crr capacitance thus stores
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energy through the motor shaft, the switch SH, the motor frame, and returns to the Cg
capacitance.

The switch SH in Figure 8b is, when closed, the breaking of the bearing insulation dielectric
(grease film). When this occurs, and Cg is much smaller than Cgg, a new mesh current flow
given by IV is then established. The IV mesh is responsible for the electrical discharge in the
motor bearings due to the charge stored in the capacitor Cgg.

3. Experimental method for determination of parasitic capacitances rotor
cage three-phase induction motor [40]

This item presents a methodology [40] for the determination of the parasitic capacitances of
the equivalent high-frequency rotor three-phase induction motor circuit cage and the effects
of electromagnetic interference caused in the same common mode, when it is driven by a PWM
inverter. This is a methodology that uses an electronic circuit to measure variables needed to
calculate these parameters.

The procedures proposed for the development of this methodology are: a) determination of
the equivalent circuit parameters of the three-phase induction motor in steady state and high
frequency and [1, 10, 15, 31] through typical laboratory test; b) establish settings of links
between the PWM inverter and the motor for measurements of quantities of interest: common
mode (V) and shaft (Vs apr) voltages, leakage (I paxace) and shaft (Ispapr) currents, developed
by measuring circuit for this purpose [13, 14]; c) calculate the values of the parasitic capaci-
tances between stator and frame (Cs;), stator and rotor (Cgy), rotor and frame (Cy) and bearings
(Cyp), using their characteristic equations [10, 15]; d) using PSPICE [36] to simulate the system
(three-phase induction motor fed by PWM inverter) with the high-frequency equivalent circuit
in the same [6, 16]; e) to obtain the waveforms characteristics of the EMI phenomena.

3.1. Methodology determination procedure

The methodology determines the high-frequency equivalent circuit parameters of rotor cage
three-phase induction motor, through direct measurement of quantities of interest and, using
equation (14), calculate the values of the parasitic capacitances. The quantities of interest are
common mode voltage (V¢y), shaft voltage (Vguapr), leakage current (Iigaxace), and shaft
current (Iggapr)-

IC

T2nfV, a4

In equation (14), I and V. represent the current and the effective voltage across the capacitor,
respectively, and fs the switching frequency of the PWM inverter. The schematic diagram of
the methodology is shown in Figure 9.
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Figure 9. Schematic diagram of the methodology

The structure consists of the following equipment: three-phase power supply 220V/60Hz, 1
Hp three-phase PWM inverter, two three-phase 1Hp induction motors, measuring circuit of
the quantities of interest, data acquisition board LabView, notebook PWM inverter manage-
ment and signal processing through dedicated software LabView 8.5 and MOVITOOLS, base
for sustaining fully insulated equipment to allow measurements, especially the currents (as
close as possible to an actual situation), connecting cable with the neutral system intercon-
nected to the PWM inverter ground terminals and the induction motor providing a circulating
path to the induction motor current.

The magnitudes of the measuring circuit (Vey, Vsgarr Iiakace, and Ispyapr) are shown in Figure
10. The common mode voltage (V) is the common point of the measuring voltage (neutral)
to the motor frame when it uses star connection (Y). When the same connection uses delta (A),
itshould be equivalent to a star connection using high-value resistors (1M{2) connected to each
phase of the motor with a common point (neutral). In the adjustment of the common mode
voltage measurement (V) to the acquisition board, a resistive divider (R;, R,, R;, and R)) is
added so that the measured voltage does not exceed the maximum allowed by the acquisition
board, that is, +/- 10V, as shown in Figure 10.

For measuring the shaft voltage (Vsyapr), which is the voltage measured between the shaft and

the induction motor frame, a copper ring carbon brush system is added to the induction motor
shaft.

For leakage current (I; g sce) and shaft current (Isy,rr) measurements, a Rogowski coil current
sensor, developed for this methodology, was used [40]. The leakage current is the current
measured in the connection cable between the induction motor frame and the metal frame of
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the PWM inverter connected to the neutral system. It is composed of the sum of the currents
flowing through the stator-frame capacitances (Cg), rotor-frame (Cg;), and bearings (Cg).

The shaft current (Igyapr) is the current measured in the conductor which is connected to the
brush and corresponding contributions from currents flowing through the rotor-frame
capacitances (Cgg) and bearings (C).
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Figure 10. Measuring circuit of the quantities of interest

3.1.1. Induction motor preparation

For the application of the proposed method, the motor rotor three-phase induction cage should
be prepared so that the capacitance can be determined [1, 10, 14]. Under normal conditions,
the motor bearings are directly connected to both the shaft and the motor frame. It causes the
capacitance existing between the rotor and the frame (Cgg) to short-circuit.

So the following changes are made. (a) Motor bearings are insulated by a nylon cover (tecnil)
high electrical resistance. Thus, there will be no current flow by bearings (IB) and the contri-
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bution branch rotor frame can be evaluated, as shown in Figure 11 [10]. (b) A conductor is
connected between the external surface of one of the bearings and closest to the motor frame
by a switch point. When the switch is open, there is the condition set out in item (a). When the
switch is closed, then one has the rolling movement for the current frame and the returning to
the bearing [10]. (c) The motor shaft settles in a ring and brush assembly, for measuring the
shaft voltage (Vsyapr). This system is also used to measure the shaft current (Igypr) [14]. Figure
12 shows the items (b) and (c).

Figure 12. Switch (b) and ring-brush assembly (c) for measuring
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3.1.2. Data acquisition board and measuring

In order to acquire the quantities and accomplish the measurements, LabView [32, 33, 34]
platform is used. Four channels for the different measurements are defined as follows: (a) a0
channel: leakage current (I goxace); (b) Al channel: the common mode voltage (Vy,), which is
set to the voltage of -10V to + 10V limits; (c) a2 channel: shaft voltage (Vgapr); and (d) a3 channel:
shaft current (Igapy)-

Using dedicated software LabView 8.5, [35] created a block diagram (plant) of the measuring
system for the magnitudes of interest. Figure 13 shows the block diagram for leakage current
(Igakace)- The configuration for each quantity to be measured using channels with differential
inputs is shown in Figure 14 to minimize the effects of common-mode voltages (noise).

Observations (Figure 13):

Block A - CORRENTE DE FUGA - Ifuga <=> LEAKAGE CURRENT - Ileakage
Block D - FILTRO RUIDO <=> NOTCH FILTER

Block E - FILTRO PASSA-BAIXA <=>LOW-PASS FILTER

Block F - ESPECTRO - Ifuga <=> ESPECTRUM - Ileakage

Block G - RMS Ifuga_fs <=> RMS Ileakage_fs

SAIDA DO FILTRO - Ifuga <=> OUTPUT FILTER - Ileakage
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Figure 13. Block diagram for reading the leakage current (I; gaxace)

Using the DAQ block (A), the following items are defined for each channel: a) type of quantity
(voltage or current), b) name of greatness and sample rate, c) type of sampling, d) connection
diagram channel and other settings which depend on the desired type of measurement. Can
be used up to 16 signals for reading.
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Figure 14. Differential input of the A/D channels

Signals Using Split (B) block quantities of simultaneous readings can be made. In this case,
there are 4 outputs. The current I g xace @ function of time is shown on the oscilloscope

ILEAKAGE (t) .

The Amplitude and Level Measurements block (C) allows for the signs readings DC values
(DC) and effective (RMS). The value is shown on the display “RMS I gaxace.”

The blocks Noise Filter (D) and Pass Filter Range MFB (E) treat the signal so that it can be
measured on the switching frequency of the PWM inverter. The filtered signal is displayed on
the oscilloscope FILTER OUT — I} gaxace-

Noise Filter (NOTCH) has the function of not allowing passage of signals of a frequency band
or a specific frequency. The Band Pass Filter MFB allows only the frequency band specified
signal to pass. This filtering block allows you to define: a) type of filter: low-pass, high-pass,
band-pass, band-reject; b) frequency band; c) the type of response: finite impulse response
(FIR) or infinite impulse response (IIR); d) topology: Butterworth, Chebyshev, Inverse
Chebyshev, Elliptic, and Bessel.

Spectral Measurement block (F) shows the oscilloscope through the spectrum I, g,y ce already
filtered at the desired frequency. And the block (G) similar to block (C) provides effective
current at switching frequency fs, available in display RMS_I; paxace_fs. This entire procedure
aims to ensure that measurements are made in order to respect the equation for calculating
the capacitance (14).

3.1.3. PWM inverter

The PWM inverter used in this study is a new generation of static power converters that feature
improvements in its modular structure, providing better functions in the lower-frequency
range and greater overload capacity. Introducing control functions integrated with the
possibility of use of communication accessories, this enables applications to AC inverter drive
systems requiring high efficiency in a power range 0.55-160 kW.

The Inverter MOVIDRIVE MDX60B/61B [29] has the following main characteristics: a) The
MOVIDRIVE MDX61B model allows application for asynchronous motors (induction motor)
with or without encoder feedback, synchronous and asynchronous servomotors. b) Control
modes: VFC (Voltage Flux Control): to control induction motors. Using encoder feedback, it
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operates with vector control activated. If there is no feedback loop, it operates with V/f control
(scalar) and CFC (Current Flux Control); for controlling synchronous and asynchronous
servomotors it always operates with encoder feedback. The inverter model used in this work
is the Movidrive MDX61B 0037-2A3-4-0 with the following characteristics: Power 5 Hp (3.7
kw); phase power supply: 220 V/50-60 Hz; rated output current: 15.2 A and PWM switching
frequency: 4, 8, 12, and 16 kHz. Using MOVITOOLS [31] dedicated program, both the switch-
ing frequency f; of the inverter induction motor as well as the rotational speed can be changed,
allowing a more complete analysis of the behavior of the parasitic capacitances to be realized.

3.2. Tests laboratory procedure

A procedure was adopted within the Electrical Machines Laboratory for the measurement
tests so that determining the high-frequency capacitance of the induction motors could be
carried out in conditions where there is the least possible interference in the results thereof.
These procedures are described as follows: a) Ensure the total isolation of the set: three-
phase induction motor being tested and PWM inverter from the base where they are
supported in order that there is no current flow to the system from the motor frame and
the inverter. b) Verification of the connections between the motor frame and the inverter
with the NEUTRAL of three-phase power supply, allowing you to create a single move-
ment path of the motor leakage current and hence its correct measurement. c) The entire
measurement system (LABVIEW acquisition board) and the computer (notebook) used in
the execution of dedicated programs and measured data storage must be the same reference
system NEUTRAL. This ensures reliable measurements. d) Correct positioning and enough
brush pressure in the ring, the induction motor shaft, ensuring good contact and, there-
fore, reliable measurements of shaft voltage and current (Veyuer and Isgapr). €) Check all
connections of the acquisition system/measurement and inverter with the computer. f)
carrying out the tests in air-conditioned environment, to ensure the same conditions for the
other tests, and g) if possible, work with a fully isolated power system, not only using an
isolating transformer, but also ensuring electrical insulation. This way, voltage and current
of the supply system will always be the same in any situation and time, providing
measurements and better results. Following these procedures, tests of induction motors to
determine the parasitic capacitances can be started.

3.3. Parasitic capacitances determination of the rotor cage three-phase induction motor

The high-frequency equivalent circuit is shown again in Figure 15.

When determining the capacitance the following procedure should be followed: a) Switch SH
open: Motor bearings are isolated. So there is no current flowing through the bearings and the
C; capacitance does not contribute to the value of By (Bearing Voltage Ratio). b) Switch SH
closed: a circulating current starts to flow through the bearings, and the C; capacitance becomes
to influence the value of Byy.

Measurements are performed in the following quantities of interest: common mode voltage
(Vew), shaft voltage (Vsparr), leakage current (Ipgaxace) shaft current with SH off (Isyapr-opr),
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Vem
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| | ~
—
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CSR
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ILEAKAGE Tcrr l Ica l
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Figure 15. Simplified equivalent circuit of high-frequency induction motor

shaft current with SH on (Isjapr.on). The following values are determined from the following
streams:

Ie, = Lipakace ~ Lsnarr-orr (15)
ICSR = ICRF = Isyarr-orr (16)
ICB = Lsyarr—orr ~ Lsuarr—on (17)

The parasitic capacitances of the induction motor: Cg, Cyg, Cog, and Cg are determined through
the rewritten equations below:

C _te 18
F 2 fV,, (18)

IC
= K (19)

8 2m f Ve

C e

= = (20)
* Z'H'ﬁ'(VCM - VSHAFT)
I,

Cyp= 1. Cre (21)

Cre
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4. Measurements and simulations

The method described in the previous section was applied in three-phase induction motors
(two 1 Hp motors). One of the 1 Hp motors no longer presents its original features because the
stator windings were fully replaced without regard to the original design features. This
procedure allowed to check if there were changes (or not) in the values of the capacitances for
the other 1 Hp motor, which presents original project features, since the objective is to ratify
that the parasitic capacitances depending only on geometric-constructive features of the motor.
Since the determination of the capacitances depends on the quantities of interest at high
frequency, the tests may be performed with or without load on the shaft of the induction
motors.

4.1. Test of three-phase induction motors

4.1.1. Determination of low-frequency parameters

Initially, tests for determining the low-frequency equivalent circuit (nominal) parameters of
the motors were performed [27, 37]. The parameters were determined from characteristic tests
using the two wattmeter method: test empty and locked rotor test with characteristic equations
[26, 27]. The equivalent circuit parameters of the two induction motors 1 Hp shown in Table
1 were determined. These parameters are used in the simulation using PSPICE for analysis
and comparison with the results obtained in the laboratory (Figure 16).

The two three-phase induction motors used in this test are as follows: a) manufacturer: WEG,
b) rated power: 1 Hp, ¢) nominal voltage: 220V (A) / 380V (Y) d) current nominal: 3,8A (A) and
2,4a (Y), e) rated speed: 1710 rpm, f) number of poles: 4.

Motor (Hp) R,(Q) R, (QQ) L;=L, (mH) L,..s(mH)
1 (IM1hp1) 855 5.62 16.95 346.31
1 (IM1hp2) 8.70 6.53 18.22 366.40

Table 1. The low-frequency equivalent circuit parameters determined from laboratory

Figure 16. Equivalent circuit of low-frequency induction motor
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4.1.2. High-frequency parameters determination

Using the application program MOVITOOLS [31], the PWM inverter is parameterized in terms
of induction motor characteristics to be tested (plate data) as well as the drive and operating
characteristics. PWM switching frequency and fundamental frequency of the induction motor
can be changed in real time.

The application program LabView [35] was set to adjust the frequencies of noise filters and
band pass of the quantities of interest to the switching frequency of the PWM inverter.

After all measurements and calculations, the parasitic capacitance curves were constructed: a)
capacitance as a function of motor drive frequency (Hz) to a fixed switching frequency, b)
capacitance as a function of the switching frequency to drive 60 Hz motor, c) mean value of
capacitance as a function of the switching frequency. The waveforms of the quantities of
interest were also obtained by measuring with a digital oscilloscope.

4.2. Test of three-phase induction motors of 1 Hp

4.2.1. Motor IM1hp1

The three-phase induction motor 1 Hp (IM1hp1) is connected to stator winding delta (A), and
220V line voltage. A star configuration equivalent to the common mode voltage measurement
(V) is well utilized. Table 2 shows the measured values of the quantities of interest. Table
3 shows the calculated values of the currents flowing between the stator and the motor frame
(Icsp) and bearings (Ip). Table 4 shows the calculated values of the three-phase induction motor
parasitic capacitances 1Hp IM1hpl.

Measurements and calculations of quantities of interest of parasitic capacitances of the two
induction motors were made to switching frequencies of 12 and 16 kHz. The results for the
switching frequencies of 4 and 8 kHz can be observed in [40].

Inverter Switching Motor
VCM VSHAFT ILEAKAGE ISHAFT-OFF ISHAFT-ON
Frequency Frequency
V) (4% (mA) (mA) (mA)
(kHz) (Hz)
12
20 93,31 4,36 14,30 0,456 0,382
30 82,17 3,87 12,45 0,393 0,344
40 67,42 3,18 10,53 0,343 0,303
50 50,57 2,37 7,83 0,247 0,218
60 33,11 1,57 5,23 0,169 0,153
16
20 93,91 4,51 19,40 0,544 0,440
30 83,98 4,08 17,30 0,490 0,412

40 69,23 3,37 14,20 0,403 0,341
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Inverter Switching Motor
VCM VSHAFT ILEAKAGE ISHAFT-OFF ISHAFT-ON
Frequency Frequency
(%) V) (mA) (mA) (mA)
(kHz) (Hz)
50 51,77 2,53 10,50 0,302 0,257
60 33,71 1,67 7,03 0,202 0,175

Table 2. Measurement of quantities of interest of 1Hp motor IM1hpl

Inverter
Motor
Switching (O Icy
Frequency
Frequency (mA) (mA)
(Hz)
(kHz)
12

20 13,84 0,07

30 12,06 0,05

40 10,19 0,04

50 7,58 0,03

60 13,84 0,07

16

20 18,86 0,10

30 16,81 0,08

40 13,80 0,06

50 10,20 0,05

60 6,83 0,03

Table 3. Calculated currents — IM1hpl
Inverter
Motor
Switching (o Cre Csr Cy
Frequency
Frequency (pP) (pF) (pF) (pF)
(Hz)
(kHz)
12
20 1967,82 1387,17 67,99 268,72
30 1946,16 1346,89 66,57 191,85
40 2004,05 1430,60 70,82 188,86
50 1988,84 1382,29 67,97 183,88
60 2027,35 1427,71 71,07 149,30
16

20 1997,33 1199,87 60,53 283,61

30 1991,15 1194,67 61,00 226,18
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Inverter
Motor
Switching Cgr Cre Csr Cg
Frequency
Frequency (Hz) (pF) (pF) (pF) (pF)
z
(kHz)

1982,45 1189,56 60,87 216,28
1959,52 1187,41 61,01 207,91
2014,87 1203,23 62,72 185,64

Table 4. Parasitic capacitances motor 1Hp IM1hp1

Figure 17 shows the values of each of the parasitic capacitances on the basis of the motor

frequency (speed) specific to the switching frequency of the PWM inverter 12 kHz and 16 kHz.

Capacitance (pF)

MOTOR 1Hp - IM1hp1 - fs = 12kHz

2500,00
2000,00 o - ~— — .
1500,00 — S = E—
1000,00
500,00
0,00 1 ; ;
20 30 40 50 60
Motor frequency (Hz)
[——Cor = Cr ~ Cor > Ca|
a)
Capacitance (pF) MOTOR 1Hp - IM1hpl - fs = 16kHz
2500,00
2000,00 P * * - —
1500,00
1000,00 — — = e — —
500,00
0,00 ; ;
20 30 40 50 60
Motor frequency (Hz)
—o— Csr —8—Crr Csr Cs

b)

Figure 17. Parasitic capacitances due to motor frequency of 1 Hp (IMlhpl) for 12 kHz (a) and 16 kHz (b) inverter
switching frequency
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The capacitances Cgp, Cgy, Coi are almost constant for the variation of the motor frequency and
the switching frequency of the PWM inverter, indicating that they depend mainly on the
geometric characteristics of the motor [1].

In turn, the C; capacitance decreases with increasing motor frequency (increase the speed).
This is because, besides being dependent on the dimensions of the bearing, this capacitance is
also a function of speed [10].

Figure 18 shows the values of the parasitic capacitances on the basis of the switching frequency
of the PWM inverter to the motor frequency of 60Hz. The results confirm that the parasitic
capacitances depend exclusively on the physical constructive characteristics of the induction
motor.

Capacitance (oF) MOTOR 1Hp - IM1hp1 — fotor= 60HZ

3000,00

\
2500,00 ~
2000,00 .\

i‘f + o
1500,00 ———
1000.00 =
500,00
0,00
4 8 12 16

Switching frequency — fs (kHz)

——Csr —m—Crr Csr —<—Cpg

Figure 18. Capacitances due to the motor switching frequency of 1 Hp (IM1hp1) power frequency 60 Hz

Figure 19 presents the average parasitic capacitance values of the motor 1 Hp IM1hp1.

. MOTOR 1Hp — IM1hp1 - Average Values
Capacitance (pF)
2500,00
2000,00 * *
1500,00 =
—
1000,00
500,00
0,00 ; T -
4 8 12 16
Switching frequency (kHz)
—o— Csr —8—Crr Csr Cs

Figure 19. Average values of the capacitances for 1 Hp motor (IM1hp1)
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4.2.2. Motor IM1hp?2

The results for the second three-phase induction motor 1Hp, IM1hp2 are shown below. Table

5 presents the measured values of the quantities of interest.

Table 6 presents the calculated values of the currents flowing between the stator and the motor
frame (Icgp) and bearings (Icg).

Table 7 presents the calculated values of the three-phase induction motor parasitic capacitances

of 1 Hp IM1hp2.

Inverter
o Motor
Switching Vem Visnarr Tipaace Isuarr-ore Isuarron
Frequency
Frequency (Hz) V) v) (mA) (mA) (mA)
z
(kHz)
12
20 95,42 4,20 14,84 0,393 0,211
30 85,58 3,74 13,10 0,343 0,222
40 70,13 3,18 10,93 0,284 0,207
50 52,68 2,37 8,15 0,222 0,185
60 34,62 1,53 5,45 0,149 0,133
16
20 95,12 4,35 20,00 0,530 0,327
30 84,88 3,97 18,46 0,478 0,326
40 69,83 3,31 15,18 0,404 0,313
50 52,98 2,48 11,10 0,303 0,261
60 34,31 1,65 7,67 0,212 0,187
Table 5. Measurement of quantities of interest — IM1hp2
Inverter
Motor
Switching Icgr Icy
Frequency
Frequency (mA) (mA)
(Hz)
(kHz)
12

20 14,45 0,18

30 12,76 0,12

40 10,65 0,08

50 7,93 0,04
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Inverter
Motor
Switching | (U Icg
Frequency
Frequency (mA) (mA)
(Hz)
(kHz)
60 5,31 0,02
16

20 19,47 0,20

30 17,98 0,15

40 14,78 0,09

50 10,80 0,04

60 7,46 0,03

Table 6. Calculated currents — IM1hp2
Inverter
Motor
Switching Cqr Crr Csr Cg
Frequency
Frequency (Hz) (pF) (pF) (pF) (pF)
A
(kHz)
12
20 2008,24 1239,80 57,09 1062,69
30 1977,10 1215,68 55,55 661,51
40 2013,30 1185,36 56,30 442,07
50 1995,63 1244,62 58,64 253,24
60 2032,70 1291,66 59,73 159,75
16

20 2036,24 1212,65 58,06 749,66
30 2107,39 1196,70 58,72 554,36
40 2104,88 1212,93 60,35 349,10
50 2027,39 1215,36 59,69 196,66
60 2163,08 1280,51 64,68 172,38

Table 7. Parasitic capacitances of motor 1 Hp IM1hp2

Figure 20 shows the values obtained for the parasitic capacitance depending on the motor
frequency, for specific switching frequency of the PWM inverter 12 kHz and 16 kHz.

The same behaviors found in the motor 1Hp IM1hp1 were observed.

Figure 21 shows the values of the parasitic capacitances on the basis of the switching frequency
of the PWM inverter to the motor frequency of 60Hz.
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MOTOR 1Hp IM1hp2 - fs = 12kHz
Capacitance (pF)
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1000,00
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1500,00
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b)
Figure 20. a),b) Parasitic capacitances due to motor frequency for different inverter switching frequency (IM1hp2)
Figure 22 presents the average values of parasitic capacitance of motor 1 Hp IM1hp2.

4.3. Simulations and measurements

The software Pspice [30, 36] was used to simulate the methodology and compare the wave-
forms obtained in the simulations with actual measurements made using digital oscilloscope.
The schematic circuit simulation is shown in Figure 23.

The schematic circuit comprises: a) inverter structure with three-phase supply, three-phase
rectifier without control (diodes) with DC bus, and three-phase inverter bridge; b) equivalent
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MOTOR 1Hp IM1hp2 — fmotor = 60Hz
Capacitance (pF)
3000,00
2500,00 O

A N . o

2000.00 . ¢ < '

1500.00 g -
1000,00
500,00
0,00

4 8 12 16

Switching frequency - fs (kHz)
——Csr —8—Crr — — Csr ——Cs

Figure 21. Capacitances due to the motor switching frequency of 1 Hp (IM1hp2) motor frequency 60 Hz

Capacitance (pF)

MOTOR 1Hp IM1hp2 - Average Values

2500,00

2000,00

1500,00 ‘\

1000,00

500,00

0,00
4 8

12

Switching frequency (kHz)

——Csr —#—Crr

Csr
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Figure 22. Average values of capacitance for the motor 1 Hp IM1hp2

circuit of low-frequency induction motor; c) equivalent circuit of high-frequency three-phase

induction motor; and d) signal generator with pulse width modulation (PWM).

The charts below show waveforms that appear in the named graphs (a) are results of meas-
urements by using digital oscilloscope. The forms of common mode voltage wave (V) are
attenuated to match the oscilloscope's full-scale capacity. The waveforms that appear in the
named graphs (b) are obtained by using PSPICE simulation application. Without loss of
generality, in the simulation (Figure 23) are used ideal components of semiconductor switches
that facilitate the process of solving differential equations reducing convergence problems.

The waveforms shown below are the quantities of interest with switching frequency of 16 kHz
PWM inverter and frequency of 60 Hz motor to three-phase induction motors of 1 Hp (IM1hp1

and IM1hp2), respectively.
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Figure 23. Schematic circuit used for simulation in Pspice [40]

Figures 24 and 25 show the waveforms of various quantities of interest for the three-phase

induction motor 1Hp IM1hp1, Figures 26 and 27 show the waveforms for the three-phase
induction motor of 1 Hp IM1hp2.
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Figure 24. Vo, — CH1, Vgupr — CH2; a) measured, b) simulated (IM1hp1)
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Figure 25. Vo, — CHI, I; paxace — CH2; @) measured, b) simulated — (IM1hp1)
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Figure 26. V., — CH1, Vgy,;— CH2 - a) measured, b) simulated - (IM1hp2)
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Figure 27. Vo — CH 1, I gaxace — CH 2 - a) measured, b) simulated - (IM1hp2)

5. Results and conclusions

In the comparison of results between the two 1Hp motors (IM1hp1 and IM1hp2), the following
considerations are made: (a) Although the motors are of the same power and the same
manufacturer, one of them underwent maintenance and the other still has its original compo-
nents. This results in differences in the values of capacitances Cgy, Cgg, and Cy. The exchange
of maintaining consisted of stator conductors, insulating layer placed in the stator slots, and
replacing the original bearings. These changes result in different values of capacitances,
although they present very similar values. (b) The use of sensors of both voltage and current
characteristics more suitable for this type of experiment such as precision operation range,
frequency response, are necessary to avoid problems like those that occurred mainly in the
measurements of the motors on the switching frequency of 4 kHz [40]. (c) There was no
automation of measurements of quantities of interest according to the equipment available for
this purpose. Thus, measurement errors were the same, but it can still be said that they were
within a satisfactory tolerance, when comparing these two motors. In Table 8, comparisons
are shown between the parasitic capacitances for two 1Hp motors.

The methodology for determining the parasitic capacitance of the induction motor, when
driven by a PWM inverter presents consistent and coherent results.
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The results of the tests have revealed that the parasitic capacitances of the induction motor are
a function only of the geometric-constructive characteristics [40, 41].

Inverter
Motor
Switching (o Crr Cor Gy
Frequency
Frequency (pP) (pP) (pP) (pF)
(Hz)
(kHz)
16
Motor 20 1997,33 1199,87 60,53 283,61
1Hp 30 1991,15 1194,67 61,00 226,18
IM1hp1 40 1982,45 1189,56 60,87 216,28
50 1959,52 1187,41 61,01 207,91
60 2014,87 1203,23 62,72 185,64
16
Motor 20 2036,24 1212,65 58,06 749,66
1Hp 30 2107,39 1196,70 58,72 554,36
IM1hp2 40 2104,88 1212,93 60,35 349,10
50 2027,39 1215,36 59,69 196,66

Table 8. Comparison between the parasitic capacitances of 1Hp motors

The switching frequency variations almost do not change the values of the capacitances. In
fact, the quantity which have their values changed due the variation of switching frequencies
is the reactance of these capacitances. High switching frequency of the PWM inverter, despite
improving the characteristic shape of the load current wave, causes the switching time of
power electronic devices (IGBT or MOSFET) to be rather low, resulting in increased rates of
growth of voltage (dV/dt) [7]. This reflects directly on the currents flowing through the
parasitic capacitances and therefore the leakage current.

Also there is an increase of the amplitude of these currents due to the capacitive reactance
parasites being substantially diminished in value due to the increase of the switching frequen-
cy. So, the effects of electromagnetic interference are increased both on bearings (bearing
currents) as on capacitive currents in the motor. It is also noticed that the bearing of capacitance
values (Cy) decrease with increasing induction motor speed [10].

Common mode filters are used to minimize the effects of currents flowing through the parasitic
capacitances of the induction motor. The accurate determination of these capacitances values,
using the methodology proposed in this section, has the main objective of optimizing the
design of these filters.
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This optimization implies a more accurate and reliable specification of the components used
in filter design, thus providing a significant reduction of volume and weight of the filter; the
number of components used, and thus cost reduction thereof.
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Abstract

Induction motors (IMs) are commonly used in various industrial applications. A
spectrum synch (SS) technique is proposed in this chapter for early IM defect detection
using electric current signals; fault detection in this work will focus on defects in
rolling element bearings and rotor bars, which together account for more than half of
IM imperfections. In bearing fault detection, the proposed SS technique will highlight
the peakedness of the fault frequency components distributed over several fault
related local bands. These bands are synchronized to form a fault information
spectrum to accentuate fault features. A central kurtosis indicator is proposed to
extract representative features from the fault information spectrum and formulate a
fault index for incipient IM fault diagnosis. The effectiveness of the developed SS
technique is tested on IMs with broken rotor bars and with damaged bearings.

Keywords: Induction motors, Bearing fault detection, Broken rotor bars, Current
signal, Spectrum synch analysis

1. Introduction

Induction motors (IMs) are the workhorse of many industries such as manufacturing, mining,
and transportation; and more importantly, they consume up to 50% of the generated electrical
energy in the world [1]. Due to these facts, a series of R&D activities have been directed, for
decades, to improve the performance and efficiency of IMs. For example, in industrial
applications, an effective and reliable condition monitoring system is very valuable in the
detection of an IM fault at its earliest stage in order to prevent performance reduction and
malfunction of the driven machinery. It could also be utilized to schedule predictive mainte-

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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nance operations without periodically shutting down machines for manual inspections.
Maintenance costs can be further reduced (especially for large expensive motors) by quickly
identifying the faulty component(s) without inspecting all components in the IM.

As illustrated in Figure 1, a typical IM consists of a stator, a rotor, a shaft, rolling element
bearings, and the related supplementary components. IM components could be damaged
during operations due to reasons such as impacts, fatigue, insufficient lubrication, aging, and
so on. Investigations have revealed that bearing faults account for approximately 75% of small
and medium-sized motor defects and 41% of large motor imperfections in domestic and
industrial applications [2]. Other IM defects include broken rotor bars (up to 10%), stator
winding faults, shaft imbalance, and phase imperfection.

Figure 1. Structure of induction motors: 1-shaft, 2-bearings, 3-rotor, 4-stator.

The traditional IM fault diagnostic method, which is still widely practiced by maintenance
crews in industry, relies on human diagnosticians for periodic inspections based on warning
signs such as smell, temperature increase, excessive vibration, and increased acoustic noise
level. However, these physical symptoms are prone to being contaminated with noise from
other sources. The alternative is the use of signal processing techniques for fault detection.
Signal processing is a process to extract representative features from the collected signals.
Traditional machinery fault detection is based on thermal signals [3], acoustic signals, and
vibration signals [4,5]. The local or bulk temperature can be used to diagnose IM defects,
however the heat accumulation and progression are slow, which may not be suitable for
incipient fault detection. The acoustic noise can indicate IM faults, especially for severe and
distributed defects; however the acoustic signal is prone to contamination by background noise
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such as noise from other machines in the vicinity. Vibration signals can be collected by the use
of the related vibration sensors mounted in the vicinity of the IM support bearings. Although
vibration signals have relatively high signal-to-noise ratio, the vibration sensors are expensive
and require a high degree of installation accuracy. The alternative is to use the stator current
signal for analysis, which is non-invasive to the IM structure. In addition, electric current
sensors are inexpensive and easy to install [6]. Thus, the proposed research in this work will
focus on IM fault diagnosis using stator current signals.

Several motor current signature analysis techniques have been proposed in the literature for
fault detection in IMs, mainly for rotors and bearings, which are briefly summarized next.

1.1. Fault detection of IM rotors

Broken rotor bars are common rotor defects that will render asymmetries of an IM rotor. The
rotor bar failures can be caused by several factors, such as overheating due to frequent starts
under loading, unbalanced thermal load due to air gap eccentricity, manufacturing defects,
and corrosion of rotor material caused by chemicals or moisture [7].

Because of the aforementioned reasons, the rotor bar(s) may be fully or partially damaged,
which will cause the rotor cage asymmetry and result in asymmetrical distribution of the rotor
currents. When a crack forms in a rotor bar, the cracked bar will overheat and tend to break.
Then the adjacent bars have to carry higher currents and consequently they become prone to
damage, leading to multiple bar fractures. Moreover, the broken parts from the faulty bars
may hit the end winding of the motor and cause serious mechanical damage to the IM [8].

The Fast Fourier Transform (FFT) spectral analysis is a commonly used method for rotor bar
breakage detection, by examining the characteristic frequency components in the spectrum.
For example, Elkasabgy et al. [9] used spectral analysis of IM current signals to detect rotor
bar breakage. It has been reported that the IM current signal becomes non-stationary if rotor
bars are damaged. However, the FFT is useful for stationary signal analysis only, which lacks
the capability of capturing the transitory characteristics such as drifts, abrupt changes, and
frequency trends in non-stationary signals. To solve the problem, time-frequency methods,
such as short time Fourier transform (STFT), can be used to process small segments of non-
stationary signals for broken rotor bar defect detection. For example, Arabaci and Bilgin [10]
applied the STFT to detect IM rotor bar faults. However, the STFT cannot provide the infor-
mation corresponding to different time resolutions and frequency resolutions due to its fixed
length windowing functions [11]. To solve this problem, the wavelet transform (WT) can be
employed to explore the information associated with different frequency resolutions. For
example, Daviu et al. [12] used discrete WT to detect IM broken rotor bars fault. The wavelet
packet decomposition (WPD) was used to explore the whole frequency band with high
resolution. For example, Sadeghian et al. [13] used WPD to extract features and applied neural
networks to diagnose IM rotor bar breakage. Pineda-Sanchez et al. [14] employed polynomial-
phase transform to diagnose broken rotor bar fault in time-varying condition. Riera-Guasp et
al. [15] extracted broken rotor bar fault features from transient state of IM using Gabor analysis.
Although the WPD can explore details of the signal for some advanced signal analysis, it is
usually difficult to recognize the real representative features from the map with redundant
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and misleading information. Akin et al. [16] performed real-time fault detection using the
reference frame theory. Soualhi et al. [17] diagnosed broken rotor bar fault through the
classification of selected fault features using the improved artificial ant clustering method.
Gunal et al. [18] conducted IM broken rotor bar fault diagnosis by using fault indices in the
time domain. Nevertheless, the aforementioned techniques only focus on limited fault
information, thus their performance may be degraded.

1.2. Fault detection of IM bearings

Rolling element bearings are commonly used not only in electric motors, but also in various
types of rotating machinery facilities. As illustrated in Figure 2, a rolling element bearing is a
system consisting of an outer ring (usually the fixed ring), an inner ring (usually the rotating
ring), a number of rolling elements, and a cage.

0

“TN

V&
>

Figure 2. Structure of a rolling element bearing.

Since bearing materials are subjected to dynamic loading, fatigue pitting is the most common
defect in bearing components. The bearing defects can occur on the outer race, inner race, and
rolling elements. Under normal operating conditions, after the load cycles exceed some
threshold, fatigue pitting may occur on the fixed ring race first, and then on the rotating race
and rolling elements. Pitting defects not only deteriorate transmission accuracy, but also
generate excessive vibration and noise. Other bearing defects, such as scoring and severe wear
[7], can be generated by several external causes such as impacts, overloading and overheating,
inadequate lubrication, contamination and corrosion from abrasive particles or acid, and
improper installation of a bearing, which will introduce excessive misalignment errors.

When a bearing component is damaged, the corresponding characteristic frequencies will be
associated with the bearing geometry, rotation speed, and defect location. Suppose the outer
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race of a bearing is fixed and the inner race rotates with the shaft, which is common case in
most applications. The outer race defect characteristic frequency f,, inner race defect charac-
teristic frequency f,, and rolling element defect characteristic frequency f,; are determined by

_N_ dcos(&) |
j:;d_3 ﬁ[l_T] ¢))

f-N ﬁ[nm—s(g)j @

2d D

frdzgf[l_(dcosgj )

where f; is the inner race rotating speed or shaft speed in Hz; d is the diameter of the rolling
element; D is the pitch diameter; Ois the contact angle.

When bearing defects occur, these bearing characteristic vibration frequencies f, (i.e., f,; , fur
and f,;) will be modulated with the power supply frequency f, in the spectrum of stator current
signals, because of the air gap eccentricity and load torque variations. Thus, the characteristic
stator current frequencies f, in terms of characteristic vibration frequencies f, will be calculated
by [19]:

f=|f, emf|m=1,2,3,. 4)

For IM bearing fault detection, the characteristic stator current frequency components can be
used as frequency domain indicators in spectrum analysis [20]. Several techniques have been
proposed in the literature for IM bearing fault detection using stator current signals. For
example, Devaney and Eren [21] applied IM stator current spectrum analysis for bearing defect
detection. FFT can be used to conduct spectrum analysis, so as to detect IM bearing faults under
deterministic motor conditions. Similar to the previous discussion regarding broken rotor bar
analysis, the WT can be used to catch the transitory characteristics of the signal for IM bearing
fault detection. For example, Konar and Vhattopadhyay [22] employed discrete WT to detect
IM bearing faults. The WPD can also be employed to explore transient fault information for
IM bearing fault detection [23]. Nevertheless, the WPD generates massive non-fault-related
information that may mask the fault features in the map, and increase the difficulties in fault
detection. Frosini and Bassi [24] used features from stator current signals and IM efficiency for
bearing fault detection. Zhou et al. [25] utilized the Wiener filter for noise reduction, so as to
detect IM bearing defect. Romero-Troncoso et al. [26] conducted online IM fault detection using
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information entropy and fuzzy inference. Pineda-Sanchez et al. [27] employed Teager-Kaiser
energy operator to enhance fault features to detect IM bearing defect. Nevertheless, these
available techniques conduct IM bearing fault detection based on limited fault information
rather than comprehensively explore fault features from the time domain, the frequency
domain, and the time-frequency domain. Therefore their performance may be degraded.

Typically, the onset of IM faults begins with small imperfections, and propagates to a severe
stage as the operation progresses. The severe IM faults will cause machinery malfunction, and
even catastrophic failures. Therefore, the detection of IM faults at their earliest stage is of great
importance in IM condition monitoring. The IM fault features from stator current signals
would be associated with fault size, motor type, supply frequency, load condition, and so on.
To date, fault feature extraction from IM current signals, especially associated with bearing
defects, still remains a challenging task due to the complex transmission path and environ-
mental noise.

To tackle the aforementioned difficulties, a spectrum synch (SS) technique is proposed in this
work to gather fault-related information and generate representative features of IM faults, such
as broken rotor bar fault and outer race defect in a bearing. The SS will examine characteristic
frequency components as well as their features over their neighborhood local bands, in order
to comprehensively highlight fault features, and mitigate the effects of high amplitude outliers.
The specific approaches in the proposed SS technique include the following: (1) a synch
technique is proposed to form fault information spectrum (FIS) by synchronizing several fault-
related local bands, so as to accentuate the fault features and improve the SNR; (2) a central
kurtosis technique is suggested to extract fault information from the resulting FIS and generate
afault indicator for incipient IM fault detection. The effectiveness of the proposed SS technique
is verified by IM broken rotor bar fault detection and IM bearing fault detection.

The remainder of this chapter is organized as follows: the developed SS technique is described
in Section 2. The effectiveness of the proposed diagnostic tool is examined in Section 3 by using
two common types of IM fault conditions; finally, some concluding remarks of this study are
summarized in Section 4.

2. The spectrum synch technique for IM health condition monitoring

2.1. Theory of spectrum synch analysis

The proposed SS technique is composed of two procedures: local band synch and central
kurtosis analysis. The local band synch is used to form the fault information spectrum (FIS)
and accentuate fault features. The central kurtosis is suggested to generate fault indices for IM
health condition monitoring.

2.1.1. Local band synch

The IM fault characteristic frequency components are distributed over the spectrum, which,
however, are usually difficult to recognize due to their low amplitude. To highlight fault
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features in the spectrum, the FIS is used to enhance the local peakedness of the fault frequency
components. Firstly, to mitigate the noise effect in the IM current signal, the spectrum
averaging of | data sets @y j=1,2,.,], is applied to improve the signal-to-noise ratio (SNR),
computed by

® =%Z;leog(P((oi)) )

where @ is the averaged spectrum over ] spectra; P(p,)represents the nonparametric power
spectral density (PSD) estimate of the data set [28], given by

Plo)=7y & IR ©

where F; is the spectrum of ¢; using the Fourier transform (FT); N is the length of ¢, ; and f, is

the sampling frequency.

The fault features are related to fault characteristic frequencies, most of which are masked over
thelocal bands by some other higher level frequency components considered as noise. To tackle
this problem, the local bands containing the fault characteristic frequencies are synchronized
to reduce the noise effect and protrude the fault frequency components. In each selected local
band, the fault frequency component f . is located in the center of the window, and the width

of the local band is selected to properly reveal the peakedness of f ..

To synchronize the corresponding bands at different locations (frequencies) of the spectrum,
the spectrum is transformed from the frequency domain @(f) to discrete point representation
®(d). Each frequency f can be represented by its nearest discrete point d. Then, fault charac-
teristic frequency f. (k) is transformed into a discrete point, d.(k), whose corresponding
frequency is the one closest to f., where k =1, 2,..., K, and K is the total number of fault
characteristic frequencies considered. Thus, K local bands will be used for this synch operation.
The widths of local bands are identical in this work to facilitate the synch operation. Given the
bandwidth in frequency f,, the length of the local band in discrete point representation, d,, will
be

1, D,
d, = 2R<E £, 7> 7)

where f, is the sampling frequency in Hz, D, is the discrete point representing f,, and R ¢ - )
represents round-off operation. The k'™ local band i, in the discrete point representation can

be determined by
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Vi= {(D(i)}i A ()3 e ()43 B
d(ky+ta (8)
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The i discrete point in the k™ local band v is denoted as ¢;, i=1, 2,..., d,+1;k=1, 2,..., K. The
i"™ discrete points over K local bands { ¢, } are sorted in a descending order in terms of their

values to generate 7i;, k=1, 2,..., K; the synchronized band FIS will be
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where & {-} represents the computation of median value. The top 50% high amplitude center
frequency components in local bands are averaged in Equation (9) to enhance the fault feature.
The median value calculation in Equation (10) will suppress other frequency components in
local bands and reduce the amplitude of outliers. The processing procedures of the proposed
FIS formation are illustrated in Figure 3, where the frequency resolution Af= 0.5 Hz.

2.2. Central kurtosis analysis

. . . t
The classic kurtosis is a measure of the peakedness of a signal, computed as )(=—i, where o
o

and y, are the standard deviation and the fourth moment of the signal distribution, respec-
tively. The classic kurtosis measures all peaked frequency components of the FIS, which may
not properly reveal the fault information. In this work, the fault detection aims to evaluate the
peakedness of the center frequency component in the FIS. Therefore, a central kurtosis
indicator is proposed to facilitate fault detection. Given the FIS g(i); i=1, 2,..., d,+1, the relative
amplitude of the center frequency components can be determined by

v, =g, -&{g} (11)

where g, = {g,} is the center discrete point in the FIS. The amplitude of fault frequency

i=d, [2+1
component over synchronized local bands (i.e., FIS), rather than the entire spectrum as in the
classical methods, is used to examine fault information.
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Figure 3. The formulation of FIS: (a) is the original spectrum; (b)-(e) are respective extracted local bands corresponding
to the four circled fault frequency components (red, green, pink, and black); (f) is the formulated FIS. The dotted lines
in graph (a) represent the boundaries of the local bands; the dashed rectangular boxes represent outliers in the local
bands.

The variation of the FIS excluding center frequency component g, can be evaluated by

N =

(12)

o.=E{(&-¢()

oQ
1l

where E{-} represents the expectation function, and
lg,i=1, 2, ., d, /2, d,/2+2, .., d, +1].
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Then the peakedness of the fault frequency component in the FIS can be measured by the
central kurtosis, determined by

vilol if v.>0
X = (13)
0 if v.<0

2.3. Implementation of Spectrum Synch Technique

To recapitulate, the proposed SS technique is implemented for IM defect detection in the
following steps:

a. Collect ] electric current data sets @ j=1,2,.., ], with the same time delay.

b. Determine the spectrum average ® over | spectra. Then extract characteristic local bands
using Equation (8). Synchronize the local bands to form the FIS using Equations (9) and
(10), in order to reduce the noise effect and highlight fault features.

c¢. Compute the center frequency representative feature using Equation (11), and the
variation of the FIS using Equation (12). The fault diagnosis can be performed by analyzing
the central kurtosis computed from Equation (13).

3. Performance evaluation

To evaluate the effectiveness of the proposed SS technique for IM fault detection, a series of
tests have been conducted for the two common types of IM defects, IM broken rotor bar fault
and IM bearing defect, using stator current signals. In rolling element bearings, defect occurs
on the race of the fixed ring first since fixed ring material over the load zone experiences more
cycles of fatigue loading than other bearing components (i.e., the rotating ring and rolling
elements). Correspondingly, this test focuses on incipient bearing defect, or fault on the outer
race (fixed ring in this case). The tests are conducted for two power supply frequencies f: f, =
35 Hz and 50 Hz.

3.1. Experimental setup

Figure 4 shows the experimental setup employed in the current work. The speed of the tested
IM is controlled by a VFD-B AC speed controller (from Delta Electronics) with output
frequency 0.1~400 Hz. A magnetic particle clutch (PHC-50 from Placid Industries) is used as
a dynamometer for external loading. Its torque range is from 1 to 30 Ib ft (1.356-40.675 N m).
The motor used for this research is made by Marathon Electric, and its specifications are
summarized in Table 1. The gearbox (Boston Gear 800) is used to adjust the speed ratio of the
dynamometer. The current sensors (102-1052-ND) are used to measure different phase
currents. A rotary encoder (NSN-1024) is used to measure the shaft speed with the resolution
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of 1024 pulses per revolution. Stator current signals are collected using a Quanser Q4 data
acquisition board, which are then fed to a computer for further processing.

Figure 4. IM experimental setup: (1) tested IM, (2) speed controller, (3) gearbox, (4) load system, (5) encoder, (6) current
sensors, (7) data acquisition system, and (8) computer.

Phase 3 Connection Y
Poles 2 RPM 2850
HP 1/3 Rotor Bars 34
HZ 50 Stator Slots 24

Table 1. Motor specifications.

3.2. Broken rotor bar fault detection

The fault detection of IM broken rotor bar defect is generally based on spectral analysis by
inspecting fault-related sideband components in the spectrum:

fu=(1-2ks)f, (14)

f., :(1+2ks) £ (15)
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where f,, and f,, are the respective left sideband and right sideband of the IM broken rotor bar

nS _nll

fault, k=1, 2,... ; f, is the power supply frequency of the IM; s = x100%is the slip of the

IM. n, (rpm) is the speed of rotating magnetic field, and n, (rpm) is the shaft rotating speed. In
the following tests, an IM containing three broken rotor bars is used to evaluate the proposed
SS technique.

To examine the effectiveness of the proposed SS technique, the power spectral density (PSD)
based fault detection and the envelope analysis based fault detection are used for comparison.
The PSD explores the energy distribution of the data over the spectrum; the envelope analysis
performs amplitude demodulation to reveal fault features. In the PSD-based fault detection,
the fault index can be represented as,

- v'la) if v,>0 )
0 if v,<0
The fault index of envelope analysis is given as
- v'lo} 1f v,>0 a7
0 if v,<0

where v, and v, represent the averages of the top 50% high amplitude fault frequency compo-

nents from PSD and envelope analysis respectively; 0,and g, represent the standard deviations
of the entire spectrum band of interests from PSD and envelope analysis respectively; x,and
X, are the respective fault indices from PSD and envelope analysis. Therefore, these two

techniques can be used to compare the local band synch method in the proposed SS technique,
and the corresponding central kurtosis index.

3.2.1. 35 Hz supply frequency

The first test aims to detect the IM with three adjacent broken rotor bars, 35 Hz power supply
frequency, and a half load (50% of rated power). To reduce the noise effect in the spectrum,
twenty data sets are collected for spectrum averaging (i.e., ] = 20). Other settings are f, = 65,500
Hz and f,, = 10 Hz. Since 1,024 low-to-high voltage transitions represent one shaft revolution
in the encoder signal, the high sampling frequency f, is chosen to properly capture the encoder
signal, so as to accurately estimate shaft speed (i.e., rotor speed). The frequency band [25 Hz,
45 Hz] is used to detect broken rotor fault, because the amplitudes of high order (i.e., k in
Equations (14) and (15)) characteristic frequencies are not prominent in the spectrum. Figure
5 illustrates the PSD of a healthy IM (Figure 5a), the PSD of an IM with broken rotor bars
(Figure 5b), the envelope analysis of a healthy IM (Figure 5c), and the envelope analysis of an
IM with broken rotor bars (Figure 5d), respectively. From Figures 5(b) and5(d), it is seen that
the broken rotor bar fault frequency components, although visible, do not prominently
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protrude in the spectrum. Therefore, a better fault detection technique is needed to extract

useful information from multiple characteristic frequency components in the spectrum to

generate a more reliable fault index.
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The FIS, corresponding to a healthy IM (Figure 5a) and a broken rotor bar faulted IM (Figure
5b), are given in Figures 6(a) and 6(b),respectively. The unit of amplitude of the FIS is dB
because the local bands are extracted from the PSD logarithmic spectrum. It is seen from Figure
6 that the center frequency component (i.e., synchronized broken rotor bar fault frequency
components) in Figure 6(b) has higher relative amplitude than that in Figure 6(a), which is
evaluated by the index v, in the proposed SS technique. Figure 6(b) has similar spectrum
variation as in Figure 6(a), which is examined by the value o, in the SS technique. Therefore,
the fault information in the FIS can be characterized by the index x, using the proposed SS

technique.

0.6
0.4
0.2

(a)

-0.2

Amplitude (dB)

-0.4

0.6
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0.2
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Data Point

Figure 6. The FIS generated by the SS technique at 35 Hz and a half load condition: (a) from a healthy IM, (b) from an
IM with broken rotor bar fault.

The values of IM speed f, (Hz) and indices corresponding to PSD, envelope analysis and the
proposed SS are summarized in Table 2. It is seen from Table 2 that it is difficult to differentiate
the IM broken rotor bar faulted condition from the IM healthy condition using envelope
analysis, because the values of y, corresponding to these two IM conditions are similar. The

PSD has a relatively large difference of X, of different IM conditions in this case; however, the

PSD suffers from interference of non-fault-related high amplitude frequency components and
its x, values are too small to be relied on. The IM with broken rotor bar defect has considerably

larger value of y, than that of the healthy IM using the proposed SS technique. Consequently,
the proposed SS technique associated with its index x, can be used as a fault index for IM

broken rotor bar fault detection in the stator current spectrum.
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Methods PSD Envelope analysis SS

Conditions Healthy Faulty Healthy Faulty Healthy Faulty

f; 34.333 34.343 34.333 34.343 34.333 34.343

VpiVesVs 0.012 0.289 0.132 0.159 0.048 0.472

0,060 0.751 0.764  0.176 0.161 0.122  0.098

XpiXeiXs  6.519e-8 0.021 0.316  0.951  0.024 538

Table 2. Comparisons of central kurtosis indices for IM broken rotor bar fault detection.

3.2.2. 50 Hz supply frequency

The proposed SS technique is then used for IM broken rotor bar fault detection with 50 Hz
supply frequency and a half load condition (50% of rated power). Other settings remain the
same as in the previous tests. The spectrum of frequency band [35, 65] Hz is used for fault
diagnosis. The selected band is shown in Figure 7 using PSD in Figure 7(a) and the envelope
analysis in Figure 7(b), respectively. It is seen from Figure 7 that most of the fault frequency
components are masked by noise, which cannot be used effectively for reliable fault diagnosis.

The FIS, corresponding to a healthy IM and an IM with broken rotor bar fault are given in
Figures 8(a) and 8(b), respectively. The related IM condition indices are summarized in Table
3. It is seen that the relative amplitude of fault frequency component in Figure 8(b) is greater
than that in Figure 8(a). From Table 3, the IM with broken rotor bar fault has a larger value of
X, than that of a healthy IM, which indicates a broken rotor bar fault. The IM health condition
with broken rotor bars cannot be differentiated from healthy condition using envelope
analysis, associated with its fault index x,. Although the PSD index yx, has a relatively large
difference corresponding to different IM conditions, the performance of PSD may be degraded
by the interference of non-fault-related high amplitude frequency components and its x,, values
are too small to be relied on. Hence, the proposed SS technique associated with its fault index
X, can accurately discern the health condition of IMs with broken rotor bar fault under different
supply frequencies, when compared to the related two classical methods.

3.3. Incipient bearing defect detection

As mentioned earlier, bearing defects are the most common faults in IMs, which also represent
the most challenging task in IM health condition monitoring, especially when using stator
current signals [29]. A small dent of diameter approximately 1/16-inch was introduced on the
outer race of the bearing to simulate fatigue pitting defect. Whenever a rolling element rolls
over the damaged region, impulses are generated, which then excite the resonance frequencies
of the IM structures. The vibration-related outer race bearing defect characteristic frequency
f, is given in Equation (1). The corresponding characteristic current frequency f, can be

calculated using Equation (4).
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Methods PSD Envelope analysis SS

Conditions Healthy Faulty Healthy Faulty Healthy Faulty

f; 49.180 49.089 49.180 49.089 49.180 49.089

VpiVesVs  0.103 0.195  0.083 0.119  0.092  0.325

»

(e}

»0e0s 0634  0.653  0.149 0.146  0.098  0.068

XpiXeiXs 6.966e-4 0.008  0.096 0.441 0.777 522

Table 3. Comparisons of central kurtosis indices for IM broken rotor bar fault detection.
3.3.1. 35 Hz supply frequency

The proposed SS technique is first tested with stator current signals collected from an IM with
the outer race defect, 35 Hz power supply frequency, and a light-load (20% of rated power).
The settings for the proposed SS technique are selected as | =20, f, = 65,500 Hz, f,,= 10 Hz, and
f,=3.066f,. The high sampling frequency is used to accurately estimate the IM shaft speed. To
obtain representative fault features, the frequency band [1000, 2000] Hz is selected for bearing
fault detection.

To have a clear view of fault frequency components, the frequency band [1090, 1360] Hz from
an IM with outer race bearing defect is shown in Figure 9 using PSD (Figure 9) and envelope
analysis (Figure 9b). It is seen that the bearing fault frequency components are difficult to
recognize due to the modulation of the signals with other IM frequency components.

The FIS, corresponding to a healthy IM and an IM with the outer race defect, are given in
Figures 10(a) and 10(b), respectively. The values of indices corresponding to these three fault
detection techniques are summarized in Table 4. It is seen from Figure 10 that the fault
frequency component in Figure 10(b) protrudes more significantly than that in Figure 10(a).
In Table 4, the fault index x, of the IM with faulty bearing is greater than that of a healthy IM
using the proposed SS technique, whereas the envelope analysis, associated with its index yx,,
cannot recognize different IM health conditions. The PSD index x, generates small values that

cannot be relied on. Therefore, the SS technique can be used effectively for IM outer race
bearing fault detection in this case, when compared to PSD and envelope analysis.

3.3.2. 50 Hz supply frequency

In this test, the IM supply frequency is set as 50 Hz. The other settings remain the same as in
previous test. The frequency band [1000, 2000] Hz of an IM with an outer race bearing defect
is used for testing. The band [1400, 1750] Hz is shown in Figure 11, using PSD (Figure 11a)
and envelope analysis (Figure 11b), respectively. From Figure 11, the bearing fault frequency
components in the spectrum are masked by higher amplitude frequency components unre-
lated to the bearings, which will degrade the fault detection reliability.
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Methods PSD Envelope analysis SS

Conditions Healthy Faulty Healthy Faulty Healthy Faulty

f; 34.746 34.716 34.746 34.716 34.746 34.716

VpiVeiVs 0 0.006 0 0 0.023  0.107

0,060 0203 0.161 0.102 0.081 0.029  0.029

XpiXeiks 0 1.929e-6 0 0 0.396 185

Table 4. Comparisons of central kurtosis indices for IM outer race bearing fault detection.
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Figure 11. The spectrum average @ for an IM with outer race bearing defects, 50 Hz supply frequency, and light-load
condition, using (a) PSD; and (b) envelope analysis.

The FIS of a healthy IM and an IM with outer race bearing defect are shown in Figure 12. The
values of the shaft speed f, and indices of the PSD, the envelope analysis and the proposed SS
technique are listed in Table 5. It is seen that peaked center frequency component can be
highlighted in Figure 12(b) than in Figure 12(a). From Table 5, it is seen that the values of y, in
the proposed SS technique are much greater than that from a healthy IM. Thus, the SS technique
and its index x, can be used for IM outer race bearing defect detection at different supply

frequencies.



136  Induction Motors - Applications, Control and Fault Diagnostics

(@
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Figure 12. The FIS generated by the SS technique at 50 Hz supply frequency and light-load condition (a) from a healthy
IM; (b) from an IM with an outer race bearing defect.

Methods PSD Envelope analysis SS

Conditions  Healthy Faulty Healthy Faulty Healthy Faulty

f; 49.757 49.705 49.757 49.705 49.757 49.705

14

piVerVs 0 0.041 0.005 0.007 0.090 0.196

0,060 0.176  0.173  0.087 0.086 0.0565  0.052

XpiXerXs 0 0.003 1.091e-5 4.389%e-5 7.170 202

Table 5. Comparisons of central kurtosis indices for IM outer race bearing fault detection.

4. Conclusion

A spectrum synch, SS, technique has been proposed in this work for IM fault detection using
electric current signals. This research focuses on broken rotor bar fault and outer race bearing
fault detection. The local band synch technique is employed to synthesize bearing fault related
features to form an FIS to enhance IM defect-related features. A central kurtosis analysis
method is proposed to extract some features from the FIS, which are then used to formulate a
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fault indicator. The effectiveness of the proposed IM fault detection technique is verified using
IMs with the bearing defect and the broken rotor bar fault, under different operating condi-
tions. Test results have shown that the proposed SS technique and the related central kurtosis
indicator can capture IM defect features effectively and can provide more accurate IM health
condition monitoring information. Further research is underway to improve its robustness of
the SS technique and adopt it for fault detection in other IM components such as bearings with
defects on inner races and rolling elements.
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Chapter 5

Failure Diagnosis of Squirrel-Cage Induction Motor with
Broken Rotor Bars and End Rings

Takeo Ishikawa

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60964

Abstract

This chapter investigates the diagnosis of not only broken bar but also broken end
ring faults in an induction motor. The difference between the broken bars and broken
end ring segments is experimentally clarified by the Fourier analysis of the stator
current. This difference is verified by two-dimensional finite element (FE) analysis
that takes into consideration the voltage equation and the end ring. The electromag-
netic field in the undamaged motor and the motor with broken bars and broken end
ring segments is analyzed. The effect of the number of broken bars and broken end
ring segments on the motor performance is clarified. Moreover, transient response is

analyzed by the wavelet analysis.

Keywords: Failure diagnosis, finite element method, motor current signature analy-

sis, wavelet analysis

1. Introduction

Squirrel-cage induction motors are widely used in many industrial applications because they
are cost effective and mechanically robust. However, production will stop if these motors fail.
Therefore, early detection of motor faults is highly desirable. Induction motor faults are
summarized in [1] and [2], and rotor failures account for approximately 10% of the total
induction motor failures. Several studies have carried out diagnosis of induction machines
using motor current signature analysis (MCSA). For example, Davio et al. proposed a method
to diagnose rotor bar failures in induction machines based on the analysis of the stator current

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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during start-up using the discrete wavelet transform (DWT) [3]. Moreno et al. developed an
automatic online diagnosis algorithm for broken-rotor-bar detection, which was optimized for
single low-cost field-programmable gate array implementation [4]. Guasp et al. proposed a
method based on the identification of characteristic patterns introduced by fault components
in the wavelet signals obtained from the discrete wavelet transformation of transient stator
currents [5]. Kia et al. proposed a time-scale method based on DWT to make the broken-bar
fault diagnosis slip independent [6]. Gritli et al. carried out diagnosis of induction machines
using DWT under a time-varying condition [7]. However, most of the literature has studied
only broken-bar faults, and broken end ring faults have been marginally dealt with. For
example, Bouzida et al. dealt with the fault diagnosis of induction machines with broken rotor
bars and end ring segment and loss of stator phase during operation using DWT [8]. Con-
cerning the FE analysis of rotor failures in induction motors, several papers have been
presented. For example, Mohammed et al. studied the broken rotor bar and stator faults using
FE and discrete wavelet analyses [9]. Weili et al. analyzed the flux distribution in the air gap
of an induction motor with one and two broken rotor bars [10]. Faiz et al. analyzed the stator
current under different numbers of broken bars and different loads of an induction motor [11].
They dealt with broken rotor bars but not a broken end ring.

This chapter addresses not only broken bar but also broken end ring faults. First, we manu-
facture some rotors with broken bars or end rings [12]. Next, the difference between the broken
end ring segments and broken bars is verified by MCSA [12]. The electromagnetic field in the
rotor is analyzed to clarify the effect of the number of broken bars and broken end ring
segments on the motor performance [13]. Moreover, the stator voltage and current waveforms
in a transient response are analyzed by the wavelet analysis.

2. Induction motor with broken rotor and experimental system

Figure 1 shows the photographs of a rotor with broken bars and a broken end ring segments
that we have manufactured [13]. Figure 1(a) shows a rotor with one broken bar drilled at the
center of the rotor, and Fig. 1(b) shows a rotor with two broken bars drilled at the adjacent
aluminum bars. Figure 1(c) shows a rotor with a broken segment in the end ring, which is
made by cutting aluminum. Figure 1(d) shows a rotor with two broken segments in the end
ring, which are separated by two rotor bars. Figure 1(e) shows a rotor with two broken
segments in the end ring whose distance is 45 degrees, that is, 90 electrical degrees. The
experimental motor shown in Fig. 2 has the following specifications: 50 Hz, 200 V, 400 W, four
poles, and 1,400 min' speed.

Figure 3 shows the experimental system for the failure diagnosis, which is composed of a 200-
V 1.1-kVA 3-A inverter, an induction motor, a torque meter, and a servo motor used as load.
Figure 4 shows the developed measurement system using NI cDAQ and Lab VIEW [14]. Lab
VIEW is a system design platform and development environment for visual programming
language and can be easily used for data acquisition in Microsoft Windows. Figure 4(a) shows
the interface part, which is composed of a channel selector, x and y scales, trigger, and two



Failure Diagnosis of Squirrel-Cage Induction Motor with Broken Rotor Bars and End Rings
http://dx.doi.org/10.5772/60964

(a) One broken bar [1 bar] (b) Two broken bars [2 bars]

(c) One broken segment (d) Two broken segments (e) Two broken segments (90)

[1 ring] [2 rings] [2 rings (2)]

Figure 1. Rotors with broken bars and end rings.

Figure 2. Experimental induction motor.

displays that look like a multi-channel oscilloscope. Figure 4(b) shows a Lab VIEW block,
which is composed of blocks for the acquisition and correction of data, trigger detection, and
saving of data. Several physical variables, including the stator voltage v, stator current i, torque,
and speed are measured by the NI cDAQ and Lab VIEW and are then analyzed by Fourier
analysis.
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Induction Torque
Inverter [ Load
motor meter
v i Torque v Speed
NI cDAQ
Lab VIEW

Figure 3. Experimental measurement system.
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(b) Block diagram using Lab VIEW

Figure 4. Developed measurement system [14].
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3. Fourier analysis of the measured data

Figure 5 shows the Fourier analysis of the stator current at a rated speed of 1,400 min™, where
the Fourier component of several rotors is shown at every 0.33 Hz to easily compare the broken
situations. Here, 1 bar, 2 bars, 1 ring, 2 rings, and 2 rings (2) mean one broken bar [see Fig.
1(a)], two adjacent broken bars [Fig. 1(b)], end ring broken at one position [Fig. 1(c)], end ring
broken at two positions separated by two rotor bars [Fig. 1(d)], and end ring broken at two
positions separated by five rotor bars, that is, 90 electrical degrees [Fig. 1(e)], respectively.
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Figure 5. Fourier analysis of the measured stator current at the rated speed.

InFig. 3, the inverter rating is 1.1 kVA, which is a sufficient capacity for the 400-W experimental
induction motor. Therefore, the Fourier analysis of the stator voltage did not include the (1 +
2s)f Hz components, where s is the slip and f is the fundamental supply frequency. Because
the servo motor is a synchronous motor with surface permanent magnets, the torque ripple is
very small. Therefore, the effect of the inverter source and the load equipment on this meas-
urement was very small. However, because the measured results are sensitive to the experi-
mental setup, the experiment was performed three times. We expected a slight difference in
the mechanical loss because the connection of the motor, the torque meter, and the servo motor
could not be perfect even under the same situation. To take this slight difference into account,
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the experimental system was set up for every measurement. Therefore, three sets of measured
results were slightly different.

We found 50 + 6.67 Hz components, that is, (1 + 2s)f Hz as expected [15]. Let us explain the
frequency of (1 + 2s)f Hz. When the rotor is running at slip s and the supply frequency is f, the
frequency of the forward current in the rotor is sf. If the rotor has a defect, such as a broken
bar or broken end ring, a backward current frequency of -sf can flow in the rotor. The forward
current frequency sf in the rotor is considered as frequency f at the stator. Because the rotor is
running at (1 - s)f, the frequency recognized at the stator is sf + (1 - s)f = f. In contrast, the
backward current frequency of -sf is considered as a stator frequency of (1 - 2s)f because -sf +
(1-s)f=(1-2s)f. Then, a torque with a frequency of 2sfis developed because the stator current
has two frequencies f and (1 - 2s)f. The torque produces a vibration of 2sf, and thus, the rotor
speed becomes (1 - s)f + 2sf. This speed vibration and the forward current produce a stator
current frequency of (1 - s)f + 2sf + sf = (1 + 2s)f.

In each fault, the components at 50 - 6.67 Hz, that is, (1 - 2s5)f Hz, are approximately the same
as those at 50 + 6.67 Hz, that is, (1 + 2s)f Hz. Table 1 shows the average components at (1 +
2s5)f Hz. The order of the components for the different faults is as follows: [2 rings] > [1 ring] >
[2bars] > [1 bar] > [2 rings (2)] > [healthy]. Therefore, we have experimentally clarified that we
can detect the fault of the rotor end ring segments and rotor bars from the (1 + 2s)f Hz com-
ponent of the stator current at the rated speed. In contrast, it is difficult to detect the failure
type from the Fourier analysis of the stator current at (1 + 2s)f Hz because no order of the
components relative to the failure type is available.

43.33 Hz 50 Hz 56.67 Hz

Healthy 0.0010 A 2818 A 0.0009 A
1 bar 0.0135 A 2.755 A 0.0119 A

2 bars 0.0176 A 2.890 A 0.0193 A

1 ring 0.0286 A 2.872 A 0.0258 A

2 rings 0.0306 A 2.725 A 0.0333 A
2 rings (2) 0.0076 A 2.760 A 0.0072 A

Table 1. Fourier components of the measured stator current.

Figure 6 shows the Fourier analysis of the stator current under ano-load condition. The rotating
speed of 1,495 min" was almost the same. We also find 50 + 0.33 Hz components, that is, (1 +
2s)f Hz components. However, because no order of the components relative to the failure types
is available, it is difficult to detect the failure type by Fourier analysis of the stator current
under the no-load condition.

Figure 7 shows the Fourier analysis of the torque at the rated speed of 1,400 min™'. We find 6.67
Hz components, that is, 2sf Hz. The order of the components for the 2sf for different faults was
not clear. For the end ring fault, the order of the components is as follows: [2 rings] > [1 ring]
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Figure 6. Fourier analysis of the measured stator current at no load.

> [2 rings (2)]. However, the component of [2 rings (2)] is approximately the same as that of
the healthy motor. For the bar fault, the component of [2 bars] was approximately the same as
that of [1 bar]. Therefore, it is difficult to detect the difference in the faults of the rotor end rings
and rotor bars by Fourier analysis of the torque even at the rated speed.

4. Simulation of induction motor with broken rotor bars and broken end
ring segments

4.1. Analysis method

The experimental motor has rotor skew of one slot pitch. Although a three-dimensional FE
analysis is necessary to consider the rotor skew, it is very time consuming. This study calculates
the electromagnetic field in the motor using a two-dimensional FE method, which considers
the voltage equation and the rotor end ring. The cross section of the motor is shown in Fig. 8.
The stator has 36 slots, and the rotor has 44 slots. The following assumptions have been made:

1. Two-dimensional analysis is employed, and the skew in the rotor is ignored.
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Figure 7. Fourier analysis of the measured torque at the rated speed.

2. Rotor bars and end ring are insulated from the rotor core, and no current flows from the
rotor bars to the rotor core.

3. The rotating speed is constant.

4. The supply voltage is assumed to be sinusoidal.

Figure 8. Cross section of the experimental induction motor.
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Although the motor is fed by a pulse width modulation (PWM) inverter, the Fourier compo-
nents of the measured stator current around the switching frequency differ very slightly among
the rotor fault types. Therefore, the PWM inverter does not affect the harmonic components
of the stator current.

Figure 9 shows the FE analysis region and the connection of the end ring segments in the rotor
where 44 bars are included in the FE analysis. Because the end ring is connected to each rotor
bar, it is represented by 44 conductor segments whose resistance is R. For example, R,
represents the resistance of the end ring segment between bars 1 and 2, and its value is
expressed by

R=p< M

where of aluminum is. [ is the length of conductor segment in the circumferential direction,
and S is the area of cross section. Fins connected to the end ring for cooling are neglected. When
rotor bar 1is broken, its conductivity is set to zero. When part of the end ring is broken between
bars 1 and 2, resistance R, ,, is set to infinity. The FE analysis was conducted for 3 s with 6,750
steps, where the number of nodes and elements were 34,909 and 60,866, respectively.

| |
: Bar 44 :
| |

R43'442§ | : | §R43-44b
| | |
| | |

R, § | | §R2-3b
: Bar 2 :

Rl-Za § | | § R1-2b
: Bar 1 :

Rus1a L ———— - ! Rys1p
FE Analysis region

: Resistance of
end ring segment

Figure 9. FE analysis region and end ring segments.
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4.2. Analysis results

Figure 10 shows the Fourier analysis of the calculated stator current at the rated speed of 1,400
min™. We find the (1 + 2s)f and (1 + 4s)f components. Table 2 shows the calculated results of
the Fourier analysis at the fundamental and (1 + 2s)f components. By comparing these results
with those in Table 1, we find that the calculated fundamental components are slightly smaller
than the measured ones, and the calculated (1 + 2s)f components are larger than the measured
ones. We believe that these differences are attributed to the assumption where the skew is not
taken into account in the calculation. We also verify from the calculated results that the (1 +
2s)f components of the end ring faults are larger than those of the bar faults and that the (1 +
2s)f component of the end ring broken at two positions separated by electrical radian is smaller
than that of the other faults.

1 0 T T T T T T T T I T I
R ® : Healthy
4 :1bar
e a % bars
— | * :1ring A
< 1 o :2rings
= i °o :2rings (2)
=
= :
8 0 . 1 B Q o =
S i . I
- O A
0.01F s 8 7
RN S
[ ]
A A
0 00]3 1 | 1 m'm 1 | 1 | 1
5 40 45 50 55 60 65
Frequency [Hz]
Figure 10. Fourier analysis of the calculated stator current.
43.33 Hz 50 Hz 56.67 Hz
Healthy 0.0002 A 2455 A 0.0003 A
1 bar 0.0326 A 2434 A 0.0030 A
2 bars 0.0701 A 2411 A 0.0079 A
1 ring 0.1637 A 2.390 A 0.0488 A
2 rings 0.1477 A 2.374 A 0.0618 A
2 rings (2) 0.0807 A 2.335 A 0.0222 A

Table 2. Fourier components of the measured stator current.
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4.3. Electromagnetic field in the motor calculated by FEM

An example of the magnetic flux and eddy current distribution in the healthy motor under the
rated speed with rated-load condition is shown in Fig. 11. Because this motor is a four-pole
machine, the magnetic flux distribution is periodic in every one-fourth region, that is, in every
nine stator slots. Here, we denote the number of stator slots in the same group of magnetic
flux lines as NS. Then, the NS for each pole is 9, 9, 9, and 9, and there is no distortion in the
magnetic flux distribution.

17 A/mm?

Figure 11. Distribution of the magnetic flux and eddy current in the healthy motor.

Figure 12 shows the distribution of the magnetic flux and eddy current in the motor with two
broken bars under different rotor positions, namely, that where the magnetic flux does not
pass through the broken bars [Fig. 12(a)] and that where it passes through the broken bars
[Fig. 12(b)]. In Fig. 12(a), the eddy current distribution in the rotor bars is approximately the
same as that in the healthy motor shown in Fig. 11, and the NS under each pole is approximately
8.5, 9.5, 8.5, and 9.5, indicating that magnetic flux distortion occurs. On the other hand, Fig.
12(b) shows a rotor bar where the eddy current density is very high, and the NS for each pole
is approximately 9, 9, 10, and 8. These magnetic distortions, shown in Figs. 12 (a) and (b), are
repeated.

Figure 13 shows the distribution of the magnetic flux and eddy current in the motor with a
broken end ring segment under different rotor positions. No rotor bar exhibits a very high
eddy current density, and the number of stator slots included in the flux lines for each pole is
different. The NS for each pole is approximately 8.5, 9, 9, and 9.5 in Fig. 13(a) and approximately
8, 8.5, 10, and 9.5 in Fig. 12(b). These magnetic flux distortions are repeated. As explained in
Chapter 3, these magnetic distortions produce a stator current frequency of (1 + 2s)f.

4.4. Effect of the number of broken bars and end ring segments

Next, we discuss the effect of the number of broken bars and broken end ring segments on the
motor performance. Figure 14 shows the Fourier components of the stator current and torque
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17 A/mm?

(a) Magnetic flux lines do not pass (b) Magnetic flux lines pass through the
through the position of the broken bars position of the broken bars

Figure 12. Distribution of the magnetic flux and eddy current in the motor with two broken bars under different rotor
positions.

17 A/mm?

(a) Magnetic flux lines do not pass (b) Magnetic flux lines pass through the
through the position of the broken end position of the broken end ring

Figure 13. Distribution of the magnetic flux and eddy current in the motor with a broken end ring segment under dif-
ferent rotor positions.

for different numbers of broken bars. The fundamental components of the stator current and
the average torque decrease, and the (1 + 2s)f component of the stator current and the 2sf
component of the torque increase when the number of broken bars increases. Figure 15 shows
the Fourier components of the stator current and torque for different numbers of end ring
segments. The fundamental components of the stator current and the average torque also
decrease, and the (1 + 25)f component of the stator current and 2sf component of the torque
approximately increase when the number of broken end ring segments increases. Tables 1 and
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2 show that when the number of faults is small, the components for the different faults appear
in the following order: [2 rings] > [1 ring] > [2 bars] > [1 bar] > [2 rings (2)] > [healthy]. In contrast,
the comparison of Figs. 14 and 15 shows that the (1 + 2s)f component of the stator current for
the broken bars is larger than that for the broken end ring when the number of faults is greater
than three.
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Figure 14. Stator current and torque for different numbers of broken bars.

5. Wavelet analysis

We have discussed about the failure diagnosis of broken end ring segments and broken bars
in induction motor at the steady state using the Fourier analysis. In this section, the transient
performance of an inverter-fed induction motor is discussed by using the wavelet analysis.
There are two kinds of wavelet transform; continuous and discrete ones.
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Figure 15. Stator current and torque for different numbers of broken end ring segments.
5.1. Continuous wavelet analysis

Let us make a brief introduction of continuous wavelet transform. Figure 16 shows the
waveform of a signal and its wavelet analysis, which shows equipotential lines in the frequency
and time plane. Although there are several kinds of Wavelet function — Morlet, Paul, and
Derivative of Gaussian — Fig. 16 is the result of using the Morlet function, where the number
of waves is 30. We can find high value region around 100 Hz and from 0.3 to 0.6 s and around
400 Hz and from 0.4 to 0.7 s.

We investigate transient response of an inverter-fed induction motor, where the control
strategy is an open loop and the motor has no-load. The step responses of the stator voltage,
stator current, and motor speed were measured when a start signal was input to the inverter.
Figures 17 and 18 show the Wavelet analysis of the stator current i, and stator voltage V,, using
the Morlet function, where the number of waves is two, for the healthy motor and for the motor
with two broken bars. We can find a very slight difference in the Wavelet analysis of the stator
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Figure 16. An example of the continuous wavelet analysis using the Morlet mother function.

current between the healthy rotor and two broken bars. There are large components at high
frequency before the motor starts, namely, time is from 0 to 0.05 s. As discussed before, the
rotor fault produces the components of (1 + 2s)f. The component becomes 150 Hz when the
rotor is stopping, that is, s = 1. It is shown that there is no difference in the stator voltage.
Therefore, it is difficult to distinguish the rotor defect by using the continuous wavelet
transform of the stator current in the starting operation with no-load condition.

5.2. Discrete wavelet analysis

The discrete wavelet transform of a signal is calculated by passing it through a series of filters.
As it is well known, the use of wavelet signals, that is, approximation and high-order details,
resulting from discrete wavelet transform constitutes an interesting advantage because these
signals act as filters. Moreover, the computational time of discrete wavelet transform is much
shorter than that of continuous wavelet transform. Figure 19 shows the discrete wavelet
analysis for the same signal as shown in Fig. 16. It is found that the component of 100 Hz
appears in d6 and signal of 450 Hz component appears in d4 detail.

Table 3 shows frequency bands by decomposition in multi-levels. Figures 20 and 21 show
discrete wavelet signals of stator current 7, of the motor with the healthy rotor and two broken
bars. It is shown that there are large components of d7 at t = 0.05 s, and a large component of
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Figure 17. Continuous wavelet analysis of healthy rotor.
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Figure 18. Continuous wavelet analysis of the motor with two broken bars.
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Figure 19. An example of the discrete wavelet analysis.

d8 at t =0.07 s and a large component of d9 at t =0.12 s. These components correspond to the
frequency of (1 +2s)f Hz. We can find a slight difference of the components in these frequency
bands between the healthy rotor and the rotor with two broken bars, especially in d2 through
d6 details from 0 to 0.1 s.
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Approximation and details Frequency bands [Hz]
al0 0-24
d10 24-49
d9 49-98
ds 98 -195
d7z 195-391
deé 391-781
ds 781 -1,563
d4 1,563 - 3,125
d3 3,125 - 6,250
d2 6,250 — 12,500
d1 12,500 — 25,000

Table 3. Frequency bands by decomposition in multi-levels.

6. Conclusions

This study has analyzed the Fourier components of broken end ring segments and compared
them with those of the broken bars. We have verified, by both experiment and simulation, that
the components of (1 +2s)f of the broken end ring segments are larger than those of the broken
bars when the number of faults is one or two. The electromagnetic field in the motor with two
broken bars and a broken end ring has been analyzed. Moreover, the effect of the number of
broken bars and broken end ring segments on the motor performance has been clarified. The
discrete wavelet analysis has shown that there are slight differences in the detail signals in
high frequency bands between healthy rotor and the rotor with two broken bars.
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Abstract

In this chapter, a new method for stator resistance compensation in direct torque control
(DTC) drives, based on neural networks, is presented. The estimation of electromagnetic
torque and stator flux linkages using the measured stator voltages and currents is crucial
to the success of DTC drives. The estimation is dependent only on one machine parame-
ter, which is the stator resistance. Changes of the stator resistances cause errors in the es-
timated magnitude and position of the flux linkage and therefore in the estimated
electromagnetic torque. Parameter compensation by means of stator current phasor error
has been proposed in literature. The proposed approach in this chapter is based on a
principle that states the error between the measured current magnitude of the stator feed-
back and the stator’s command, verified with neural network, is proportional to the var-
iation of the stator resistance and is mainly caused by the motor temperature and the
varying stator frequency. Then the correction value of stator resistance is achieved by
means of a fuzzy controller. For the first time, a combination of neural control and fuzzy
control approach in stator resistance variations based on the stator current is presented.
The presented approach efficiently estimates the correct value of stator resistance.

Keywords: Fuzzy direct torque control, neural compensation, induction motor drives

1. Introduction

The direct torque control is one of the excellent control strategies available for torque control
of induction machine. It is considered as an alternative to field oriented control (FOC)
technique [1]. In fact, among all control methods for induction motor drives, direct torque

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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control (DTC) seems to be particularly interesting being independent of machine rotor
parameters and requiring no speed or position sensors [2].

A basic concept of direct torque control of induction motor drives is simultaneous control of
the stator flux and electromagnetic torque of a machine. Compared to the conventional vector-
controlled drives, the torque and flux of a DTC-based drive are controlled in a closed-loop
system that does not use the current loops.

In principle, DTC-based drives require only the knowledge of stator resistance and thereby
decrease the associated sensitivity to parameter variations [3, 4]. Moreover, compared to the
conventional vector-controlled drives, DTC-based drives do not require fulfilling the coordi-
nate transformation between stationary and synchronous frames. Depending on how the
switching sectors are selected, two different DTC schemes become possible [5].

Since a DTC-based drive selects the inverter switching states using a switching table, neither
the current controllers nor the pulse-width modulation (PWM) modulator is required. As a
result, the DTC-based drive provides a fast torque response [6]. The conventional direct torque
control (CDTC) suffers from some drawbacks such as high current, flux and torque ripple,
difficulties in torque, and flux control at very low speeds [7]. However, the switching-table-
based DTC approach has some disadvantages. If the switching frequency of the inverter is not
high, the torque and flux pulsation could be high; moreover, there would be a sluggish
response during the start-up or change of the reference flux or reference torque [8]. Hence, to
improve the performance of the DTC drive during the start-up or changes in the reference flux
and torque, a fuzzy-logic-based switching-vector process is developed in this chapter [9-15].
In DTC drives, the feedback of the electromagnetic torque and stator flux linkage is used as
the input of controller. Using the measured stator currents and voltages, the electromagnetic
torque and also stator flux linkages are estimated in stator reference frames [16, 17]. “The
machine model is only dependent on stator resistance” [18]. There are different forms of direct
torque control induction motor based on how currents and voltages are measured or estimated
[19-21]. The stator current might be obtained using only the DC-link current sensor, and the
motor line voltages could be reconstructed inexpensively using gate signals [22]. Nevertheless,
all the measured values suffer from precision and low-speed operational problems caused by
errors induced by the varying stator resistance in the flux and its angle calculator [23, 24]. The
stator resistance change has a wide range, varying from 0.75 to 1.7 times the stator’s nominal
value. The variation is largely due to temperature variations, and to a small extent, due to the
stator frequency variations [21]. The variation deteriorates the drive performance by intro-
ducing errors in the estimated magnitude and position of the flux linkage and therefore in the
electromagnetic torque estimation, particularly at low speeds [25]. Note that at low speeds,
the voltage drops of the stator resistance constitute a significant portion of the applied voltages.
Only a few control schemes have been proposed so far for overcoming the mentioned
parameter sensitivity (which restricts the speed control range of the drives). The stator
resistance has problems such as convergence and slowness of response. A partial operating-
frequency-dependent hybrid-flux estimator has been proposed for tuning the stator resistance
[10]. Adjustment of the stator resistance, based on the difference between the flux current and
its command, has problems in identifying the actual flux current [26, 27]. Finding the stator
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resistance based on the steady state voltage has the shortcoming of using direct axis flux
linkages that are affected by the stator resistance variations.

In this chapter, a neural network estimator is developed to find the reference stator current
values at each moment. Later, the error difference between the measured and the real stator
current values is fed to a fuzzy logic controller, which then outputs the correct stator resistance
value.
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Figure 1. Block diagram of the fuzzy direct torque control of induction motor drives with a stator resistance estimator.

2. Fuzzy logic direct torque control

In this section, the concept and principle of direct torque control approach of an induction
motor is briefly introduced. A schematic diagram of the proposed drive is shown in Fig. 1. The
feedback control of torque and stator flux linkages, which are estimated from the measured
voltages and currents of the motor, is used in the proposed drive scheme. In this approach,
stator-reference frame model of the induction motor is used. To avoid the trigonometric
operations faced in coordinate transformations of other reference frames, the same reference
frame is used in the implementation [22]. This can be considered as one of the advantages of
the control scheme. Through the integration of the difference between the phase voltage and

the voltage drop in the stator resistance, Stator q and d and axis flux linkages A ,, A, can be

qs’
calculated as follows:
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I(V Rszqq 1)

ﬂ’ds = J.(Vds S ds )dt (2)

And the flux linkage phasor is as follows:

A=A+ 20 3)

The stator flux linkage phasor position is:

1 4 S
0,=tan” (") @

ds
And the electromagnetic torque is given by:

T = 3p(z,1 i) ©®)

e 292 qs”ds ds qs

According to Fig. 2, the inverter switching states are selected based on the errors of the torque
and the flux (as indicated by AT, and AA,, respectively). Provided that

AT, =T, -T,

: 6
A=A =2, ©

The optimum switching vector is selected to decrease the errors [23, 25, 26]. Using a fuzzy-
logic-based switching-vector selection process, it would be possible to improve the perform-
ance of the DTC drive during start-up or changes in the reference flux and torque. For this, a
Mamdani fuzzy-logic-based system is used. Using the flux and torque deviation from reference
ones and the position of the stator flux linkage space vector, it is possible to select different
voltages. Then a rule-base has to be formulated based on these states. Thus the aim of the
approach is to use a fuzzy logic system to expand the system performance (i.e., gives faster
torque and flux response), outputs the zero and non-zero voltage switching states (1), and uses
three quantities as its inputs: ey, the torque error (e;), and the position of the stator flux space
vector (6,). The stator flux linkage space vector can be located in any of the twelve sectors, each

spanning a 60° wide region. These regions overlap each other as shown in Table 1.
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Figure 2. Changes of flux linkage space vectors due to the switching vectors.

S1 S2 S3 S4 S5 Sé6
315-75 34545 15-75 45-105 75-135 105-165
S7 S8 S9 510 S11 S12
135-195 165-225 195-255 225-285 255-315 285-345

Table 1. Overlaps between sectors

Colt P ZE N
PL 1 2 2
PS 1 2 3
ZE 0 0 0
NS 6 0 4
NL 6 5 5

Table 2. Fuzzy vector selection in sector 1

Since it was assumed that there were three and five fuzzy sets for the flux error and the torque
error, respectively, there will be 15 rules for every sector. Table 2 shows the various rules for
sector 1. In particular, the stator flux error (e;,) can be positive (P), zero (ZE), or negative (N),
corresponding to three overlapping fuzzy sets. The electromagnetic torque error can be
positive large (PL), positive small (PS), zero (ZE), negative small (NS), or negative large (NL).
This is because the intention is to make the torque variations smaller. Therefore, the universe
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of the torque is divided into five overlapping fuzzy sets. The various membership functions
are shown in Fig. 3. Since there are 12 sectors, the total number of rules becomes 180. Each one
of the rules can be described by the input variables and the control variable, which is the
switching state (n). For example, Table 2 shows various rules for sector 1 as below:

Rule 1: If ¢4, is positive (P), e; is positive large (PL) and 6, is S1, then n is 1.
Rule 2: If ¢4, is positive (P), e is positive small (PS) and 6, is S2, then n is 1.
Rule 3: If ¢4, is positive (P), e; is ZE and 6, is S3, then 1 is 0.

The goal of the fuzzy system is to obtain a crisp value (as the appropriate switching state) on
its output. A general “ith rule” has the following form:

Rule i: If e, is A, e is B; and 6, is C;, then n is N;

Thus, by using the minimum operation for the fuzzy AND operation and the firing strength
of the ith rule, o; can be obtained from

a, =minfu,.(e,), iy (e, ), 1.(0,)] @)

where u,;(ep), tgi(er) p;(6;) are membership functions of fuzzy sets A, B, and C; of the

variables flux error, the torque error, and the flux position, respectively. The output form of
the ith rule is obtained from

/lNi(Tl) = min[a,‘r,ul\/,‘(n)] @®)

where ,;(n) is the membership function of fuzzy set N; of variable n. Therefore, the overall

(or the combined) membership function of output n is gained by using the max operator as
follows:

Hy (1) = max| gy, ()] ©)

In this case, the outputs include crisp numbers, switching states, and for defuzzification, the
maximum used criteria.

3. Stator resistance compensation

3.1. Scheme

A mismatch between the controller-set stator resistance and its actual value in the machine can
create the instability shown in Fig. 6a. This figure shows the simulations for the changes of the
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Figure 3. Membership functions.

step stator resistance from 100% to 50% of its nominal value at second 0.5. The drive system
becomes unstable if the controller-instrumented stator resistance is higher than its actual value
in the motor [11]. An explanation for this could be as follows: when motor resistance decrease
in machine and the applied voltage is the same, the current increases, resulting in increased
flux and electromagnetic torque [28]. The opposite effect occurs in controller. In fact, by current
increments, which are inputs of the system, the stator resistance voltage drops will increase in
the calculator. Therefore, lower flux linkages and electromagnetic torque estimations will
present. Compared with their command values, they give large torque and flux linkages
deviations, which result in commanding larger voltages and currents and leading to a run off
condition as shown in Fig. 6a. “The parameter mismatch between the controller and machine
will result in a nonlinear relation between the torque and the torque’s reference, making it a
non-ideal torque amplifier” [29]. This will have undesirable effect in a torque drive and speed-
controlled drive systems. Therefore, it will be reasonable to design a motor resistance adaption
law to overcome instability and to guarantee a linear torque amplifier in the DTC drive. A new
approach is presented in the next section for stator resistance parameter adaption.
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3.2. Stator current phasor command

A diagram of the applied stator resistance compensation is shown in Fig. 4. The presented
technique is based on the principle that the error between the measured stator feedback

current-phasor magnitude i, and the stator’'s command i*s is proportional to the stator
resistance variation, which is mainly caused by the motor temperature and the varying stator

frequency. The correction value is obtained by means of a fuzzy controller. The final estimated
value of R, is obtained as the output of the limiter. The above algorithm requires the stator

current phasor command, which is a function of the commanded torque and the commanded
stator flux linkages.
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Figure 4. Block diagram of the adaptive stator resistance compensator.

A neural network estimator, presented in the following, is designed to evaluate the stator
current command from the torque and stator flux linkage commands.

The stator feedback current phasor magnitude i, is obtained from the g and d axis measured

currents as

2 2

= (g +ig) (10)

The stator command current phasor magnitude i : is derived from the dynamic equations of

the induction motor in the synchronous-rotating reference frame, using the torque command
T *e and the stator flux linkage command A : and aligning the d axis with the stator flux linkage

phasor as

*

ﬂleﬂs = O’pﬂ'gqs = 0’/1£ds = /1 s (11)

where p is the number of poles. Substituting these equations in flux linkages and torque
equations results in
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32, °¢
T=—=1_21
=3k (12)
Then the g axis current command is directly obtained by using the torque command T *e and

the stator flux linkage command A *S as

=22 L 13
s 3 P /15* ( )
It can be shown that i ¢ 4 18 given by
e* * LSLr . e*

Ls(ids )? —/15 (1—m)ld5

e, (AL

Pt =
Lzm - LSLV

(14)

L (I

. . . . e* . . .
Equation 14 gives two solutions fori® , and the appropriate solution is the one that outputs

a smaller value. Finally, the stator current command is calculated from
o '8* 2 e* 2
io=y3 +i°,0) (15)

It is shown here that evaluation of the stator current command is a complicated and time-
consuming process. Instead of using the numerical solution for the system, it is possible to
perform the stator current command by using an artificial neural network (ANN) since it is
known that ANN is a general nonlinear function estimator. As a result, a multilayer feed-
forward back-propagation ANN, whose inputs are the torque and flux reference values, is
trained to estimate the stator current command. A 2-8-8-1 structure, which has two hidden
layers with 8 hidden nodes, is obtained by trial and error. The activation functions of the hidden
layers are tan-sigmoid functions. Fig. 5 shows the structure of the ANN estimator. The neural
estimator evaluates the reference stator current with less than 0.01% error. Furthermore, it is
shown that more complicated ANN structures result in higher error rates.

4. Results

Dynamic simulations are performed to validate the performance of the proposed technique.
The induction motor details, used in the simulation, are given in the appendix. Fig. 6a and 6b
show the simulations for a step change in the stator resistance parameter-uncompensated and
compensated torque drive system respectively. The system controller has the nominal value
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of the stator resistance, and after half a second, the stator resistance is changed to % of its
nominal value. Then the corresponding effects are studied. In the compensated system, it is
observed that the estimation of stator resistance has experienced an initial transient state, and
after a short time, it converges gradually to its final actual value in a steady state. The similar
transitions are observed in other variables. However, all variables reach to their steady state
situation. A step variation in the stator resistance is rather an extreme test and not a significant
case encountered in practice. In real operating conditions, the temperature change rate is very
slow and so is the stator resistance.

- .
(1) pli i » )
pi1} Layer 1 af}

a2} w1}

0

izf1.1}

pd{1,‘1}

1, 1KE,

dotprod2

{b)

Figure 5. Neural network structure: (a) structure of layers and (b) structure of first hidden layer.
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Stator flux linkages and the torque command are proportionally decreased and increased
linearly from/to their original reference values. The tracking of motor variables and stator
resistance is achieved, thus proving the effectiveness of the adaptive controller in the flux-
weakening region. It also perfectly operates in stator resistance incremental case and in
gradually stator resistance changes due to temperature changes. In these cases, there is not any
oscillation even at the initial moments of resistance variations.

5. Conclusion

A fuzzy direct torque-controlled drive was introduced, and an adaptive stator resistance
compensation scheme was applied to a typical three-phase induction motor. With this
approach, the elimination of parameter sensitivity of the stator resistance by using only the
existing stator current feedback occurred. The scheme was simple to implement, and its
realization was indirectly dependent on stator inductances. Since the flux was controlled in
the machine, the inductances used in the computation of stator phasor current command were
constants. A procedure for finding the phasor command of the stator current from the torque
and stator flux linkage commands was derived to realize the complication of this method. The
ANN estimator was designed to effectively evaluate the reference stator current value. The
scheme was verified via dynamic simulation for various operating conditions, including the
flux-weakening mode. The scheme was successful despite rapid changes in the stator resist-
ance, such as step changes. It was observed that the scheme adapted very well without
transients even for simultaneous variations of the torque and flux linkages command while
the stator resistance was varying. Finally, a simple fuzzy controller was used to generate the
exact stator resistance value.

Variable Symbol Variable Symbol
Stator g and d flux linkages Ags s Mg Stator command current phasor magnitude i:,
Stator g and d and axis voltages Vqs Vi Torque command T *C
Stator resistance R, Stator flux linkage command A *5
Stator g and d and axis currents iqs s s Stator self-inductance L,
Stator flux linkage phasor position 6, Mutual inductance M
Motor torque T, Rotor self-inductance L,

Number of poles p
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Figure 6. (a) The step response for a parameter uncompensated system. (b)The step response for a parameter compen-
sated system.
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6. Appendix

Induction motor parameters

Nominal operation condition

Rated power 4 kW

Rated voltage 480 \%

Rated speed 3000 rpm
Rated frequency 50 Hz

Parameters of simulated induction motor

Stator resistance 1.115 Q
Stator self-inductance 0.005974 H
Mutual inductance 0.2037 H
Friction factor 0.00051 N m/s
Rotor resistance 1.083 Q
Rotor self-inductance 0.005974 H
Rotor inertia 0.0333 kg/m?
Number of poles 2
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Abstract

This chapter develops a sliding mode and fuzzy logic-based speed controller, which
is named adaptive fuzzy sliding-mode controller (AFSMC) for an indirect field-
oriented control (IFOC) of an induction motor (IM) drive. Essentially, the boundary
layer approach is the most popular method to reduce the chattering phenomena,
which leads to trade-off between control performances, and chattering elimination for
uncertain nonlinear systems. For the proposed AFSMC, a fuzzy system is assigned as
the reaching control part of the fuzzy sliding-mode controller so that it improves the
control performances and eliminates the chattering completely despite large and
small uncertainties in the system. A nonlinear adaptive law is also implemented to
adjust the control gain with uncertainties of the system. The adaptive law is developed
in the sense of Lyapunov stability theorem to minimize the control effort. The applied
adaptive fuzzy controller acts like a saturation function in the thin boundary layer
near the sliding surface to guarantee the stability of the system. The proposed AFSMC-
based IM drive is implemented in real-time using digital signal processor (DSP) board
TI TMS320F28335. The experimental and simulation results show the effectiveness of
the proposed AFSMC-based IM drive at different operating conditions such as load

disturbance, parameter variations, etc.

Keywords: Boundary layer approach, sliding mode control, adaptive fuzzy sliding

mode controller, speed controller, induction motor
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1. Introduction

The electrical motors convert more than 50% of electrical energy into mechanical energy. Over
the years, induction motors (IMs) have been widely used in industry for variable speed drives
due to some of the advantages such as robust construction, low cost, low maintenance, and
reliability [1]. Electric motor drives are applied widely in industrial applications such as
pumps, fan, paper and textile mills, elevators, electric vehicle and subway transportation,
home applications, servos and robotics, ship propulsion, etc. Nowadays, high performance
electric motor drives are an essential requirement for new industrial applications. The high
performance electric motor drives have some characteristics such as high reliability, high-
energy transformation efficiency, and quick response of torque, position, and speed, robust to
parameter variations and external load disturbance, low weight, and less expensive.

The field-oriented control (FOC) technique decouples the flux and torque controls so that the
central task becomes easier in both steady and transient states. Thus, the IM behaves like a
separately excited DC motor while maintaining its general advantages over DC motor. The
indirect FOC as an alternative method to measure the flux position without using any flux
sensor, and utilizes the rotor speed and the angular slip frequency to make the unit vector
signals for achieving the flux orientation. In fact, the motor current components are decoupled
by estimation of the slip speed, which requires a suitable knowledge of the rotor time constant.
The accuracy of this method depends on the precise estimation of the motor parameters and
rotor time constant [2, 3]. However, changes in these parameters often cause field orientation
detuning and degrade the electrical drive performance. Thus, the torque capability and
efficiency of the drive are reduced in steady state. Also, the torque/ampere capability is
significantly decreased due to the inverter current limits and causes unsatisfactory drive
performance especially to fast dynamic speed command [4, 5]. Moreover, disturbances such
as external load torque and unmodeled dynamics have effect on the drive performance [6, 7].
In order to achieve indirect vector control of high performance from IM drive sophisticated
speed control method is required [8].

Generally, in field of drives control, the methods of control can be classified into three main
categories such as fixed gain or linear methods, adaptive methods, artificial intelligence
methods, and a combination of them may also be used depending on their applications. Linear
controllers, which include the proportional-integral controller (PI), proportional-integral-
derivative (PID), and pseudo-derivative-feedback (PDF), are used as the most common
approaches in industrial applications. However, the IM drives are nonlinear, time variant,
complex, and uncertain systems and system conditions may be changed while the PI controller
as a linear controller is valid to operate within certain specific range and consequently it is
unable to deal with uncertainties [9, 10].

Several nonlinear adaptive methods are able to adapt or upgrade the PI controllers such as
model reference adaptive control (MRAC) [11], variable structure control (VSC) [12], self-
tuning PI controllers [13], etc. To implement the mentioned speed controller methods, it is
required to understand the exact mathematical model. To overcome these problems, over the
past four decades, the field of fuzzy controller applications has spread to include many
industrial control applications, and significant research work has supported the development
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of fuzzy controllers [14, 15]. Fuzzy logic controllers (FLCs) have been developed and can be
divided into two groups [16]. The first group focuses on improving the design and performance
of the standard FLC [16, 17]. The second group of approaches combines the advantages of FLC
and those of conventional nonlinear adaptive techniques. Thus, they are adopted in the fuzzy
control area, such as fuzzy sliding control [18-20], fuzzy gain scheduling, various forms of self-
tuning and self-organizing FLCs [21, 22], and adaptive fuzzy control [23], in order to alleviate
difficulties in constructing the fuzzy rule base and improve the performance of the drive under
severe perturbations of model parameters and operating conditions. Hence, in this chapter,
the intelligent speed controller based on the second aforementioned group is developed to
high performance IM drive.

Due to some important characteristics of VSC, or in particular sliding-mode control (SMC)
system such as robustness to system parameters and fast dynamic response, it is applied in IM
drives [24]. However, the SMC-based system suffers from a chattering problem in steady state.
The chattering makes various undesirable effects such as current harmonics and torque
pulsation. To reduce or eliminate the chattering some methods have already been proposed
by the researchers [25, 26]. Generally, introducing a thin boundary layer around the sliding
surface can solve the chattering problem by interpolating a continuous function inside the
boundary layer of switching surface [27]. However, the slope of the continuous function is a
compromise between control performance and chattering elimination [28]. Also, asymptotic
stability is not guaranteed and may cause a steady-state error [29]. To tackle these problems
and due to the advantages of the fuzzy controllers based on the SMC system, the fuzzy
controllers were used to improve the chattering and the dynamic performance of the SMC-
based speed controller drives [30-32].

In this chapter, the fuzzy approach is applied to cope with the saturation function in reaching
the control part of the control effort in the SMC system to guarantee the stability of the system
so that the switching control law acts like a saturation function technique with a nonlinear
slope inside the thin boundary layer near the sliding surface. The applied fuzzy controller
improves the tracking performance despite the system uncertainties while the chattering is
reduced significantly. The salient advantages of the designed fuzzy controller on the basis of
the SMC system are decreasing the number of fuzzy rules and relaxation of the uncertainty
bound requirement [33]. Moreover, an adaptive law is developed to estimate the unknown
bound of uncertainty, which is obtained in the sense of Lyapunov stability theorem to
minimize the control effort. Therefore, in this chapter a fuzzy sliding mode control (FSMC)
technique is developed for IM drive to handle the large uncertainties. The performance of the
proposed adaptive FSMC (AFSMC)-based IM drive is tested in both the simulation and
experiment. The performance of the proposed AFSMC is also compared to the tuned PI
controller and the conventional SMC-based IM drive.

2. Mathematical model of IM for IFOC

By using the vector control, the IM can be represented as a two-phase motor in a stationary

reference frame (d°, 4°) and then transform in synchronously dynamic reference frame (d*, 4°)
by applying Park’s transformation.
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Figure 1 shows the block diagram of the IFOC induction motor drive. The concept of d-g
representations can be utilized to develop the basic machine equations for vector control
application in a dynamic model [34]. Equation (1) shows the d-q axes model of an induction

motor using reference axis rotating at synchronous speed.

L L
R +oL. —oL.w i — o
s o bp S*7e Lr p Lr e
v°, L L I,
& ocLw, R +olp "o, p ':
v ’ TL L Los
| = 2 R . M
O _Lm L_’ 0 L_" + p _a)sl dr
O r R r R ¢qr
0 -L —* o —++
I m L, sl L, p |
where
I? d
o=1-—,p=—,0, =0, —® 2
LsLy p dt sl ( e r ) ( )

The electromagnetic torque of 3-phase and P-pole induction motor is obtained as,

2
1 =30L (g —icgr) o)

r

The FOC mentions that the stator current components are oriented in flux and torque compo-
nent in reference axis rotating at synchronous speed. For vector control, ¢,,is set to zero so that

the flux is oriented in the d-axis:

¢ =4 )
The slip frequency is obtained as,
— Lm Rr e
oy = ¢_: L_, qu (5)

The electromagnetic developed torque equation is given by:
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Figure 1. Control structure of an IFOC induction motor.
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Figure 2. Simplified control block diagram of IFOC induction motor.

Considering the implementation of IFOC, the induction motor drive can be simplified as

shown in Figure and the mechanical equation of an induction motor can be presented as
follows [34]:
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Jo,(t)+Bo, (t)=T -T, (8)

where J,, B, and T, are represented as rotor inertia, friction factor, and the external load

disturbance, respectively. Substituting Eq. (6) and Eq. (7) in Eq. (8) yields:

“. B k.. T
o (t)z—]—a)r(t)+]—’1qs —]—L o)
=B, +Aji+D]T,

pgs

where A =k, /],>0, B,=-B/],<0,and D,=-1/],>0.

To achieve the nominal model of IM drive, the nominal value of the parameters must be
considered without any disturbances. Thus, the nominal model of the IM drive given by Eq.
(9) can be written as,

w,(t) = B, + Ai (10)

where A=K, /], and B=-B/], are the nominal values of A, and B,, respectively. To handle the

uncertainties, they must be considered and added to the nominal model for real-time induction
motor (IM) drive [35]. So, the dynamic Eq. (10) considering structured and unstructured
uncertainties and the unmodeled dynamics for the actual induction motor drive can be written
as follows:

o,(t)=(B+AB)o,(t)+(A+AA)if +D,T, +5=Bo,(t)+ A +L(t) (11)

s

where L (1)=ABa,(t) + AAi,{ + D, T +06

In Eq. (11), L (t)is called lumped uncertainty and the uncertainties are shown by AA & AB. In
addition, unstructured uncertainty due to detuning field-orientation in the transient state and
the unmodeled dynamics in practical applications are shown as 6.

3. The conventional SMC system

Considering the equation e(t)=w,(t)-w,’(t) as speed tracking error, time-varying surface of

sliding mode in the state of space R? is introduced as shown in Eq. (12):
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S(t)=h(Ce(t)+é(t)) (12)

where I in the preceding scalar equation is a positive constant and & <1. Substituting Eq. (11)
in Eq. (12) the first derivative of S(t) is obtained as,

5() = h[Ce(})+ Bo, () A, (1) + L('t)_a';;(t)] (13)

where u(t)=i,{(t).

In the preceding equation, u(t)is called the control effort or control law. In Eq. (13) it is assumed
to be the bound of L (t), which is unknown but is limited as | L (t) | <M.

By solving S(t)=0 without consideration of lumped uncertainty (L (t)=0), the desired per-

formance under nominal system model can be achieved. In this situation u(t) equals u,,(f) and

can be obtained using Eq. (12):
ueq(t):—;l{(C+l§)e(t)+l§ a):—wr} (14)

where u,,(t) is called the equivalent control part of the control effort. In order to have suitable

performance despite uncertainties on the dynamic of the system (lumped uncertainty), a
discontinuous term must be added to the equivalent control across the sliding surface S(t). The
term discontinuous is called hitting control part or reaching control part of the control effort
[36]. It is given as,

—_ \-1
u,(t) =—(Ah) k(t)sgn(s(t)) (15)
where k(t) is called the control gain, and Sgn is the sign function as follows:

1 if  S(t)>0
-1 if  S(t)<0

Therefore, the control law is obtained as shown in Eq. (16):
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u(t)=u, () +u,(t)=u,(t)-(AR) Kk(t)sgn(S(t)) (16)

t

i =1Iu(t)dt (17)

[

where 7 is the integral constant.

By defining the Lyapunov function as Eq. (18), stability of the system is guaranteed by Eq. (19):

lg
v=2s() (18)

v <n[s(t) (19)

The stability condition Eq. (19) guarantees stability of the system considering lumped uncer-
tainties by keeping the scalar S(t) at zero. Then, substituting Eq. (11) in Eq. (12) and considering
Eq. (13), stability condition is obtained as,

V = 5(t)S(t) = -S(t)hAu, (£)+ hS(t)L ()

< k[ (t) +h[s(t)|L(¢) (20)

<[s(e)](xk(t) -nn)

A comparison between Eq. (19) and Eq. (20) yields,
k(t)>hM +7 (21)

Then by choosing Eq. (21), stability of the system Eq. (16) is guaranteed.

4. The proposed AFSMC controller

In case of the designed AFSMC, the “sgn” function in Eq. (15) is replaced by the fuzzy system
so that the control law for the AFSMC is obtained as shown in Eq. (22):
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u(t)=u, (1)~ (AR) k(t)u,, 22)

where U e =FSMC(S(t), AS(t)) and u,,(t) is presented in Eq. (14).

Triangular type inputs membership function (MF) with fuzzy sets negative (N), zero (Z), and
positive (P) and triangular and trapezoidal type output MF with fuzzy sets negative big (NB),
negative medium (NM), negative small (NS), zero (ZE), positive small (PS), positive medium
(PM), and positive big (PB) on the common interval [-1 1] have been defined for the AFSMC
as shown in Figure 3 and Figure 4, respectively. According to these figures, the thickness of
the boundary layer can be changed by varying the range of the fuzzy sets “Z” and “ZE” on
the interval [0 1] in the input and output membership functions, respectively. Since the
proposed fuzzy system structure is based on the saturation function technique, the best
thickness of the boundary layer can be derived from a fixed boundary layer sliding-mode
controller that selects saturation function as reaching the control part of its effort control. Thus,
boundary layer thickness can be adjusted in two steps as follows.

Step 1: Varying the slope of a saturation function so that the best performance is achieved for
the fixed boundary layer sliding mode-based speed controller.

Step 2: Varying the range of the fuzzy sets “Z” and “ZE” to settle the selected value of boundary
layer in the first step for the proposed FSMC-based speed controller.

According to these steps, considering Figure 4 and Figure 5 4, the obtained value of the
boundary layer thickness i is 0.75 in this chapter. In fact, the structure of the designed fuzzy
controller is shown in Figure 5.
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Figure 3. Membership functions of the inputs (S(t), AS(t)), for the proposed AFSMC.
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Degree of membership function

Figure 4. Output membership functions for the proposed AFSMC.

The Mamdani type fuzzy inferring method with nine rules is applied to have an appropriate
tracking response, have a fast dynamic response, eliminate chattering phenomenon, and
satisfy the requirement of stability condition Eq. (19) as shown in Table 1. The center of the
area (COA) method has used defuzzification method.

In case of the designed FSMC speed controller, the upper band of lumped uncertainty (L (¢))
is not available and the control effort cannot be minimized without the knowledge of L (t). It
is necessary to estimate k(t) by using the adoption law to assure existing sliding-mode
conditions. Then, k(t)can be estimated with k to minimize the control effort Eq. (16) so that the
stability condition through Lyapunov stability theorem is guaranteed Eq. (19). In this chapter,
to achieve the mentioned targets k(t) is chosen as follows:

k(t)=As(t) (23)

where A, is a strictly positive constant. In fact, k(t)acts like an adaptive filter to minimize the

control effort.

A
Considering the following Lyapunov candidate function Eq. (24), kcan be an estimation value
of k(t).

V(t):%S(t)z +2i/1k(k(t)—1€)2 (24)

Substituting Eq. (12) and Eq. (24) in Eq. (19) for | S(¢t) | > (¢) yields,
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Figure 5. The performance of the proposed AFSMC system.

Table 1. Fuzzy rule-based matrix for AFSMC

V(1) =S(e) (R, (1) + (1)) + (k{0

k

= S(0)h (< AK(1) (1) " sgn () + L (1)) +

|
bawbd
S —
BB
—_~
~~
~—

(k(t)—i?)ic(t) (25)

~

=S (1 )san(S)+ 1S + (k0 -} i)

~—

Substituting Eq. (25) in Eq. (23) and considering Eq. (19) yields:

V()< —|k(t) k- 12||5(t)| +H|L)|S)] + |k(t) - 12||5(t)|
< —|k(t) - 12||5(t)| —k|s(t)| + hm|S(t) + |k(t) - 1€||5(t)| (26)
<(=k+hm)|S(t)|
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A comparison between Eq. (19) and Eq. (26) yields:
V(£) < (<k+mh)[S(t)| < -n[S(t) (27)

Consequently, Ilc\ canbe chosen so that the value of —Ilc\ +mh +nremains negative. In other words,
the stability of IFOC indugtion motor drive through the proposed AFSMC speed controller is
guaranteed by selecting k>mh +1. In this stage, by applying the proposed AFSMC system
along with the designed fuzzy rules and the mentioned conditions, the stability condition Eq.
(19) is satisfied and consequently the stability of system is guaranteed.

The overall control block diagram of the proposed AFSMC model for IFOC of IM drive is
shown in Figure 6.

Ug (1)

Equivalent

control
S5
Sliding | Slave
mode A FSMC
system
function AS(®) v
@, ~ oS- O
1

o

Figure 6. The control block diagram of the proposed AFSMC for IFOC of IM drive.

5. Experimental implementation of the proposed AFSMC

The block diagram of hardware schematic for space vector modulated-voltage source inverter
(SVM-VSI) fed IM drive is shown in Figure 7. Three phase power inverters with 380V DC bus
voltage, 20 kHz and 10 kHz SVM-PWM switching frequency for non-fuzzy controllers (the
tuned PI, the conventional SMC), and the proposed controllers, respectively, are used for the
drive system. A 2 ps dead time is also used for short circuit protection of the inverter. As shown
in Figure, the ezdspF28335 board is used to implement the IM drive. An optical rotary encoder
E60H20 with resolution of 5000 pulses per turn is used to sense a position of rotor, which is
mounted on the rotor shaft and is provided as feedback to ezdspF28335 through the 1/O
expansion. The motor speed is calculated from the rotor position using backward difference
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equation. According to Figure 7, two HX 10-P/SP2 current sensors are employed to sense the
phase currents. The current signals are fed back to ezdspF28335 board through A/D channels.
The control algorithms are made by Simulink models based on Figure 1 using the digital motor
control (DMC) and IQMath libraries from TI and Mathworks to optimize the Simulink blocks.
Then, a fully automatic process is provided to compile, assemble, and download of the real-
time algorithms to the DSP board through Code Composer Studio (CCStudio) TI software and
MATLAB Simulink. The outputs of the board are six logic signals, which are fed to the inverter
through get drive circuit. The sampling frequencies of experimental implementation are used
as 10 kHz and 4 kHz for non-fuzzy (the tuned PI, the conventional SMC) and the proposed
controllers, respectively. The necessary data is saved on DSP’s memory with 400 Hz sampling
frequency. A DC generator is coupled to the IM, which is used as a load. The experimental
setup for the proposed AFSM-based prototype 1 kW IM drive system is shown in Figure 8.

WSl Inverter

——

Current
Sensor

Gate Drive

*_I

30Mhb o .
: Digital VO Extension
KTALTAOSCIM
438 ThS320F28335 -
PORTUTAG K ﬁ} JTAG
CONTROLLER A/D <:{> E:-:Agﬂ%ggm
|
[CANA K= cana
EXTERNAL Encoder |1 Ifo
ITAG H canp Interface EXPAMSION | [
HICSTN 128K= 16
’m@ SCIB M cpam

Block Diagram ezdsp F28335 Board

Figure 7. Block diagram of the hardware schematic for real-time implementation of VSI fed IM drive.

The performance of the proposed AFSMC controller-based IM drives have been investigated
extensively both simulation and experiment. In order to show the superiority, the performance
of the proposed AFSMC is also compared with the tuned PI and conventional SMC controllers.
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Parameters of the 1kw 2-pole IM are given in Table 2. The PI controllers are initially tuned by
the Ziegler-Nichols method based on stability boundary. The saturation of the controller is
avoided by adding a correction of the integral term (K -) as shown in Figure 9 [26]. This method
is suggested by TI and Math Works. The gains, K,(proportional gain), K, (integral gain), and
K¢ (integral correction) are tuned based on the method suggested by T1 [37]. The PI parameters
are found as K;=0.3, K;=0.0001, and K-=0.0001.

Parameters Value Parameters value
Rated power 1000W Rated torque 3.37 Nm
R, 6 ], 0.0055 kg.m"2
R, 5.72 B 0.001 kg.m"2/s
L, 428.7e-3H n 2
L, 428.7e-3H Rated speed 2830rpm
L, 416.6e-3H

Table 2. IM parameters (referred to stator side)

The PI coefficients of the d-axis current and the g-axis current controllers including the
proportional term (K, Kp,), the integral term (K}, K;,), and the correction of the integral term
(Kgg, Kc,) are obtained as (0.3, 0.05), (0.00625, 0.00625), and (0.00625, 0.00625), respectively.
The PI coefficients of the speed controller including the proportional term (Kp,,), the integral
term (K, ), and the correction of the integral term (K,,) are also obtained as 0.3, 0.0001, and
0.0001, respectively. The parameters of control are adjusted so that the restriction of the control
effort, the requirement of system stability, and the best transient control performance are
provided. So, to achieve these goals, the parameters for the c proposed AFSMC controller are
chosen as C=1500, h =A™}, 7=1, and A, =400.

6. Simulation study of the proposed AFSMC

According to the block diagram of closed-loop vector control of IM drive shown in Figure 1,
the SVM-VSI type inverter is modeled based on fast switching Insulated Gate Bipolar Tran-
sistors (IGBTs) by the Simulink toolbox along with the existing libraries in MATLAB (for more
details, reader are refereed to [38]). Simulation results are provided at different operating
conditions such as load variation, inertia, and friction factor variations of the induction motor.
Their advantages are indicated in comparison with the conventional SMC and tuned PI
controller.
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Figure 8. Experimental setups of the proposed speed controller of the IM drive.
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- LIMITER

Figure 9. PI controller structure with anti-windup correction term.

For simulation tests, the following cases including parameter variations and external load
disturbance are considered. If not mentioned, all other parameters are considered to be
nominal in all the cases.

Case-1: Using nominal parameters for simulation at no load and full load.

Case-2: Inertia and friction factor is chosen two times of nominal value, which is applied at
=7 sec while the motor starts with half rated load.

Case-1 (no load and full load condition with nominal parameters):

Simulation results are illustrated in Figures 10-12(a)—(b) at no load and full load. It can be seen
that dynamic and steady state performance of the conventional SMC and the proposed AFSMC
controller are better than those of the tuned PI controller. In terms of overshoot and settling
time, the proposed AFSMC controller exhibits the best performance among all controllers. It
can also be seen from Figures 10-12(b) that the suitable tracking response has been obtained
for the conventional SMC at the expense of undesirable chattering in both currents and speed.
In addition, from these figures, the favorable tracking response has been obtained for the
proposed AFSMC controller without any chattering in currents and speed. From Figure 11
(a)—(b), it can be seen that motor currents and the components (Ig) are affected by chattering,
which appear in motor speed.

Case-2 (sinusoidal command speed with inertia and friction coefficient variation):

The sinusoidal command is selected as speed command to show the tracking error properly.
The other parameter variations are also tested in this case. Simulation results are shown in
Figures 13-14(a)-(b)for the conventional SMC and the proposed AFSMC, respectively. From
these figures, the proposed AFSMC has favorable tracking performance without any chatter-
ing while the conventional SMC suffers from chattering for both speed and current. In addition,
the tracking error is obtained close to zero for the proposed AFSMC controller despite large
uncertainty in system, which shows the high accuracy tracking of this proposed controller.
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Figure 10. Simulated response of the tuned PI controller-based IM drive at no load in Case-1: (a) speed and (b) g-axis

current.
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Figure 11. Simulated response of the conventional SMC controller-based IM drive at full rated load in Case-1: (a) speed
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Figure 12. Simulated response of the proposed AFSMC controller-based IM drive at full rated load in Case-1: (a) speed
and (b) g-axis current.
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Figure 13. Simulated response of the conventional SMC controller-based IM drive with Jr and Br variations at =7 in
Case-2: (a) speed and (b) g-axis current.
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Figure 14. Simulated response of the proposed AFSMC controller-based IM drive with Jr and Br variations at =7 in
Case-3: (a) speed, (b) g-axis current, and (d) tracking error.

Simulation results in these cases indicate that the tracking capability, dynamic, and steady-
state performances of the proposed AFSMC controller are the best among the conventional
SMC and tuned PI controllers. In addition, the proposed AFSMC is found robust to parameter
variations and external load disturbances. Moreover, the chattering is absent in the control
effort of the proposed sliding-mode controller despite parameter variations and external load
disturbances.

7. Experimental study of the proposed AFSMC

For experimental tests, the following cases are considered and if not mentioned, all other
parameters are considered to be nominal in all the cases.

Case-1: Step changes in command speed with no load
Case-2: Step increase in load from “0” to full load.

Case-3: Inertia coefficient is increased three times of nominal value while full rated load is
applied from the beginning.

For case-1, experimental results are illustrated in Figures 15-17(a)—(b)at no load. From
Figures 15-17(a), it can be seen that dynamic and steady-state performance of the pro-
posed AFSMC controller are better than those of the conventional SMC and the tuned PI
controllers. It can also be seen from Figures 15-17(c)that the suitable tracking response has

199



200

Induction Motors - Applications, Control and Fault Diagnostics

been obtained for the conventional SMC at the expense of undesirable chattering in both
currents and speed while the proposed intelligent speed controller shows the favorable
tracking response without any chattering in currents and speed. In terms of rising time, the
proposed AFSMC controller exhibits the best performance as compared to the convention-
al SMC and the tuned PI controllers.
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Figure 15. The experimental response of the tuned PI controller-based IM drive at no load in Case-1: (a) speed and (b)
g-axis current.

For case-2, experimental results are illustrated in Figures 18-19(a)-(b)for a step increase full
load. The motor was running at no load condition, and then suddenly full load disturbance is
applied to the motor. From these figures, it can be seen that the PI controller suffers from a
significant dip in speed (= 120 rpm) when the step increase in load is applied. On the other
hand, the proposed AFSMC is found almost insensitive when a step increase in full load is
applied. The proposed AFSMC is also free from chattering in steady-state. Moreover, the
settling time for the proposed AFSMC-based IM drive is faster than the PI-based IM drive.

For case-3, experimental results are illustrated in Figure 20(a) —(b).It is found from Figure 20(a)
and 20(b) that the proposed AFSMC controller provides nearly the same responses with both
nominal inertia and three times of nominal inertia. Thus, the proposed AFSMC controller is
found insensitive to parameter variation in real-time.

Experimental results in this case indicate that the proposed AFSMC-based IM drive ensures
smooth operation of the motor and results in less harmonic losses in the motor and shows
superior performance in terms of tracking and transient responses without any chattering in
currents and speed. Moreover, the experimental results validate the obtained simulation
results in similar cases.
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Figure 16. The experimental response of the conventional SMC controller-based IM drive at no load in Case-1: (a)
speed and (b) g-axis current.
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Figure 17. The experimental response of the proposed AFSMC controller-based IM drive at no load in Case-1: (a)
speed and (b) g-axis current.
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Figure 19. The experimental responses of the proposed AFSMC controller-based IM drive in Case-2: (a) speed and (b)

g-axis current.
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Figure 20. Experimental speed responses of the proposed AFSMC-based IM drive: (a) nominal inertia with full load,
(b) three times of nominal inertia with full load (Case-3).

8. Conclusion

A sliding-mode and fuzzy logic controller-based IFOC of IM drive has been presented in this
chapter. The structure of the proposed controller is based on smoothing out the control
discontinuity in a thin boundary layer near the sliding surface. The proposed fuzzy system
acts like the saturation function technique with a nonlinear slope inside the thin boundary
layer. The proposed AFSMC-based IM drive has been successfully implemented in real time
using DSP board ezdspF28335 for a prototype 1.5 hp motor. The performance of the proposed
AFSMC has been tested in both simulation and experiment. The performance of the proposed
AFSMC controller was found superior to the tuned PI and conventional SMC controllers at
different operating conditions such as step change in command speed, load disturbance, and
parameter variations. Furthermore, the proposed AFSMC reduced the steady state chattering
in current. Thus, the proposed AFSMC ensures less harmonic loss and associated heat
dissipation in the motor.
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Chapter 8

A Robust Induction Motor Control using Sliding Mode
Rotor Flux and Load Torque Observers

Oscar Barambones, Patxi Alkorta,
Jose M. Gonzalez de Duran and Jose A. Cortajarena

Additional information is available at the end of the chapter

Abstract

A sliding mode position control for high-performance real-time applications of induction motors
is developed in this work. The design also incorporates a sliding mode based flux and load
torque observers in order to avoid this sensors, that increases the cost and reduces the reliability.
Additionally, the proposed control scheme presents a low computational cost and therefore can
be implemented easily in a real-time applications using a low cost DSP-processor.

The stability analysis of the controller under parameter uncertainties and load disturbances is
provided using the Lyapunov stability theory. Finally simulated and experimental results show
that the proposed controller with the proposed observer provides a good trajectory tracking
and that this scheme is robust with respect to plant parameter variations and external load
disturbances.

Keywords: Position Control, Sliding Mode Control, Robust Control, Induction Machines,
Lyapunov Stability, Nonlinear Control

1. Introduction

AC induction motors have been widely used in industrial applications such machine tools,
steel mills and paper machines owing to their good performance provided by their solid
architecture, low moment of inertia, low ripple of torque and high initiated torque. Some
control techniques have been developed to regulate these induction motor servo drives in
high-performance applications. One of the most popular technique is the indirect field
oriented control method [1, 2].

The field-oriented technique guarantees the decoupling of torque and flux control commands
of the induction motor, so that the induction motor can be controlled linearly as a separated
excited D.C. motor. However, the control performance of the resulting linear system is

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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still influenced by uncertainties, which usually are composed of unpredictable parameter
variations, external load disturbances, and unmodelled and nonlinear dynamics.

In the last decades the proportional integral derivative (PID) controller has been widely
used in the vector control of induction motors due to its good performance and its simple
structure. However in some applications the PID controller may not meet the concerned
robustness under parameter variations and external load disturbances. Therefore, many
studies have been made on the motor drives in order to preserve the performance under these
parameter variations and external load disturbance, such as nonlinear control, multivariable
control, optimal control, H-co control and adaptive control [3]-[7], etc. However usually
these controllers present a high computational cost and cannot be implemented over a low
cost DSP processor to perform a real time control.

The sliding-mode control can offer many good properties, such as good performance against
unmodelled dynamics, insensitivity to parameter variations, external disturbance rejection
and fast dynamic response. These advantages of the sliding-mode control may be employed
in the position and speed control of an AC servo system [8]. In [9] an integral sliding mode
speed control for induction motor based on field oriented control theory is proposed. In the
work of [10], an integrated sliding mode controller (SMC) based on space vector pulse width
modulation method is proposed to achieve high-performance speed control of an induction
motor. In this work using a field-oriented control principle, a flux SMC is first established
to achieve fast direct flux control and then a speed SMC is presented to enhance speed
control by the direct torque method. However in this work the performance of the proposed
controller is not validated over a real induction motor.

Position control is often used in some applications of electrical drives like robotic systems,
conveyor belts, etc. In these applications uncertainty and external disturbances are present
and therefore a robust control system that maintain the desired control performance under
this situations are frequently required [11]-[15].

The variable structure control strategy using the sliding-mode has also been focussed on
many studies and research for the position control of the induction motors [16, 17].

The induction motor position control problem has been studied in [18] using a discrete time
sliding mode control. The field oriented control theory is also used in order to decouple
the flux and the electromagnetic torque. In this paper the authors calculates the rotor flux
vector angular position using the slip estimates which is very sensitive to the rotor resistance
variation. In contrast, a rotor flux sliding mode observer is proposed in our control scheme,
in order to calculate an accurate value for the angular position of the rotor flux vector in the
presence of system uncertainties.

On the other hand in the last decade remarkable efforts have been made to reduce the number
of sensors in the control systems [19]-[22]. The sensors increases the cost and also reduces
the reliability of the control system because this elements are generally expensive, delicate
and difficult to instal.

In this chapter a robust approach for induction motor position control is presented. The
proposed sliding mode control may overcome the system uncertainties and load disturbances
that usually are present in the real systems. In the controller design, the field oriented control
theory is used to simplify the system dynamical equations. Moreover, the proposed controller
does not present a high computational cost and therefore can be implemented easily in a
real-time applications using a low cost DSP-processor.
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In this work a sliding mode flux observer is proposed in order to avoid the flux sensors. The
estimated rotor flux is used to calculate the rotor flux vector angular position, whose value is
essential in order to apply the field oriented control principle. A load torque estimation
algorithm, based on a sliding mode observer, is also presented in order to improve the
adaptive robust position control performance. Additionally, the overall control scheme does
not involve a high computational cost and therefore can be implemented easily in a real time
applications.

Moreover, the control scheme presented in this chapter is validated in a real test using a
commercial induction motor of 7.5 kW in order to demonstrate the real performance of this
controller. The experimental validation has been implemented using a control platform based
on a DS1103 PPC Controller Board that has been designed and constructed in order to carry
out the experimental validation of the proposed controller.

This manuscript is organized as follows. The sliding mode flux observer is developed in
Section 2 and the sliding mode load torque observer is designed in Section 3. Then, the
proposed sliding mode position control is presented in Section 4. In the Section 5, the
experimental control platform is presented and some simulation and experimental results
are carried out. Finally, concluding remarks are stated in Section 6.

2. Sliding mode observer for rotor flux estimator

Many schemes based on simplified motor models have been devised to estimate some
internal variables of the induction motor from measured terminal quantities. This procedure
is frequently used in order to avoid the presence of some sensors in the control scheme. In
order to obtain an accurate dynamic representation of the motor, it is necessary to base the
calculation on the coupled circuit equations of the motor.

Since the motor voltages and currents are measured in a stationary frame of reference, it is
also convenient to express the induction motor dynamical equations in this stationary frame.

The system state space equations in the stationary reference frame can be written in the form
[23]:

. -1 12 Ly 1
ix=— (R +’”R)i +
ds U_LS ( S L% r ds O_Ler T]’ lljdr
Lm
oLsL,
: _1 L2 . Lm
=, (Ror %)= 5o
L, 1 1
—m - —V, 1
oLsL, T, Yar + oLs ¥ M
. L . 1
Yg = Trlds - Trtpdr - wrqur

. Ly . 1
Ygr = Trlqs +wr g — ﬁwqr

1
erpqr + 0_7

+ L

Vds
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where Vj,, Vs are stator voltages; iy, igs are stator currents; iy, {4, are rotor fluxes; wy is

motor speed; Rs, R, are stator and rotor resistances; Ls, L, are stator and rotor inductances;

2
m

L, is mutual inductance; 0 = 1 — is leakage coefficient; T, = R—r is rotor-time constant.

str r
From singular perturbation theory [24], and based on the well-known induction motor model
dynamics [23], the slow variables of the system are ¢, 5y and the fast variables are iy, igs.
Therefore, the corresponding singularly perturbed model of eqn.(1) is:

; ) L .
elgs = —Lmtrigs + aripgy + Wrihgr + Li (Vigs — Rsigs)
m

; ) L )
€lgs = —Lmarigs — wripg, + arPgr + ﬁ (Vqs - Rslqs)

¢dr = Linarigs — &y gy — Wripgr @
lpqr = Lmlxriqs + wr Py, — “Tl/"q”

oLsLy da — 1

L, " ay = T

The proposed sliding mode observer is a copy of the original system model, which
has corrector terms with switching functions based on the system outputs. Therefore,
considering the measured stator currents as the system outputs, the corresponding
sliding-mode-observer can be constructed as follows:

where ¢ =

P , o N L .
€l = *Lm“rlds + Oérlpdy + erpqr + T,r (Vds — Rslds)
m

—kie;, + gi, sgn(eiq)
T

A ) " N L )
elgs = —Lmttyigs — wrihg, + arPgr + . (Vs — Rsigs)

m
_k2€iq + 8, sgn(eiq) 3)
li)dr = Lm“rids - "‘Vlﬁdr - wrlﬁqr + 8y Sgn(eid)
Pgr = Linttrigs + wrihay — arPgr + &y, sgn(eiy)

where 7 and ¢ are the estimations of i and ; 1{1 and k; are positiAve constant gains; g; , Siyr St
and gy, are the observer gain matrix; e;, = iz — igs and ej, = igs — igs are de current errors,
and sgn() is the sign function.

Subtracting eqn.(2) from eqn.(3), the estimation error dynamics are:

et;, = ey, + wyey, — kie;, + gi, sgn(eiq)

séiq = —wyey, + arey, — kaeig + gi, sgn(eig)

by, = —&rey, — Wrey, + gy, sgn(e;y) 4)
by, = Wrey, — arey, + gy, sgn(eig)
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where ey, = Pz — Yar, ey, = Por — Pr

The previous equations can be expressed in matrix form as:

e; = +Aep + Kie; + G;Ye
éy = —Aelp + G¢Yg (5)

where A = DCrIZ — wrb, e, = [eid eiq]T, E‘(p = [el/,d E‘lpq]T, Yg = [sgn(eid) sgn(eiq)]T,
_ 18, 0 } _ |:gl/)d 0 }
Gi=|%" " |,Gy=
1 |: 0 glq lp O glpq

10 0-1 ~k 0
12:{01}']2:{1 0}'&‘:[ ol—kz}

Following the two-time-scale approach, the stability analysis of the above system can be
considered determining the observer gains G; and K; of the fast subsystem or measured state
variables (igs, igs), to ensure the attractiveness of the sliding surface e; = 0 in the fast time
scale. Thereafter, the observer gain Gy of the slow subsystem or inaccessible state variables
(Yar, ¥gr), are determined, such that the reduced-order system obtained when ¢; = ¢; = 0 is
locally stable [24].

From singular perturbation theory, the fast reduced-order system of the observation errors
can be obtained by introducing the new time variable T = (t — #y)/¢ and thereafter setting
e — 0 [24]. In the new time scale 7, taking into account that dt = dt/e, eqn.(5) becomes:

d
Eei = Aey + Kie; + G;Y,
d

Therefore, if the observer gains G; and K; are adequately chosen, the sliding mode occurs in
eqn.(6) along the manifold ¢; = [e;, e,-q]T =0.

The attractivity condition of the sliding surface ¢; = 0 given by:

is fulfilled with the following inequalities,

gid < = “rezpd + wrelpq - k1 |eld| (8)

_k2

8y < — )—w,e% +arey, €ig
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Proof:

Let us define the following Lyapunov function candidate,

1
V= EeiT e
whose time derivative is,
dV o eT del
dt ~— tdr
= e [Aey + Kie; + G;Y,] (10)

€id | 8i, 58N (eia) + arey, + wey, — kiejg

eiq | 8i, sgn(eig) — wey, + arey, — kaeyg

Taking into account that all states and parameters of induction motor are bounded, then
there exist sufficiently large negative numbers g;,, &; , and positive numbers k; and k; so that
the inequalities defined in eqn.(9) are verified and then the attractivity condition defined in
eqn.(7) is fulfilled.

Then, once the currents trajectory reaches the sliding surface ¢; = 0, the observer error
dynamics given by eqn.(6) behaves, in the sliding mode, as a reduced-order subsystem
governed only by the rotor-flux error ey, assuming that e; = ¢; = 0.

The slow error dynamics (when ¢; = 0 and ¢é; = 0), can be obtained setting ¢ = 0 in the
system equation presented in eqn.(5):

0= +Aey + G;Ye
éy = —Aey + GyYe (11)

In order to demonstrate de stability of the previous system, the following Lyapunov function
candidate is proposed:

1
V= Eeie@, (12)

The time derivative of the Lyapunov function candidate is:

awv
T e;‘;elp (13)
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From eqn.(11) it is deduced that:

ep = —A'GY, (14)
by = (G + Gq;)Ye (15)

Then from eqn.(13), (14) and (15)

av

= ~YI(G;i+ Gy)T ATIG;Y,

= —Y{(Gi+Gy)TATIGiYe

— YT [(12 + G¢G[1)Gl} " A6y,

= -YIG] (L + GyGTHTATIGY,

= —YIGI(AHTAT(L + GyG H)TATIGY.

= —(AT1GY)TAT (L + GyG H)TATIGY,

= —epAT(L+GyG; ) Tey

—ey(I,+GyG ) Aey (16)

To ensure that V is negative definite the following sufficient condition can be requested:
(L + GyG; A > ol (17)

where g is a positive constant

Solving the gain matrix Gy in eqn.(17) yields:

(L +GyG; 1) > ghA™? (18)
(L+GyG ') > oA™! (19)
GyG ' > oA - I (20)

Gy < (eA™ = )G (21)

Therefore, the time derivative of the Lyapunov function will be negative definite if the
observer gain Gy is chosen taking into account eqn.(21). As a result from eqn.(16) it is
concluded that the equilibrium point (ey = 0) of the flux observer error dynamic given
by eqn.(11) is exponentially stable; that is, the flux observer error converges to zero with
exponential rate of convergence.
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3. Load Torque Observer

In the traditional sliding mode control schemes, the load torque should be known or should
be measured using a torque sensors in order to compensate this load torque. On the other
hand, the load torque could be also considered as a system uncertainty, but in this case the
control system should be robust under all load torque values that would appear over the
time and therefore the sliding gain should be adequately high in order to compensate the
these load torque values. Obviously these high values for the sliding gain will increase the
control activity and are undesirable in the real applications.

Therefore, when the load torque is unknown or is very variable over time, and the system
has no torque sensors, a good solution could be the use of a load torque estimator. In this
chapter a sliding mode observer is proposed in order to obtain the load torque applied to the
induction motor without requiring the use of the load torque sensor.

The mechanical equation of an induction motor can be written as:
]ém + Bgm +TL =T (22)

where | and B are the inertia constant and the viscous friction coefficient of the induction
motor respectively; Ty is the external load; ), is the rotor mechanical position, which is
related to the rotor electrical position, 8;, by 6, = 26,/p where p is the pole numbers and
T, denotes the generated torque of an induction motor, defined as [23]:

3pL ) .
T. = an: (lpslrlSs - ¢§r1§s) (23)

where ¢ and ¢, are the rotor-flux linkages, with the subscript ‘e’ denoting that the quantity
is referred to the synchronously rotating reference frame; i and ig; are the d-q stator current
components, and p is the pole numbers.

The relation between the synchronously rotating reference frame and the stationary reference
frame is performed by the so-called reverse Park’s transformation:

Xa cos(6,) —sin(6,) o
xp | = | cos(f, —27/3) —sin(6, —27t/3) { ‘4 (24)
Xc cos (0, +27t/3) —sin(6, +271/3) q

where 6, is the angular position between the d-axis of the synchronously rotating reference
frame and the a-axis of the stationary reference frame, and it is assumed that the quantities
are balanced.

Using the field-orientation control principle, the current component 7% is aligned in the
direction of the rotor flux vector ¢, and the current component iSs is aligned in the
perpendicular direction to it. At this condition, it is satisfied that:

Yor =0, Y = [t (25)
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Taking into account the results presented in eqn.(25), the induction motor torque of eqn.(23)
is simplified to:

3 )
T.= ” Tl = K, (26)

where Kt is the torque constant, defined as follows:

3p L

Kr = %lr (27)

where 1[)2; denotes the command rotor flux.

With the above mentioned proper field orientation, the rotor flux dynamics is given by [23]:

s, 95 Ly |
d‘:f + Ti’ = % i (28)

From the system mechanical equation eqn.(22) and the induction motor torque equation
eqn.(26), the following dynamic equation is obtained:

_ B Kp, 1

where w,; = 0,,

It is assumed that the load torque only changes at certain moments, and therefore the load
torque can be considered as a quasi-constant signal:

L =0 (30)

Therefore, the system state space equations are:

B K 1
Wy = — =Wy + — T i =T

] ]
T, =0 (31)

Taking into account that the load torque Tj, is taken as a quasi-constant signal, the load
torque can be considered the slow component of this system. Therefore, from singular
perturbation theory [24], the stability of the above system can be demonstrated assuring
the asymptotic stability of the fast component of this system (the rotor speed), and thereafter
the convergence of the slow component (the load torque) for the reduced system, when the
rotor speed estimation error is zero.
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Then, from eqn.(31) the sliding-mode-observer can be constructed as:

. —B K, 1.
wm:ATwm+7L%*7ﬂ+%m%+ﬁﬁ9ﬂ%)
fL = —kuw,ew —ha Sgn(ew) (32)

where e, = wy, — Wy, and ky,, kw,, 11 and hy are a positive constants.

Subtracting eqn. (32) from (31), the estimation error dynamic is obtained:

1
bw = —jeT — kw,ew — hy sgn(ew)
ér = ku,ew + o sgn(ew) (33)

where er = T} — Tj

In order to demonstrate the stability of the fast component of the system the following
Lyapunov function candidate is proposed:

1
VZE% (34)

The time derivative of this Lyapunov function candidate is:

1
= ey (—]eT — k6w — Iy sgn(ew)) (36)
1
= —hi|ew| — ku, e%u — jeweT (37)

To ensure that V is negative definite the following sufficient condition can be requested:

1
> ‘]eT ~ K ew] + e (38)

where 77, > 0

Therefore,

1% < _77w|ew| (39)
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From eqn.(39) it is deduced that the equilibrium point e, = 0 is asymptotically stable, and

from this equation it can be also deduced that the maximum time in order to reach the

equilibrium point ey, = 0 is:

ew(t =0)
Nw

treach < (40)

When the speed observation error reaches the equilibrium point, e, = 0 and é;, = 0, and then
from eqn.(33) it is obtained that the observer error dynamics behaves as the reduced-order
subsystem presented below:

0= —%eL — hysgn(ey) (41)
ér = hysgn(ey) (42)

From the previous equations it is obtained:

The solution of the previous differential equation is:

er(t) = Cexp (}Z?t) (44)

Consequently, the load torque estimation error tends exponentially to zero.

Therefore, if the observer gains hy, hy ky, and ky, are adequately chosen, then the estimation
error converges to zero. Consequently the estimated states @, T converges to the real
states w;,;, Tp, as t tends to infinity. Hence, the load torque may be obtained from the states
observer given by eqn.(32), that uses the rotor speed and the stator current in order to obtain
the load torque applied to the induction motor.

4. Variable structure robust position control

The mechanical equation of an induction motor presented in equation (29) can be rewritten
as:

O +aby+ f = bigs (45)

where the parameters are defined as:

b==F, =<k (46)
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Now, the previous mechanical equation (45) is considered with uncertainties as follows:

On = —(a+ Da)by — (f + Af) + (b + Ab)ig (47)
where f = E, and the terms Aa, Ab and Af represents the uncertainties of the terms g,
b and f respectively.

It should be noted that the load torque T has been replaced by the estimated load torque T
and the difference between the real and the estimated value is taken as an uncertainty.

Let us define the position tracking error as follows:

e(t) = Om(t) — 6, (1) (48)

where 6, is the rotor position command.

Taking the second derivative of the previous equation with respect to time yields:

é(t) = O — Oy = u(t) +d(t) (49)

where the following terms have been collected in the signal u(f),

u(t) =bigs(t) —abm(t) — f(t) = 65, (1) (50)

and the uncertainty terms have been collected in the signal d(t),

d(t) = —Lawn(t) — AF() + Db iZ(t) (51)

Now, the sliding variable S(t) is defined as:

S() = é(t) +ke(t) + ki / e(t) dt (52)

where k and k; are a positive constant gains.

Then, the sliding surface is defined as:

S(t) = é(t) + ke(t) + ki /e(t) dt =0 (53)
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The sliding mode controller is designed as:

u(t) = —ké—k;e— Bsgn(S) (54)
where k and k; are the previously defined positive constant gains, f is the switching gain, S
is the sliding variable defined in eqn. (52) and sgn(-) is the sign function.

Assumption. In order to obtain the position trajectory tracking, the gain  must be chosen so
that B > d where d > sup,_po: |d(t)|. Note that this condition only implies that the system
uncertainties are bounded magnitudes.

Theorem. Consider the induction motor given by equation (47), the control law (54) leads
the rotor mechanical position 6y, (¢) so that the position tracking error e(t) = 60,,(t) — 05, (¢)
tends to zero as the time tends to infinity.

Proof: Define the Lyapunov function candidate:

Its time derivative is calculated as:

V(t) = S(t)S(t)

= S-[+ketkie

=S-[u+d+ke+kie]
=S-[-ké—kje—Bsgn(S)+d+keé+k;e]

=S5-[d—psgn(S)]

< —(p-|d]Is

<0 (56)

It should be noted that the eqns. (52), (49) and (54) have been used in the proof.

Using the Lyapunov’s direct method, since V (t) is clearly positive-definite, V() is negative
definite and V(¢) tends to infinity as S(f) tends to infinity, then the equilibrium at the origin
S(t) = 0 is globally asymptotically stable. Therefore S(t) tends to zero as the time ¢ tends to
infinity. Moreover, all trajectories starting off the sliding surface S = 0 must reach it in finite
time and then they will remain on this surface. This system’s behavior, once on the sliding
surface is usually called sliding mode.

When the sliding mode occurs on the sliding surface (53), then S(t) = S(t) = 0, and therefore
the dynamic behavior of the tracking problem (49) is equivalently governed by the following
equation:
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S(H)=0 = &(t)+keé(t)+kie(t) =0 (57)

Then, like k and k; are a positive constants, the tracking error e(t) and its derivatives ¢(¢) and
é(t) converges to zero exponentially.

It should be noted that, a typical motion under sliding mode control consists of a reaching
phase during which trajectories starting off the sliding surface S = 0 move toward it and
reach it in finite time, followed by sliding phase during which the motion will be confined to
this surface and the system tracking error will be represented by the reduced-order model
(57), where the tracking error tends to zero.

Finally, the torque current command, ig;‘ (t), can be obtained directly substituting eqn. (54) in
eqn. (50):

s (t) = % [—ké—kie— Bsgn(S) +aby + 05 + f(t)] (58)

It should be noted that the current command is a bounded signal because all its components
are bounded.

Therefore, the proposed variable structure position control resolves the position tracking
problem for the induction motor in presence of some uncertainties in mechanical parameters
and load torque.

It should be pointed out that, as it is well known, the variable structure control signals may
produce the so-called chattering phenomenon, caused by the discontinuity that appear in
eqn.(58) across the sliding surface. Chattering is undesirable in practice, since it involves high
control activity and further may excite high-frequency dynamics. However, in the induction
motor system, this high frequency changes in the electromagnetic torque will be filtered by
the mechanical system inertia. Nevertheless, in order to reduce the chattering effect, the
control law can also be smoothed out. In this case a simple and easy solution (proposed in
[25]) could be to replace the sign function by a tansigmoid function in order to avoid the
discontinuity in the control signal.

5. Simulation and Experimental Results

In this section the position regulation performance of the proposed sliding-mode field
oriented control versus reference and load torque variations is analyzed by means of different
simulation examples and real test using a commercial induction motor.

The block diagram of the proposed robust position control scheme is presented in Figure 1,
and the function of the blocks that appear in this figure are explained below:

The block ‘SMC Controller” represents the proposed sliding-mode controller, and it is
implemented by equations (52) and (58). The block ‘limiter” limits the current applied to the
motor windings so that it remains within the limit value, being implemented by a saturation
function. The block ‘dq® — abc’ makes the conversion between the synchronously rotating
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Figure 1. Block diagram of the proposed sliding-mode field oriented control

and stationary reference frames (Park’s Transformation). The block ‘Current Controller’
consists of a SVPWM current control. The block ‘SVPWM Inverter” is a six IGBT-diode
bridge inverter with 540 V DC voltage source. The block ‘Field Weakening’ gives the flux
command based on rotor speed, so that the PWM controller does not saturate. The block
‘i Calculation” provides the current reference i’ from the rotor flux reference through
the equation (28). The block 'Flux Estimator’ represents the proposed sliding mode flux
estimator, and it is implemented by the eqn.(3). The block ‘6, Calculation” provides the
angular position of the rotor flux vector. Finally, the block ‘IM’ represents the induction
motor.

In order to carry out the real experimental validation of the proposed control scheme, the
control platform show in figure 2 is used . The block diagram of this experimental platform
is shown in figure 3.

This control platform allows to verify the real time performance of the induction motor
controls in a real induction motor. The platform is formed by a PC with Windows XP in
which it is installed MatLab7/Simulink R14 and ControlDesk 2.7 and the DS1103 Controller
Board real time interface of dSpace. The power block is formed of a three-phase rectifier
connected to 380 V/50 Hz AC electrical net and a capacitor bank of 27.200 uF in order to get
a DC bus of 540 V. The platform also includes a three-phase IGBT/Diode bridge of 50A, and
the M2AA 132M4 ABB induction motor of 7.5kW of die-cast aluminium squirrel-cage type
and 1440 rpm, with the following parameters given by the manufacturer:

* wpy, nominal speed, 1440 rpm

¢ Ty, nominal torque, 49.3 Nm

e R, stator resistance, 0.81 ()

e R,, rotor resistance, 0.57 ()

* L, magnetizing inductance, 0.118 mH
e [, stator inductance, 0.120 mH

e [, rotor inductance, 0.122 mH

® p, pair of poles, 2

e ], moment of inertia, 0.057 kg m?

e B, viscous friction coefficient, 0.015 N m/(rad/s)
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Figure 2. Induction motor experimental platform

* a,, temperature coefficient of Aluminium, 0.0039K~!

The rotor position of this motor is measured using the GIBWGLDBI LTN incremental rotary
encoder of 4096 square impulses per revolution. This pulses are quadruplicated in a decoder,
giving a resolution of 16384 ppr which gives an angle resolution of 0.000385 rad (0.022 deg).

The platform also includes a 190U2 Unimotor synchronous AC servo motor of 10.6 kW
connected to the induction motor to generate the load torque (controlled in torque). This
servo motor is controlled by its VSI Unidrive inverter module.

The sample time used to realize the real implementation of the the position control is 100us,
and the processor used for the real tests is a floating point PowerPC at 1IMHz, located in
the real time DS1103 hardware of dSpace. This target incorporates the TMS320F240 DSP
working as slave to generate the SVPWM pulses for the inverter. Finally, the position and
currents control algorithms, the 6, angle and flux estimator, the SVPWM calculations, and the
Park’s transformations have been realized in C programming language in a unique S-Builder
module of Simulink, in order to obtain a compact and portable code.
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Figure 3. Block diagram of the induction motor experimental platform

In the experimental validation it is assumed that there is an uncertainty around 50% in the
system mechanical parameters, that will be overcome by the proposed sliding mode control.
The nominal value of the rotor flux is 1.01 Wb and it is obtained for a flux current command
value of i;‘d = 8.61A. However, in some cases, for a very high rotor speed, the flux command
should be reduced so that the PWM controller does not saturate.

On the other hand, the electromagnetic torque current command, ig,, has been limited to 30
A, in order to provide a protection against overcurrents in the induction motor’s stator feed.

Finally, the frequency of commutation of VSI module of the platform is limited to 8 kHz.

In this example the motor starts from a standstill state and it is required that the rotor position
follows a position command, whose amplitude varies between 0 and 27 rad.

The system starts with an initial load torque T;, = 0N.m, and at time t = 0.1s, the load
torque steps from T = ON.m to Ty = 20 N.m, then at time t = 1s, the load torque steps
from Ty = 20N.m to T;, = 40 N.m and finally at time t = 25, the load torque steps from
Tr =40 N.m to Ty, = 60 N.m, which is a 20% above the nominal torque value (49 Nm).

In these examples the values for the controller parameters are: k = 46, k; = 160 and § = 20,
the values for the flux observer parameters are: g;, = —445, g; = —44.5, gy, = —50,
Sy, = —50, k; = 100 and ko = 100, and the values for the load torque observer parameters
are: ky, = 25, ky, =250 hy =100 and hy = 100.

Figure 4 shows the simulation test of the proposed adaptive variable structure position
control. The first graph shows the reference and the real rotor position, and the second
graph shows the rotor position error. As it can be observed, after a transitory time in which
the sliding gain is adapted, the rotor position tracks the desired position in spite of system
uncertainties. Nevertheless, at time t = 1s and ¢ = 2s a little position error can be observed.
This error appears because there is a torque increment at this time, and then the controlled
system lost the so called Ssliding modeS because the actual sliding gain is too small for



226

Induction Motors - Applications, Control and Fault Diagnostics

the new uncertainty introduced in the system due to the load torque increment. However,
after a short time, the new load torque value is adapted and then the sliding gain value can
compensate the system uncertainties, and hence the rotor position error is eliminated. The
third graph shows the real and the estimated rotor flux. In this figure it can be observed
that the proposed sliding mode observer provides an accurate and fast rotor flux estimation.
The fourth graph shows the motor torque, the load torque and the estimated load torque.
As it can be seen in this graph, after a transitory time, the load torque observer estimates
the load torque value with a small estimation error. This figure also shows that the so-called
chattering phenomenon appears in the motor torque. Although this high frequency changes
in the torque will be reduced by the mechanical system inertia, they could cause undesirable
vibrations in the real rotor, which may be a problem for certain systems. However, for
the systems that do not support this chattering, it may be eliminated substituting the sign
function by the saturation function in the control signal. The fifth graph shows the stator
current i 4. This graph shows that the current signal increases when the load torque increases
in order to increment the motor torque. The sixth graph shows the time evolution of the
sliding variable. In this figure it can be seen that the system reaches the sliding condition
(S(t) = 0) at time t = 0.25s, but then the system lost this condition at time { = 1s and t = 2s
due to the load torque increment which produces an increment in the system uncertainties.

Figure 5 shows the real test of the variable structure position control using the experimental
platform. In this figure, a small noise can be observed in the signals due to the sensors used
to make the real measurements in the system. The first graph shows the reference and the
real rotor position. Like in the previous case (simulation test), the rotor position tracks the
reference position in spite of system uncertainties. The second graph shows the rotor position
error. In this experimental validation a small position error is obtained in the presence of a
high load torque. It should be noted that this performance is not an easy task to achieve for
an induction motor. The third graph shows the estimated rotor flux and the fourth graph
shows the motor torque, the load torque and the estimated load torque. It can be noted that
the proposed sliding mode observers also perform very well in a practice. The fifth graph
shows the stator current i4, and finally the sixth graph shows the sliding variable S.

6. Conclusion

In this chapter an induction motor position regulation using a sliding mode control for a
real-time applications has been presented. In the design a field oriented vector control theory
is employed in order to simplify the system dynamic equations.

Additionally, in order to avoid the flux sensors, because the flux sensors increase the cost
and reduces the reliability, a rotor flux estimator is proposed. This flux estimator is a sliding
mode observer and employs the measured stator voltages and currents in the stationary
reference frame. The design incorporates also a load torque observer, based on sliding mode
theory, in order to improve the controller performance.

In order to demonstrate the performance of the proposed design over a commercial induction
motor of 7.5 kW, a new experimental platform has been designed and constructed in order to
text the proposed robust controller in a real time application over a high power commercial
induction motor



A Robust Induction Motor Control using Sliding Mode Rotor Flux and Load Torque Observers 227

6.0832 F T T T T T T T

3.1416 | . R 1

Rotor Position (rad)

-reference
0 i i i i i i |~ simreal |

0 0.5 1 1.5 2 25 3 35 4
Time (s)

Position Error (rad)
s
N o
<
;

—0.4 1 __sim
i i i i i i
0 0.5 1 15 2 25 3 35 4
Time (s)
5
I
& 05
©
x 0
3
T 05
g 4
o« 0 05 1 15 2 25 3 35 4
Time (s)
80 : : . . . . .
60| A
B L |
£ w0
e 20y 1
0 — Teexp
— Tlest
-20 L L L L L L L__ Tlreal
0 05 1 15 2 25 3 35 4
Time (s)

Stator current, iA (A)

i

0 0.5 1 15 2 25 3 35 4
Time (s)

Sliding Variable, s
|
8 o

-30} — sim
0 0.5 1 1.5 2 25 3 3.5 4
Time (s)

Figure 4. Position tracking simulation results

Due to the nature of the sliding mode control this control scheme is robust under system
uncertainties and changes in the load torque applied to the induction motor. The closed loop
stability of the presented design has been proved through Lyapunov stability theory.

Finally, by means of simulation and real examples, it has been confirmed that the
proposed position control scheme presents a good performance in practice, and that the
position tracking objective is achieved under parameter uncertainties and under load torque
variations.
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Figure 5. Position tracking experimental results
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Abstract

This paper discusses the performance and the impact of disturbances onto a proposed
hybrid fuzzy-fuzzy controller (HFFC) system to attain speed control of a variable
speed induction motor (IM) drive. Notably, to design a scalar controller, the two fea-
tures of field-oriented control (FOC), i.e., the frequency and current, are employed.
Specifically, the features of fuzzy frequency and fuzzy current amplitude controls are
exploited for the control of an induction motor in a closed-loop current amplitude in-
put model; hence, with the combination of both controllers to form a hybrid control-
ler. With respect to finding the rule base of a fuzzy controller, a genetic algorithm is
employed to resolve the problem of an optimization that diminishes an objective func-
tion, i.e., the Integrated Absolute Error (IAE) criterion. Furthermore, the principle of
HFFC, for the purpose of overcoming the shortcoming of the FOC technique is estab-
lished during the acceleration-deceleration stages to regulate the speed of the rotor us-
ing the fuzzy frequency controller. On the other hand, during the steady-state stage,
the fuzzy stator current magnitude controller is engaged. A simulation is conducted
via MATLAB/Simulink to observe the performance of the controller. Thus, from a ser-
ies of simulations and experimental tests, the controller shows to perform consistently
well and possesses insensitive behavior towards the parameter deviations in the sys-
tem, as well as robust to load and noise disturbances.

Keywords: Indirect field-oriented control (IFOC), hybrid fuzzy-fuzzy control (HFFC),
hybrid fuzzy-PI control (HFPIC), disturbances, genetic algorithm (GA)

1. Introduction

During the last forty years, induction motors have been largely utilized in applications that
use variable speeds. In the industry, the term workhorse is used to refer to an induction motor.

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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With the development in the field of silicon-rectifier devices, the variable speed induction
motor drives techniques began to emerge in the late 1960s. At that time, the principal of speed
control was only based on the steady state aspects of an induction machine. The rigorous
research in this field has made possible the emergence of more techniques in industrial drives.
One of the techniques that previously used for drives control is the V/f ratio that has been
applied in an open-loop speed control of drives that normally need low dynamics. In addition,
the slip frequency control technique is also effective for producing improved dynamics. Until
the emergence of field-oriented controls (FOCs), this technique, based on all the high-per-
formance induction motor (IM) drives, was considered as an industry standard for AC drives
whose dynamics resemble DC motors [1-2, 19]. Hence, the invention of vector control and
FOC are considered as the most significant factors in AC motor drives that boosted programs
related to the development and research for improving control performance. Several benefits
of process control can be obtained by adjusting the speed of the drive motors, such as varying
speeds for its operation process, better control of speed variation, work efficiency, precise
control for positioning, tension or torque, energy saving, and compensation of process varying
variables [2].

Zadah, in 1965, described Fuzzy Logic as a novel kind of mathematical set approach consisting
of a fuzzy set theory that is considered as a basic theory of the fuzzy logic. A fuzzy control
system is established by applying a principle of fuzzy logic that consists of three phases:
fuzzification, inference engine, and defuzzification. The inputs are converted into fuzzy sets
in an initial phase. An inference engine defines the fuzzy rules in the next phase that links the
outputs by using the sets of inputs via explicit rules. Finally, the conclusions are inferred by
combining the outcomes of the fuzzy rules, which is then transformed into a sharp value from
the fuzzy sets [3, 13].

In order to provide an effective means for a variable speed drive (VSD) control, several research
studies exist that are based on control techniques and commercially available tools yielding a
high degree of performance and reliability. Hence, a PLC-based hybrid-fuzzy control for pulse-
width modulation PWM driven VSD is examined that depends upon the s-domain transfer
function in a scientifically presented model of an original plant by keeping the V/f ratio at a
constant value as in [5]. Notably in [5], the optimizations of the controller's performance against
the parameter variations and external disturbances are not fully considered. Hence, the
disadvantages of the FOC method and the results gained from the simulation are overcame
by implementing two stage controllers as explain in [6-8], though all the practical implemen-
tations are quite satisfactory. Moreover, the satisfactory results are achieved by applying some
controller algorithms for controlling the speed of an IM as in [9, 10].

Generally, by using simple solutions, fuzzy systems are capable of managing non-linear,
complicated, and at times mathematically intangible dynamic systems [11]. Though, it is not
an easy task to get an optimal set of fuzzy membership rules and functions, the designer needs
to invest some times, skills, and experience for the tiresome fuzzy tuning exercise. Even though
an iterative and heuristic process for transforming the membership functions to enhance
performance has been recommended, in principle, there is no common method or rule for the
fuzzy logic setup [11]. A lot of researchers have recently considered numerous intelligent
schemes for the purpose of tuning the fuzzy system [12-17]. For instance, the genetic algorithm
(GA) and neural network (NN) approach to optimize either the membership rules or functions
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have turned into a trend in the development of the fuzzy logic system [11]. The benefits of the
GA approach, apart from involving less cost, it is easy to implement the procedures and
requires a single objective to be assessed [22]. Figure 1 presents the basic configuration of GA
for a fuzzy control system with fuzzifier, defuzzifier, and an inference engine.

— Genetic Algorithm

Induction
Motor

|
fo,
Fuzzy Rules Controller

gain
coefficients

Inference Engine Defuzzifier

\ A
\d
R A

Fuzzy Logic System

Figure 1. Genetic algorithm for a fuzzy control system.

A GA is employed in this research to attain the rules of the fuzzy inference system. However,
the key aim of this study is to compare the performance of a fuzzy controller built on heuristics
with a controller developed via the optimization technique.

Therefore, the best combination between the fuzzy input-output variables is needed to be
discovered to enhance the inference rules of a fuzzy controller for a particular range of the
fuzzy logic controller operation.

The FOC has two features [4, 6] that have been implemented in this work. Firstly, it is not able
to do frequency control directly, due to the fact that the supply frequency changes during the
period of acceleration-deceleration of the FOC while the slip frequency remains the same.
Furthermore, in the presence of a torque command, the magnitude of a supply current
magnitude remains stable.

The application of the FOC method has commonly been effective in achieving elevated
performances in adjustable speed induction motor drives, however, it still suffers the following
disadvantages [6]:

i When evaluating certain integrals (i.e., the error accumulation), the degradation will
be in the steady-state if the control time is extended and the outcome will be a
transient responses owing to too much drift and accumulation of error in the values
of the parameters;

ii. Susceptibility of the parameter deviations;

iii. There should be a steadiness in control and the calculation must be set off right from
an initial state;

iv. Complex calculation is included in the final step.
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The simulation and modeling of an induction motor controller constructed using MATLAB/
Simulink and the examination of the performance of the controllers (i.e., hybrid fuzzy-fuzzy
controller (HFFC), hybrid fuzzy-PI controller (HFPIC), and indirect field-oriented controller
(IFOQ)) on the system are discussed in this paper. Also, in this study, the objective is to enhance
the performance of the controller using HFFC. The purpose and context of this study are
outlined in Figure 2.

Induction Motor

Application in v ‘ Speed Control |
variable speed
drive “ Position Control
P Experimental Results Controller
Hybrid Fuzzy-PI controller: Indirect Field-Oriented
Intelligent Optimization + Insensitive to parameter variattion Control (IFOC):
Program GA + reliable + Flux and torque are controlled |
+ robustness to noise and load disturbs| + High Performance
- Slow response | | - Sensitive to parameter variation
Hybrid Fuzzy-Fuzzy controller < - Need experience and skills - Integral error accumulation

Comparison

Figure 2. Overview of the study background.

The implementation of a fuzzy current amplitude controller on the induction motor model
makes this work unique. This controller possesses the same supply features as FOC and
insensitivity to the parameter variation for the motor and system robustness to noise and load
disturbances are some of the advantages of this controller. Due to the fact that it provides better
performance, the fuzzy current amplitude controller has been selected. While, the common
structure of hybrid fuzzy-fuzzy controller is defined in Figure 3.

) Frequency
, » Fuzzy Logic N
+ j €, _ | Controller
) 5}
= Induction
o o
) 2 Motor
L 1
Fuzzy Logic _>‘ Gain H‘ Saturation ’—>
» Controller C t
urren
Amplitude

Figure 3. General structure of an HFFC.
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2. Mathematical modeling

A higher order of mathematical equations that fall under one of the VSD control classifications
can be used to model the dynamics of an induction motor. The steady-state model provides
information about the performance of the induction motors in a steady state only. Table 1
provides the related parameters of IM. Figure 4 illustrates the IFOC model block of the
proposed system for an IM.

Name Symbol Value
Resistance of stator Ty 29.4x1072 Q
Resistance of rotor r, 15.6x1072 Q

Self-inductance of stator L, 424x10° H
Self-inductance of rotor L, 41.7x10° H
Magnetizing inductance Ly 41x10° H
Rotor inertia ] 40.06x1072 Kg.m?
Damping constant Bor f 0.062 N.m.s/rad
Number of pairs of poles P 3

Table 1. Electrical and mechanical parameters of the IM.

By employing a two-phase motor in a quadrature and direct axis, the dynamic model of the
induction motor is developed. The description of the notations is tabulated in Table 2. The
state-space model of an induction motor in a stationary reference frame can be derived with
the help of the voltage and flux linkage relations of an induction motor in the reference frame
that is randomly selected [11, 12].

Clock To Workspace1
wr [ Ids*
Repeating wr Ids Vis* —Pld ids |
Sequence Lambda dr las* las* L va | Vds i ’C )
imbda_¢
d control o 4 Lae T ™
o T e S
Lambda_dnr L— Pwe Vae* Inv-Park -
las* et wal n Speed
Te
- a0 current control
mbda we =5 Induction Motor D
wr Theta T o
Theta < E
N‘
a alpa Gainl Torquet
slip Freg. beta

Ej q
Slip Freq. - theta
Park

Figure 4. Proposed IFOC model block.
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Iger T d- and g-axis stator current components, respectively, and expressed in stationary reference
frame

Lpr Ty d- and g-axis rotor current components, respectively, and expressed in stationary reference
frame

Ly Magnetizing inductance

L, L, Self-inductance of the stator and rotor, respectively

T Ty The resistance of a stator and rotor phase winding, respectively

T, T, Electromagnetic torque and Load torque reflected on the motor shaft, respectively

Visr Vs d- and g-axis stator voltage components, respectively, and expressed in stationary reference
frame

L, L, Leakage resistance of the stator and rotor, respectively

Adsr Ags d- and g-axis stator flux components, respectively, and expressed in stationary reference
frame

Agpr Agr d- and g-axis rotor flux components, respectively, and expressed in stationary reference
frame

w,,, @, Mechanical and electrical angular rotor speed, respectively

® Synchronous speed or dominant frequency

P Number of pairs of poles

p Operator d/

dt
J The inertia of the rotor kgm? or Js
B The damping constant that represents dissipation due to windage and friction

2 2 2
[ L tL 4 [LM] _[ Ly ] 1 _[ r,]
Yel"or 2 ) o=t BElsr o) Bimlerol eslT
s r N :

s r

Table 2. Nomenclatures.

The final state-space model of an induction motor with the controlled stator currents in a

stationary frame can be written as shown in equations (1)—(6).

dis .5 s s S

d_f = ~7iy + fo, b, + Pad;, + BV, 1)
dl;s s s s S 2
_:_71415_ﬂwrﬂqr+ﬁaﬂqr+ﬁlvﬂs ?

dt
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ar;

d—:’ =—aly, — oA, +aL,i, )
i’
d:y =-ak, + 0, +aly,i, 4)

r

p
T.-T) o =7, 5)

3 P\L s s 5 98
Te = [Ej (EJL_Aﬁ(ZqS/’Ldr - ldsj’qr) (6)

Notably, the two features of the FOC that have been used in this research study are shown in
Eq. (1) to (6). The first aspect that shows the supply frequency changes with the speed of a
rotor [6] is given in Eq. (7) and (8).

P
0O=0 +—o 7
r 2 m ( )
where:
Lan .
TopA? ®)

If T" is maintained constant during acceleration, then w, is also constant. In Eq. (7), as w,,

changes during acceleration, then w has to be varied, so that Eq. (7) satisfies the first FOC
feature. The second feature can be proven by substituting the conditions A, =0 and A, =constant

in Eq. (3) [6, 21].

2 Mmoo
i =3+ ©)
where:
Ai
Iy = = constant (10)

M
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L _8LT
®PL AL

M”dr

(11)

Eq. (9) will be a constant if the torque command T is a constant, which satisfies the second
feature. The Figure 5 shows that the speed response may be divided into two stages. For the
HFFC, Table 3 shows the relationship between the inputs and outputs.

|

T
|

Speed (rad/sec)
]

04| Fuzzy slip Fuzzy current
frequency control amplitude control

03—

0.2

0.1

0
0 5 10 15 25 30 35 a0
Acceleration period 1 Steady-state period Time

Figure 5. Speed response stages.

3. Design of the controllers

3.1. Fuzzy current amplitude controller

In the stage of acceleration-deceleration, the stator current magnitude is regulated as the
system is driven by the maximum permissible values of an inverter. During the final steady-
state period, the speed of the rotor is controlled by adjusting the magnitude of the stator
current, while the supply frequency is kept constant. In the presence of a constant supply
frequency, the relationship between torque-current may be expressed as follows [21].

rLzMi2 w-—o
3P r S 2 m
T=|— (12)
r’+

2
[LM +L17J2{a)—123a)m}
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The values for the current amplitude are depicted as follows:

50.54 |i| > 50.54A when Ao, #0
= (13)

Hl= li] i]<5054A when Aw, =0

s

The main phase from every input-output data couples is to create a fuzzy rule to find out a
degree of every data-value in each affiliated area of its corresponding fuzzy domain. Conse-
quently, a variable is assigned to a region having a maximum value.

Supply Frequency Current Amplitude Rotor Speed Control Objective
Acceleration Change Constant Change Speed Change
Steady-State Constant Change Constant Reduce Oscillation

Table 3. HFFC relationship.

A truth or rule degree is assigned to a newly generated fresh rule from the input-output data
couples. Therefore, a rule degree can be defined as an extension of assurance to relate the
current- and voltage-related functions with an angle. Usually, a degree that is a creation of the
membership function degree of every variable in its corresponding area is assigned in a
formulated technique.

A compatible fuzzy rule is created by each training data set that is placed in the fuzzy rule
base. Consequently, each input-output data couples is preserved and the rules are generated.
A two-dimensional form that can be explored by the fuzzy reasoning tool is used to tabulate
a knowledge base or fuzzy rule.

Figure 6 demonstrates the general structure of the fuzzy logic control (FLC), a combination of
knowledge base, fuzzification, a defuzzification, and inference engine.

' |

Reference | Fuzzification _| Inference _| Defuzzifi- i

Speed g Engine o cation I o’p
Error |

[

A\

Knowledge
Base

Figure 6. A general block diagram of FLC.
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A speed error can be computed by comparing the reference speed and the speed signal
feedback. The fuzzy knowledge base consists of membership functions of the inputs of the
fuzzy controller including speed reference, error changing, and current amplitude/slip
frequency outputs.

Stages w, A fa
Deceleration - -50.54 NBB
Steady-State -120 -15.07 NB

- -80 -12.79 NM
- -40 -11.214 NS
- 0 0 z
- 40 11.214 PS
- 80 12.79 PM
- 120 15.07 PB
Acceleration - 50.54 PBB

Table 4. Speed, current amplitude, and fuzzy linguistic values.

3.2. Membership functions

Primarily, the fuzzy logic controller is used to convert the change of error variables and the
crisp error into fuzzy variables, which is then plotted into the linguistic tags. All the member-
ship functions and labels are connected with each other (Figures 7, 8, and 9), which comprises
of two inputs and one output. The nine sets are formed by classifying the fuzzy sets that are
outlined as follows:

Z: Zero PS: Positive Small PM: Positive Medium
PB: Positive Big NS: Negative Small NM: Negative Medium
NB: Negative Big PBB: Positive Big Big NBB: Negative Big Big

Table 5. Classification of the fuzzy sets

The previously defined seven numbers of linguistics, along with both inputs and outputs,
include membership functions. Eq. (9) shows the samples of current amplitude of the two
stages as shown in Table 4.
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Figure 8. Membership function of speed error.
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3.3. Rule base

The fuzzy inputs can be plotted easily into the required output with the help of a useful tool,
the rule base, as shown in Table 6.

Speed Reference

Speed Error

NB NM NS z PS PM PB
NB NBB NBB NBB NBB NBB NBB NBB
z NB NM NS z PS PM PB
PB PBB PBB PBB PBB PBB PBB PBB

Table 6. Rule matrix for fuzzy amplitude/slip controller.

3.4. Fuzzy frequency controller

A fuzzy frequency control is presented by using a frequency aspect of the field orientation
principle. At a steady state phase, the torque command is a smaller value, whereas, the torque
command becomes a larger value during the stage of acceleration-deceleration. The speed
reference and rotor speed represent these values [4, 6, 11]. The following relations show a slip
frequency at a steady-state.

3
i T . when Ao, #0
PA;’
o, = (14)
’
"— uo, when Ao, =0
PA;’

So the slip frequency can be written as:
o, = f(a)m,Aa)m) (15)

Eq. (14) shows the reference and speed error from the inputs of the fuzzy slip control. The
membership functions of the output and input are depicted in Figures 7, 8, and 10. In addition,
Table 6 shows the rule matrix. The samples of the slip frequency of the two stages can be
obtained by Eq. (14), which is shown in Table 7.

3.5. Defuzzification

The fuzzy control action is executed with the help of simulating the human decision process
via the interference engine, from the understanding of the linguistic variable expressions and
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Stages w;, w, f o,
Deceleration - -16.80 NBB
Steady-State -120 -3.6328 NB

- -80 -2.42192 NM

- -40 -1.21096 NS

. 0 0 z

- 40 1.21096 PS

- 80 2.42192 PM

- 120 3.6328 PB
Acceleration - 16.80 PBB

Table 7. Speed, slip frequency, and fuzzy linguistic values.

the control rules. As a result, the knowledge base along with the inference engine is intercon-
nected during the course of the control process. At first, through substituting the fuzzified
inputs into rule base, the active rules are differentiated. Then, by employing one of the fuzzy
reasoning methods, these rules are combined. The utmost distinctive fuzzy reasoning methods
are the Max-Product and Min-Max. Since the Min-Max interference scheme is commonly used,
it is also applied in this research. The fuzzy control actions are then regenerated with the help
of defuzzification, which is deduced from the inference engine to a non-fuzzy control action.
Thus, using the center of gravity method, the defuzzification is accomplished in the set of Eq.
(16) to create a non-fuzzy control signal:

n

y==o (16)
Zi:lﬂA'“’r )

where, 1, , is the degree of membership function.

[NBB=1, NB=2, NM=3, NS=4, Z=5, PS=6, PM=7, PB=8, PBB=9]
Whereas, the linguistic standards of the antecedents relate to the entire values as follows:
[NB=1, NM=2, NS=3, Z=4, PS=5, PM=6, PB=7]

However, it is essential to recognize the values of the precedents, fuzzy operators in the rule
base weights, and fuzzy rules to form the rule base of a fuzzy controller; in this situation, the
antecedents 1 and 2 and the other stated values are positioned in a matrix inside the MATLAB
functions, as can be seen in the matrix below [24]:
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Ant Ant,Con RwRC ---  Ant,Ant,Con,RwRC

Ant,Ant,Con,RwRC --- Ant, Ant, Con, RwRC

Where, Ant,: antecedent n, Ant,: antecedent n, Con,: consequent n, Rw: rule weight, and RC:

rule connection. Finally, the input/output variables range and the membership function data
are in the same MATLAB function. The MATLAB FIS (Fuzzy Inference System) file is the
output of this function that relates to a structure in which all the information of fuzzy inference
of the system is incorporated, which is utilized as a fuzzy controller in the feedback scheme of
the Simulink library. The flowchart procedure is shown in Figure 11.

Chromosomel

Generate a ) evaluation 1
.. hromosome?2
initial :

population (n)
| Chromosomen

»  Calculate

evaluation 2

evaluationn

» individuals
Tl Calculate Mutation of Crossover to Rou@ette
“Elitism” fitness of children produce selection of
children children parents

Figure 11. Flowchart procedure.

The parameters of the GA are set as below:

1.

2.

3.

4.

5.

Initial population size: 30

Maximum number of generations: 30
Probability of crossover: 0.8
Mutation probability: 0.09

Performance measure: IAE

From the feedback scheme, the performance index is entertained and reverted to the genetic
algorithm for the stability of the genetic process. Finally, the rule base attained is displayed as
below:

245



246

Induction Motors - Applications, Control and Fault Diagnostics

1222113
1 2 24 8 88
9 9 79 7 98

4. GA-optimization method

GAs are computational schemes, which on the basis of processes of natural evolution, utilize
the operators who understand the process of heuristic search in a search space, in which it is
presumed that the perfect solution for the optimization problem is available [22]. The process
of GA is revealed in Figure 12 [21, 25].

Start
MATLAB Fuction .
FIS Structure | System Simulink

First Generation

Initial data: Encode Decode e Selection
e Population size L . Calculate fitness of e Crossover
. - Generate initial population > . .. . .
e Maximum range individuals (evaluation e Mutation
.. (chromosome 1,2, ....,n) .
e Minimum range 1,2,....,n) Next generation
L]

Number of generation

Values of 21 consequents

Figure 12. The process flowchart of GA.

The objective function recommended in the optimization problem is the standard IAE
(Integrated Absolute Error) that is described by [5, 23, 26]:

IAE = f|e(t)|dt 17)

The objective function recommended in Eq. (17) that is reduced in the course of the optimiza-
tion process reflects a good reaction to set point changes. Among the most significant points,
i.e,, the decay ratio, the settling time, the rise time, the overshoot, and the steady-state error,
this objective function is also considered [23]. However, merely the rule base is attained with
the assistance of the optimization technique.
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The genetic algorithm is applied to a population of individuals (chromosome) in order to
devise the rules where each of them encompasses a certain fuzzy controller. The antecedents
conforming to the input linguistic variables are fixed in a group as a fragment of a MATLAB
function [24]. During the assessment process, this function is utilized by the genetic algorithm
and it gets as arguments in the consequents of a controller; the assessment is done in all the
pre-established generations for each of the individuals of the population. Also, the binary code
is implemented for simplicity. The values are:

[NBB NB NM NS Z PS PM PB PBB]

And the output language variables are coded in the order:

[0001 0010 0011 0100 0101 0110 0111 1000 1001]

A likely chromosome is shown in Table 5, which would be codified as:
[0001 0010 1001 0001 0100 1001 0001 0101 1001......1000 1001]

With the formation of a population of individuals (generated randomly), the genetic process
starts in which every individual comprises the 21 consequents of a fuzzy controller in general.
Since 21 consequents could be employed in the MATLAB function, to create the rules, it is
essential to change the individual, codified as a binary chain, to complete numbers in the values
from1to 9.

5. Outcomes and analysis

A combination of the fuzzy frequency controller and fuzzy current amplitude controller is
used to form an HFFC. This controller provides similar supply frequency as the FOC and is
insensitive to the parameter variation for the motor and system robustness to noise and load
disturbances, which are the advantages of this controller. A model of HFFC for an induction
motor is produced by using the MATLAB/Simulink software, which is shown in the Figure
13. Table 1 shows the parameters that are chosen to perform the simulation study.

Ref. Speed = Gain2 + b o
Add3 Fuzzy Logic Add2 Gaing | reduency
Controller for the Slip Frequenc

1 i N e e

Gain3 Saturation

Rotor Speed Add1 Fuzzy Logic
Controller for the Current Amplitude

Figure 13. Simulink diagram of the HFFC.
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An HFFC can be modeled by combining the fuzzy frequency controller and the fuzzy current
amplitude controller. Throughout the final steady-state stage, the fuzzy frequency controller
outputs the frequency that relates to the speed command. During the acceleration-deceleration
stages, the fuzzy current amplitude controller outputs the maximum permitted current. The
model of HFFC for the induction motor is built using MATLAB/Simulink as presented in
Figure 14.

@—b time1
u
Clock
Fen To Workspace1
L Frequency torque
Rotor Speed  F w Ids lds
. (]
il
F@ Torque
Ref. Speed Current A las lgs speed
Current Wr l:l
Repeating - Amplitud abe to dq P Siip Freq.
Sequence Hybrid Fuzzy-Fuzzy Controller Speed

Induction Motor

Add
Reference input Current Amplitude : L

K-

Gain

Figure 14. The model diagram of the HFFC.

6. Performance criteria

Generally, following the reference and to cast off the disturbance are the two basic key
objectives of control. The following performance criterion is employed for evaluating the
efficiency of the controller in achieving the aims of control for complete speed control and the
performances are identified for comparisons and investigation [5, 27]. The error (e), the
difference between actual and reference value, is generally categorized into a number of
quantities. One of the quantities to state the accumulative error magnitude is the IAE, whose
formula is given in Eq. (17) [5, 23, 26]. The quadratic measure, i.e., integral of squared error
(ISE), provides the error quantitative in quadratic mode. The ISE accrues the squared error.
The ISE expression is presented as:

ISE = JT.ez(t)dt (18)
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This criterion’s main disadvantage is that it provides large weight if the error is large, such as,
a poorly checked system. Other criteria are the integral of time weighted absolute error (ITAE)
and integral of the time multiplied by the squared error (ITSE). The expression of ITAE and
ITSE are articulated in Eq. (19) and Eq. (20).

ITAE = }t|e(t)|dt
0

ITSE = }tez (t)dt
0

(19)

(20)

The objective of control is to reduce every performance criteria’s error. The Simulink model
for calculating the performance indices is presented in Figure 15 [28].

e(t)
v

Speed Error

HFFC masked subsystem

T
EG) [le(o)lat
0
SEIe STIa N —
Abs Integrator for IAE IAE
T
tle(?) [ dle()ar
—> 52 0
o i
Product Integrator for ITAE ITAE
Ramp Ite‘ (t)dt
.—*—*l—*—*-
Productl Integrator for ITSE
e* (1) J e (t)dt
0
b
Fen Integrator for ISE ISE

Figure 15. Simulink model for computing the performance indices.

7. Simulation results

By undertaking a simulation of an indirect rotor flux FOC, a new controller is matched with
the FOC. As shown in Figure 16, the speed has augmented in 0 s from 0-120 rad/s; in 8 s period,
the speed reduced to -120 rad/s; in the 12 s period, the speed has elevated to 50 rad/s; in the 16
s period, the speed has reduced to -120 rad/s; in the 18 s period, the speed has raised to 0 rad/
s; and increased to 120 rad/s in the 20 s.
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Figure 16. Reference speed step change.

The simulation outcomes of the HFFC are presented in Figures 17, 18, 19 and 20. The two-stage
control method provides a very fast speed. Due to the control of the current in a final steady-
state stage, the oscillations of speed are completely eliminated at a final operating point. It is
evident from the comparison of these results with an IFOC with PI-controller that the HFFC
shows the two features of FOC controller, i.e., the current feature at the steady state stage and
the frequency feature at accelerate-decelerate stage.

150
==== GA-hybrid fuzzy fuzzy controller (GA-HFFC)
H— Hybrid fuzzy-PI controller (HFPIC) g
w4~ Hybrid fuzzy fuzzy controller (HFFC) H
’/ """" Indirect field-oriented controller (IFOC)
|
50 ¥
% "/
X !
g
- 0
3 i
2 i
@ : | ;
-50 ; ll
-100 i i
1\ .‘L\
-150

0 2 4 6 8 10 12 1l 16 18 20

Time (sec)

Figure 17. Fuzzy responses of the fuzzy controllers
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Figure 18. Stator currents amplitude of HFFC.
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Figure 19. Torque response of HFFC.

The simulation outcomes on the efficiency of the controller centered on the performance
measures are revealed in Table 7. A closer look at the overshoot, performance criteria, time
rise, IAE, final steady-state value, ISE, ITAE, and ITSE is displayed to show reduced values.
This validates the act of the modified controller with a better performance to effectively control
the speed.
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Figure 20. Slip frequency response of the fuzzy controllers.
No. Performance Index HFPIC HFFC IFOC GA-HFFC
1 Overshoot (%) 0.000 3.000 0.000 0.000
2 Rise time (sec) 0.4363 0.2803 0.6107 0.2648
3 Final steady-state value 120.0989 120.08483 120.0681 120.08391
4 IAE 289.3 194 158.28 186
5 ISE 3.409e+004 2.311e+004 1.223e+004 2.287e+004
6 ITAE 2544 1656 1457.6 1625
7 ITSE 2.691e+005 1.765e+005 1.31e+005 1.799e+005

Table 8. The performance index comparison of the system.

8. Effects of internal and external disturbances

The mutual inductance and the rotor resistance are expected to be changed to 3 r, and 0.8 L,,,
respectively, in order to demonstrate the insensitivity of the HFFC to the variation of motor
parameters. An insensitivity to the parameter variation shown by the speed response of a fuzzy
controller is shown in Figure 21.

Additionally, the distributed random noises are added in the input current and the feedback
speed to assess the effects of the noise of the input current and the noise of the speed sensor.
The speed response to the current noise and with the measured speed illustrates that the HFFC

possesses decent disturbance rejection (see Figure 22).
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Figure 21. Speed response of HFFC with parameter variations.

Furthermore, for studying the impact of magnetic saturation of the induction motor on the
controller performance, in the induction motor model, Figures 23 and 24 demonstrate the
simulation results of the torque and rotor speed responses. The flux upsurge is limited, owing
to the magnetic saturation so that the torque oscillations are decreased considerably, but
during the acceleration-deceleration stage, an extreme magnetic saturation will create a higher
temperature rise and larger losses.
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Figure 22. Speed response of HFFC with noise.
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Figure 23. Speed response of HFFC with the effect of magnetic saturation.

Moreover, the effects of load torque variation on the HFFC system are analysed by the
simulation. In the simulation, the control system encounters quick variations in the load torque:
att=2 s, the load increases from 0% to 100% of the rated torque, T;, att=7 s, the load decreases
to 100% of T,, and at t=10 s and 14 s, the load rises to 100% of T, again, at =19 s, the load
declines to 100% of T;.
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Figure 24. Torque response of HFFC with effect of magnetic saturation.
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The torque reaction of the fuzzy-fuzzy control system with a load torque variation is demon-
strated in Figure 25. The above-mentioned simulation results illustrate that the greater
variations can be created in a load torque by the fuzzy-fuzzy controller. However, the extracted
outcomes of performance of the model are found to be corresponding precisely with the
anticipations, when it is compared with an IFOC controller. The results also reveal that the
HFFC performance is unresponsive to the parameter variation for the motor and the system
strength to load and noise disturbances.
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-100

-200
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|
-300 | :
|
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Figure 25. Torque response of HFFC with load changes.

9. The experimental results

The following experiments are conducted to demonstrate and verify the operability of the
proposed controller. There are several experiments that can be conducted, however the
experimental results presented here are necessary for this purpose. The experimental rig
constituting the induction motor speed controller system constructed comprises of the
following equipment:

* 3-phase squirrel cage induction motor 240/415 V- 175 W-1360 r/min-0.52 A-50 Hz (Lab-Volt)
* Prime Mover/Dynamometer (Lab-Volt)

* TMS320F28335 (Digital Spectrum Inc.)

* DMC1500 motor controller (Digital Spectrum Inc.)

* Tacho-generator with 500 rpm/volt

* Data acquisition card (DAQ) (Lab-Volt)
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* Current sensors
* LVDAM-EMS software for DAQ
* Host PC

Figure 26 (a), (b), and (c) demonstrate the three-phase voltages waveforms V, V,, and V,
respectively, acquired by DAQ. The actual voltages are 120° different phases from each other.

Figures 27 (a), (b), and (c) show the three-phase sinusoidal PWM for an inverter-fed induction
motor in a TMS320F28335 eZdsp control card. These signals are the output from the digital
signal processor (DSP) that have been applied to the inverter to control the induction motor.
The frequency of switching has been set at 10 kHz. It is worth to point out that for this controller
the operating frequency can be applied between 0 to 10 kHz.
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Figure 26. (a) V, , (b) V}, and (c) V_ waveforms output.

In Figure 28 (a) and (b) are the output signals measured by the encoder at two different
sampling rates: 5 kHz and 10 kHz, respectively, which demonstrate the different speeds that
can be achieved. The encoder is providing signal to the controller that represents the feedback
signals.



An Optimized Hybrid Fuzzy-Fuzzy Controller for PWM-driven Variable Speed Drives 257
http://dx.doi.org/10.5772/61086

el e ARl & B Al I P,
RIEE/ [N BUYON [ HE:n RO BN | E
X -scale: 0.2 ms/div T X -scale: 0.2 ms/div
Y -scale: 1 V/div + Y -scale: 1 V/div
I I I I + I l
(a) (b)
- r— -l M- L »
X -scale: 0.2 ms/div
Y -scale: 1 V/div -]
| | | |
(©

Figure 27. The three-phase PWM. (a) PWMI, (b) PWM2, and (c) PWM3.
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Figure 28. Encoder output signals at different sampling rate (a) 5 kHz and (b) 10 kHz.

Figure 29 (a), (b), and (c) show the stator voltage and current in the acceleration and steady-
state stages and speed response in the steady-state stage, respectively, looking at one of the
three phases. Figure 29 (a) reveals the stator voltage that increases gradually to a constant
value. For the stator current, as shown in Figure 29 (b), the current is initially at maximum
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value and gradually decreases to a constant value. These verify that the controller is perform-
ing as expected during the acceleration and steady-state stages. Figure 29 (c) represents the
speed at steady-state stage, which also proves that the controller is performing as expected,
though some spikes are observed that can be related to the encoder used in this set-up. The
spikes can be eliminated if a more sensitive encoder has been used.
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Figure 29. (a) Stator voltage, (b) stator current, and (c) speed response outputs.

10. Conclusions

The objective of this study is to elaborate and elucidate the effects and performance of internal
and external disturbances for an established HFFC scheme to accordingly modify the speed
of an induction motor. The fuzzy-fuzzy controller has been proven to be more effective as
compared to a scalar controller due to the utilisation of the two aspects of the FOC. Besides,
one of the key advantages of this controller includes the supply of the same FOC and frequency
that is unresponsive to the parameter variation in the motor and system strength to noise and
load disturbances. This study, under dynamic settings, produced a comprehensive evaluation
and analysis of the three controllers, HFFC, IFOC, and HFPIC. The experimental results verify
the performance of the proposed HFFC in controlling the IM variable speed drive. Therefore,
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for further enhancing the IM-VSD performance, the work to be considered includes the
advancement in the augmentation of the controllers to improve the VSD performances.
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Abstract

Direct torque control, or DTC, is an electrical motor strategy characterized for
simplicity and high performance when controlling industrial machines such as
induction motors. However, this technique is often accompanied by an unwanted
deformation on the torque and flux signals denominated ripple, which can cause
audible noise and vibration on the motor. Considerable research has been presented
on this topic; nevertheless the original DTC algorithm is often modified to the point
that it is as complex as other motor control strategies. To solve this problem, a novel
architecture was designed in order to reduce the sampling period to a point where
torque ripple is minimal, while maintaining the classical DTC control structure. In this
work, the original DTC control strategy was implemented on a Virtex-5 field
programmable gate array (FPGA). For the code, a two’s complement fixed-point
format and a variable word-size approach was followed using very-high-speed
integrated circuit hardware description language (VHDL). Results were validated
using MATLAB/Simulink simulations and experimental tests on an induction motor.
With this new architecture, the authors hope to provide guidelines and insights for

future research on DTC drives for induction motors.

Keywords: Direct torque control, AC servo drive, Field programmable gate array

1. Introduction

It is well known that one of the components most commonly found in any industrial or
residential machine is the electric motor. Motors are used almost in any application where

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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electricity must be converted to a mechanical motion of some kind. They come in a wide variety
of sizes, ranging from very small, as the motors found inside a cellphone for creating vibration,
to very large, as the ones used in wind tunnels for aircraft testing.

There are many types of electrical motors but one that has remained the favorite for almost
any medium- to large-sized application is the AC induction motor (ACIM). The concept of this
“sparkless” motor was first conceived by Nicola Tesla in the late nineteenth century. Although
it was first designed as a polyphase structure that consisted of two stator phases in an
orthogonal relationship, it has since been modified to a more common three-phase structure,
which results in a more balanced operation of the motor voltages and currents [1]. The ACIM
is rugged and highly reliable, can be manufactured at a low cost, and is almost maintenance-
free, except for bearings and other external mechanical parts.

The ACIM is essentially a fixed-speed machine. However, most industrial applications require
amotor in which torque or speed can easily be controlled. Therefore, several high-performance
control strategies have been developed for AC motors; two of the most popular motor control
methods are field oriented control (FOC) and direct torque control (DTC) [2]. Unlike FOC, DTC
is characterized for its simplicity since it does not require PI regulators, coordinate transfor-
mations, pulse width modulation (PWM) generators, or position encoders on the motor shaft
[3]. In spite of its simplicity, DTC provides fast torque control in the steady state and under
transient operating conditions with simple control structure [4].

One major disadvantage of DTC is that it has the distinct characteristic of ripple on torque and
flux signals; this ripple is an unwanted deformation or “noise” on motor signals that can lead
to audible noise and vibration in the motor [5]. It is possible to reduce ripple by reducing the
sampling period [6]; for this reason, recent DTC drives have been implemented by using fast
processing devices such as FPGAs [7].

The purpose of this chapter is to present the development of an ACIM drive on an FPGA; the
original DTC strategy was implemented by using a fixed-point architecture on a Xilinx Virtex-5
development board and used on real-time experiments. By using an FPGA and a novel
architecture, it was possible to reduce processing time to 1.6 ps, therefore reducing torque
ripple to a minimum.

This chapter is organized as follows: Section 2 presents a mathematical model for the
induction motor. Section 3 presents a simplified description of the DTC strategy. A detailed
description of the FPGA-based induction motor drive is described in Section 4. Simula-
tion and experimental results are presented in Section 5. Finally, the conclusion of this work
is given in Section 6.

2. Induction motor mathematical model

The cage rotor induction machine is widely used in industrial applications, such as belt
conveyors, pumps, fans, cranes, etc. It presents great mechanical sturdiness and there is a good
standardization between ACIM manufacturers worldwide. Nevertheless, the relative simplic-
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ity of the operation of the motor hides a great complexity, especially when it is aimed at
controlling the performed electromechanical conversion [1].

There are a number of ACIM models; the model used for vector control design can be obtained
by using the space vector theory. The 3-phase motor quantities, such as currents, voltages, and
magnetic fluxes, are expressed in terms of complex space vectors. Such a model is valid for
any instantaneous variation of voltage and current and adequately describes the performance
of the machine under steady-state and transient operation. The motor is considered to be a 2-
phase machine by using two orthogonal axes; with this model, the number of equations is
reduced and the control design is simplified [8].

When describing a three-phase IM by a system of equations, the following simplifying
assumptions are made [8]:

* The three-phase motor is symmetrical.

* Only the fundamental harmonic is considered, while the higher harmonics of the spatial
field distribution and of the magneto-motive force (MMF) in the air gap are disregarded.

* The spatially distributed stator and rotor windings are replaced by a specially formed, so-
called concentrated coil.

* The effects of anisotropy, magnetic saturation, iron losses, and eddy currents are neglected.
* The coil resistances and reactance are taken to be constant.

* Inmany cases, especially when considering steady state, the current and voltages are taken
to be sinusoidal.

Taking into consideration the earlier-stated assumptions, the following equations of the
instantaneous stator phase voltage values can be written as follows (all variable descriptions
are listed in Table 1):

d
V,=Ri, +—V 1
A sTA dt A ()

d
V,=Ri,+—W¥ 2
B s B dt B ()

d
Ve=Ri.+—WV 3
C s C dr C ()

A three-phase variable system can be uniquely described through a space vector, which is a
complex term and time-dependent k(¢) and a real homopolar component k(t) as follows:

k(t) = %[MA +atky+a"k, | )
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ky(t) = %[kA +ky+k. ]

©)

The real axis direction coincides with that one of phase A. Usually, the neutral connection for

a three-phase system is open, so that the homopolar component equals zero.

The ACIM model is given by the space vector form of the voltage equations. The system model

defined in a two-phase stationary (a, ) coordinate system attached to the stator is expressed

by the following equations:

a. The stator voltage differential equations:

b. The rotor voltage differential equations:

V. -0=Ri +%w to¥,,
dt

T

. d
V,/, =O=Rr1rﬂ +E\P’ﬂ +o¥

7)

)

©)

c. The stator and rotor flux linkages expressed in terms of the stator and rotor current space

vectors:

W =Li +Li

sa S sa mra

W =Li +Li

(10)

(11)

(12)

(13)
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d. The electromagnetic torque expressed by utilizing space vector quantities:

7;:%1)(\1" Wi, (14)

sa sﬁ_

The ACIM model is often used in vector control algorithms. The aim of vector control is to
implement control schemes that produce high-dynamic performance and are similar to those
used to control DC machines [2]. To achieve this, the reference frames may be aligned with the
stator flux-linkage space vector, the space vector of the rotor current in the rotor reference
frame, the rotor flux-linkage space vector, or the magnetizing space vector. The most popular
reference frame is the reference frame attached to the rotor flux linkage space vector with direct
axis (d) and quadrature axis (q) [8].

After transformation into d-q coordinates the motor model follows:

Vsd = Rsisd + _t\ysd - a)s\ysq (15)

V_=R d 4 v
sq slsq E sq - a)s sd (16)

. d

Vi=0=Ri,+— ¥, ~(@-0)¥, (17)
V. =0=Ri d b4 Y 18
rqg o rqu +E rq _(a)s - Cl)) rd ( )
\Ijsd = Lsisd + Lmird (19)
Y, =Li, +Li, (20)
\prd = Lrird + Lmisd (21)
W, =Li +Lji, (22)

sd sq - sq-sd

Te:%P(\If iy = i) (23)
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Variable Description
Va Ve Ve Instantaneous values of the stator phase voltages
ips ip, ic Instantaneous values of the stator phase currents
W, Vg V. Flux linkages of the stator phase windings
ko kg, ke Arbitrary phase variables
a, a® Spatial operators a=¢ /" and a2=¢ /4™
a, B Stator orthogonal coordinate system
Ve Stator voltages [V]
lia g Stator currents [A]
Viap Rotor voltages [V]
Lo Rotor currents [A]
‘Vm,ﬁ Stator magnetic fluxes [Wb]
Yoo p Rotor magnetic fluxes [Wb]
R, Stator phase resistance [Ohm]
R, Rotor phase resistance [Ohm]
L, Stator phase inductance [H]
L, Rotor phase inductance [H]
L, Mutual (stator to rotor) inductance [H]
w [ w; Electrical rotor speed/synchronous speed [rad/s]
P Number of pole pairs
T Electromagnetic torque [Nm]

Table 1. Variable description.

3. Classical DTC scheme

The theory for the DTC control strategy was developed by Manfred Depenbrock as direct self-
control (DSC) and separately, as direct torque control (DTC) by Isao Takahashi and Toshihiko
Noguchi, both in the mid-1980s, although the DTC innovation is usually credited to all three
individuals [2]. A block diagram of the DTC strategy is shown in Figure 1.

The main objective of DTC is to estimate instantaneous values of torque and magnetic flux,
based on motor current and voltage. Torque and flux vectors are controlled directly and
independently by selecting the appropriate inverter voltage vector that will maintain torque

and flux errors within the hysteresis comparator limits [3].
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3-phase line th

Hysteresis
Comparator;
Flux (0 . !
Reference s Inverter Voltage
T Vector
orque — Table
Reference™ ¢

Flux
Sector

Figure 1. Direct torque control block diagram.

In order to estimate the motor torque and flux values, the instantaneous current (i,, i,) and DC
bus voltage (V) signals are obtained from the ACIM as illustrated in Figure 1. These analog

signals are converted to digital values by means of an analog to digital converter (ADC). The
current and voltage signals, as well as the current state of the voltage source inverter (VSI)
vector (S, S, S.), are transformed from a 3-phase reference frame to a 2-phase reference frame

(a, B), as follows:

a. Thea, B currentsignals:

i, =i, (24)
i =§(iﬂ+2ib) (25)
b. Thea, B voltage signals:
v, = V3ﬂd (25,-5,-5.) (26)
3
v, = £Vcd (s,-S.) (27)
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c¢. Thea, g flux components:

('oa = (paO + (Va - Rsia)Ts (28)

Ps = Ppo +<Vﬂ - Rsiﬂ)Ts (29)

where

T, — Sampling period [seconds]

R, — Stator resistance [ohms]

Pao Pgo — Previous flux component value [Wb]

Based on this data, the flux magnitude and the electromagnetic torque are obtained as follows:

a. The stator magnetic flux magnitude:
0,=\(0.))+ (o)) (30)
b. The electromagnetic torque:
T =2P(0,iy- 04, @1

In order to re-orient the flux vector ¢,, first it is necessary to determine where it is localized.

For this reason, the flux vector circular trajectory is divided into six symmetrical sectors, as
shown in Figure 2.

The angle 6, can be calculated, based on the «, g flux components as follows:

0, =tan™ % (32)
P

However, implementing Eq. (32) in an FPGA is complex and time consuming and is usually
performed be means of the coordinate rotation digital computer (CORDIC) algorithm [9].
Instead, it is possible to determine the sector in which the flux vector is located, based on the
signs of the flux components, as described in [3]. The sector can be determined by using Table
2 and Eq. (33).
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|
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Figure 2. Sectors of the flux vector circular trajectory.

Sign of ¢, Sign of P Pret Sector
+ +/- - 1
+ + + 2
- + + 3
- +/- - 4
- - - 5
+ - + 6

Table 2. Stator flux space vector’s sector.

Pres :\/§|¢ﬂ|_|¢a|

(33)

For example, if both flux components are positive and the result of Eq. (33) is also positive,

then the flux vector is located in sector 2. Instead, if the result of the equation is negative, the

vector is located in sector 1.

The method described previously to determine the sector of the flux vector is easier to

implementin a digital device and can be processed faster since it consists of a simple data table.
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As shown in Figure 1, the estimated magnetic flux and electromagnetic torque values are
compared with the magnetic flux reference and the electromagnetic torque reference, respec-
tively. The flux and torque errors (¢, ey) are delivered to the hysteresis controllers.

A two-level hysteresis controller is used to establish the limits of the flux error. For the
torque error, a three-level hysteresis controller is used. The hysteresis controllers are shown

in Figure 3.

a) b)
¢ T
4 +
o L
: A A
|
A 4 : L A\ 4
bl Tl €
Ly 1 +Lp +e<p |l tL: >tT
+—>
Agp, |
T
t—>
AT,

Figure 3. Hysteresis controllers for (a) flux and for (b) torque.

The hysteresis controller output signals ¢ and 7 are defined as follows:

g=1fore, > +L, (34)
¢=0fore, < -L, (35)
r=1fore.> +L, (36)

r=0fore.=0 (37)
r=-1fore, < -L (38)

The digitized output variables ¢, 7 and the stator flux sector determine the appropriate
voltage vector from the inverter switching table. Thus, the selection table generates pulses
S, S, S, to control the power switches in the inverter in order to generate six possible active

vectors (v1-v6) and two zero vectors (v0, v7), as shown in Figure 4.
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v3(010) v2(110)
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Figure 4. Voltage vectors based on eight possible inverter states.

For the stator flux vector laying in sector 1 (Figure 5), in order to increase its magnitude, voltage
vectors v1, v2 or v6 can be selected. Conversely, a decrease can be obtained by selecting v3, v4
or v5. By applying one of the voltage vectors v0 or v7, the stator flux vector is not changed.

Vi
S2
a)S
V3 v2
(ps v —> vl
g ke Ve
s1
Ap,

55 56

Figure 5. Selection of the optimum voltage vectors for the stator flux vector in sector 1.

For torque control, if the vector is moving as indicated in Figure 5, the torque can be increased
by selecting vectors v2, v3 or v4. To decrease torque, vectors v1, v5 or v6 can be selected.
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The above considerations allow the construction of the inverter switching table as presented

in Table 3.
Sector
@ T
1 2 3 4 5 6

=1 v2(110) v3(010) v4(011) v5(001) v6(101) v1(100)

p=1 =0 v7(111) v0(000) v7(111) v0(000) v7(111) v0(000)
T=-1 v6(101) v1(100) v2(110) v3(010) v4(011) ¥5(001)

=1 v3(010) v4(011) ¥5(001) v6(101) v1(100) v2(110)

=0 =0 v0(000) v7(111) v0(000) v7(111) v0(000) v7(111)
r=-1 v5(001) v6(101) v1(100) v2(110) v3(010) v4(011)

Table 3. Optimum switching table.

The optimal voltage vector is a vector such that, once applied to the VSI, will maintain the flux
and torque signals within the hysteresis comparator limits [4]. The selected voltage vector is
applied at the end of the sampling period.

4. DTC Digital Implementation

In this section, a detailed description of a DTC drive for induction motors is presented. The
drive was implemented on a Xilinx Virtex-5 FPGA based on two’s complement fixed-point
architecture composed of 7 main blocks, which are described as follows and shown in Figure

6:

a.

Conversion control block: this block controls 3 external 12-bit serial, ADCs that operate
in parallel. The motor current and voltage signals are converted from serial to parallel.
Since both signals are scaled versions of the original, in this block both values are restored
to their real value.

Torque and flux estimator: the real time electromagnetic torque and magnetic flux vectors
are estimated based on motor current and voltage signals.

Flux sector detection block: the sector for the magnetic flux vector is detected.

Reference comparison block: the real torque and flux estimated values are compared with
torque and flux references.

Hysteresis comparators: two-level and three-level hysteresis comparators are included in
this block.

Switching table: all the optimal voltage vectors for the inverter are contained in this block.
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g. Global control block: a finite state machine (FSM) is included in this block and is in charge
of the control of all the other DTC blocks.

100MHz

Control Estimator Comparison fy

Flux Vector

sector
0-7)

|
} Detection
I
I
|

I
I

I

I

I

I

I
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i l
I

Conversionm Torque/Flux Reference !
T I

I

I

I

I
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I

I
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I

I

| Xilinx Virtex5

Figure 6. DTC architecture on Xilinx Virtex5 FPGA.

One of the benefits of this DTC architecture presented is that it is completely generic; the data
width can be modified depending on the application or the precision required, and all the DTC
equations will adjust automatically. The flux data path has n bits while the torque data path
can have m bits, as shown in Figure 6. The data paths can be extended for more precision,
however this will also extend the sampling time. For this project, the flux data path was left at
20 bits and the torque data path was set to 23 bits in order to achieve a low sampling period
of 1.6 ps.

4.1. Conversion control block

The current signals (i, i,) are first obtained by sensing two of the motor lines by means of coil
sensors. The output is an AC signal that is amplified and added a DC offset, in order to have
a positive only value between 0 and 3.3 V for the ADC. The signals are then converted by the
ADC to a serial 12-bit value and then to a 12-bit parallel value. Finally, the offset value is
subtracted and multiplied by a scaling factor in order to obtain the original current signal. This
process is shown in Figure 7.

Motor
Current Line

Current
Sensor

3V
10A$: —T1 0@4

-10A

Control

Signals - -TTTTTTTTTTT oo Conversion Block

Figure 7. Current signal conversion process from current sensor to conversion control block.
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The conversion process for the DC bus voltage signal is similar to the process described for
the current signals, except that a current sensor is not used. Instead, by means of a resistive
voltage divider, the voltage signal is reduced to a suitable value. Since the signal is always
positive, there isno need to add an offset. The signal is only filtered and passed through several
operational amplifier (OP AMP) stages, in order to isolate and adjust to a specific value
between 0 and 3.3 V.

The DC voltage signal (V) is converted to digital using a serial 12-bit ADC; the serial signal
is converted to a parallel value and then multiplied by a scaling factor to restore it to the original
DC value. The conversion process for the DC voltage signal is shown in Figure 8.

DC Bus

+120V e 1
Voltage

| 33 |
0 N s I |
R0 |OP 0 } 075 75| 120
I ’AMP | ADf s> P x EacTf DS UL
l R2

Conversion Block

Figure 8. Voltage signal conversion process.

4.2. Torque and flux estimator

The estimation block is the most important part of the DTC process, since the selection of the
optimal voltage vector for the VSI depends on the accuracy of the magnetic flux vector [4].

The flux estimator was designed in VHDL to execute Eq. (24-31) presented previously in
Section 3, where basically the stator flux is calculated based on stator currents and voltages;
once flux stationary components are calculated, the stator flux can be obtained by adding both
components squared and applying the square root operation.

Several equations are implemented in parallel, such as the voltage and current transformation
to stationary coordinates and later the stator flux stationary components.

In FPGA implementation, word size is critical; a large word size reduces quantization errors
but increases area and affects costs. On the contrary, a small word size affects precision,
increasing control error and torque ripple [10]. Therefore, a fixed-point format with a variable
word size was used in the implementation of the DTC equations.

The DTC architecture was designed for implementation on an FPGA with data words starting
at 12 bits and increased according to the mathematical operations to avoid a loss in precision.

The estimator was divided in three stages as follows:

Stage 1 — In the first stage, the values of i, i, and V,, and the previous inverter vector (S, S,
S.) are used to calculate the corresponding stationary components i,, i5, V, and V. This stage
is shown in Figure 9.
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Figure 9. First stage of flux and torque estimator.

In the previous figure, the fixed-point format is indicated in each vertical line and width
adjustments are made when required. At the end of this stage, four 22-bit parallel registers
restrict data flow until they receive a pulse from the estimator FSM; this assures that all values
pass to the next stage at the same time.

Stage 2 — In this stage, flux stationary components ¢, and ¢; are calculated based on data from
stage 1 as described in (28) and (29). Both components are calculated based on the same
equation, therefore a generic block was designed for this calculation and is used twice in
parallel. The architecture for this stage is shown in Figure 10.

In this stage, both flux components are loaded to the register by a pulse from the estimator
FSM, which serves as the previous flux value (¢, or @) for the next calculation.

Stage 3 — In this last stage, the flux components are squared, added, and then the square
root (SQRT) algorithm is applied as in Eq. (30); a special architecture was designed for the
SQRT and will be described in detail later in section 4.8. The stator torque is calculated, by
means of Eq. (31), in parallel with the flux equation. The architecture for this last stage is
shown in Figure 11.

4.3. Flux sector detection block

Based on the value and sign of the stationary flux components, the flux vector sector is
determined by means of Eq.(33) and Table 2. The signs of the flux components are used to
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Figure 10. Second stage of flux and torque estimator.
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Figure 11. Last stage of flux and torque estimator.
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determine the quadrant of the flux vector and the value of ¢, is used for selecting between
the upper or lower sectors in that quadrant. The architecture for this block is shown in
Figure 12.

(pa (pﬂ
2.34 2.34

T1.19 1.19

\ 4
V3|0, ] - % |

MSB

Table

3
Register

3
Sector

Figure 12. Architecture of the sector detection block.

4.4. Reference comparison block

In this DTC block, the estimated flux and torque values are subtracted from the corresponding
reference values. The reference data may be entered by means of external slide switches or it
can come from a user interface through the USB port. The structure of the USB interface is not
discussed in this document. The structure of the comparison block is shown in Figure 13.

4.5. Hysteresis comparators

A two-level comparator for flux and a three-level comparator for torque are implemented in
this block. Both hysteresis comparators were designed as FSMs in order to provide fast
transition from one to another state. The FSM for the hysteresis comparators are shown in
Figure 14.
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Magnetic Flux Torque
oF oF T T
Switches USB % Switches USB  Le
i1.19 i1.19 1.19 i4.19 i4.19 4.19
1.19 4.19
11.19 i4.19
1.19 i4.19
€o €r

Figure 13. Reference comparison blocks for flux and torque.

e,>L,+

Figure 14. FSMs for flux and torque hysteresis comparators.

4.6. Switching table

The VSI optimal switching vectors listed in Table 3 are included in the switching table. A
voltage vector is selected based on the hysteresis comparator values ¢ and 7, and on the flux
vector sector. The table output is a 3-bit vector and its complement, which are fed to the VSL
The 3-bit vector is also sent back to the torque-flux estimator to obtain the next torque and flux
values. The architecture for the switching table is shown in Figure 15.

4.7. Global control block

In order to have a constant sampling period (T}), a global FSM was used to control the data
flow from one block to the next. Since there is a register at the output of every major block, the
FSM sends a timed pulse to each one, depending on the selected width of the data path. The
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Figure 15. Switching table architecture.

ADC conversion and adjustment take a total of 600 ns and the estimation of torque and flux
take 940 ns with the data path set to 20-bits for the flux and 23-bits for torque. The rest of the
processes take only 20 ns each, giving a total of 1600 ns for the sampling period. The execution
times are shown in Figure 16.

I 600ns I 940ns I 20ns I 20ns I 20ns I =1600ns
start
ADC | APC L | T/F REF HYST SW LB 5 vst
CONYV| ESTIM| COMP| TABLE
SECT

Figure 16. Execution times of each DTC block.

4.8. Square root algorithm

In order to reduce current ripple to a minimum, the DTC algorithm must have a processing
period as low as possible, and the square root is the calculation that usually takes the longest
[4]. For this reason, a special architecture was devised in order to have an algorithm that could
be scaled easily to any number of bits and could execute quickly [11].
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A successive approximation register (SAR), similar to the used in commercial ADCs, was
designed in order to arrive quickly to the result.

The whole algorithm is based on a square root calculation as follows:
y=x (39)
which can also be written as:
Yy -x=0 (40)

In other words, if a certain number y is squared and x is subtracted, and the result is zero or
very close to it, then y would be the square root of x. Hence, the main objective is to find y as
fast as possible; this is where the SAR proved worthy.

The SAR is basically a register in which each bit is LOW and, bit by bit, is toggled to HIGH,
starting from the most significant bit (MSB) down to the least significant bit (LSB) under the
flowing conditions; if the result of Eq. (40) is:

* Greater than zero, the HIGH bit is toggled back to LOW and the SAR proceeds to toggle the
next bit.

* Less than zero, the HIGH bit is maintained and the SAR proceeds to toggle the next bit.

* Equal to zero or if the SAR ran out of bits to toggle, the current value of y is the square root
of x and the process is terminated.

The architecture used for the square root is shown in Figure 17.

yZ

Magnitude Parallel
Comparator y Register

n zeros

Start

Figure 17. Square root architecture.
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The SAR is the main block of the SQRT architecture; a START pulse is received from the
estimator FSM to initialize the SAR process. Once the result is found, it is loaded to a parallel
register and passed on to the reference comparison block.

Despite the simplicity of the square root architecture presented, it proved to be a fast and
precise algorithm that could be scaled easily to adapt to the generic nature of the torque and
flux estimator. The only restriction is that it requires x having an even number of bits.

5. Results and discussion

5.1. Simulation results

The DTC architecture presented in Section 4 was first tested in MATLAB/Simulink for
simulation studies and later was implemented on an FPGA-based induction motor drive for
experimental verification.

The torque dynamic response is shown in Figure 18 with a sampling period of 1.6 us and the
hysteresis band reduced to 0.1 Nm.
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Referenc:e

Torguz (hr

o (s 01 TRES [T T [ TR [T 4= T
e {5

Figure 18. Torque dynamic response in MATLAB/Simulink.

Thanks to the small sampling period, the torque ripple was reduced to a small value.

Similarly, the flux hysteresis band was reduced to 0.06 Wb and as a result, as shown in Figure
19, the flux locus is almost a perfect circle with very small ripple.

Consequently, due to the small sampling period and reduced torque ripple, the stator current
signal appears almost as a perfect sinusoidal, as shown in Figure 20.
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Figure 19. Flux locus in MATLAB/Simulink.
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Figure 20. Stator current in MATLAB/Simulink.

5.2. Experimental results

For experimental verification, the DTC strategy was implemented on a Xilinx Virtex-5
development board running at 100 MHz. The current and voltage signal conversions were
done using Analog Devices AD7476A ADCs. For the motor power interface, a two-level VSI
Fairchild Smart Power Module FNB41560 was used. All motor tests were done using a Texas
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Instruments 3-phase induction motor HVACIMTR. The motor parameters shown in Table 4
are the same used in simulations.

Parameter Value
Poles 4
Rs 11.05Q
Rr 6.11Q
Ls 0.316423 mH
Lr 0.316423 mH
Lm 0.293939 mH
Power 0.25KW
A% 220VAC

Table 4. Induction motor parameters.

Firstly, the torque dynamic response to a 2 Nm step is shown in Figure 21. A FUTEK torque
sensor (TRS300) was used and the output analog signal was scaled, filtered, and displayed on
a digital oscilloscope.
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Figure 21. Experimental torque dynamic response.
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To visualize the FPGA flux locus on the oscilloscope, two 16-bit digital to analog converters
(AD5543) were used. The resulting image is shown in Figure 22, and as the flux simulation, it
also appears as a perfect circle with reduced torque ripple.

PSIbeta (Wb)
o

04 -03 -02 01 0 01 02 03 04
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Figure 22. Experimental flux locus.

Finally, the experimental stator current of one of the phases is shown in Figure 23.
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Figure 23. Experimental stator current.
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For comparison purposes, the sampling frequency was reduced to 100 KHz and, as expected,
alarge content of ripple was observed in the torque signal as shown in Figure 24. This increased
ripple caused vibration and heating on the motor.

Torque (Nm)
o —_
& & 5 R

<
¥}
a1

time (100ms/div)

Figure 24. Experimental torque signal at reduced sampling frequency (100 KHz).

6. Conclusion

This chapter has presented an induction motor drive using classical DTC as the main control
strategy. This technique was preferred over others due to its simplicity and high performance
in motor control. Although DTC is characterized for presenting large ripple on flux and torque
signals, it was possible to minimize it to a low value by reducing the sampling period to 1.6
us. This reduction was achieved by implementation on an FPGA device and the application
of a novel architecture for the square root algorithm in the torque/flux estimator. The DTC
algorithm was designed based on a structural description and generic VHDL blocks, in order
to make the controller easily re-scalable and completely independent of the FPGA technology.
A Xilinx Virtex-5 FPGA development board running at 100 MHz was used for this project. The
design coded in VHDL uses two’s complement fixed-point format and variable word size for
all arithmetic calculations. The complete controller algorithm was simulated using double-
precision on MATLAB/Simulink to compare with experimental results. The induction motor
presented a smooth, vibration-free operation with a precise torque dynamic, which proves the
validity of the presented torque algorithm.
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Abstract

Open-end winding induction machines fed from two standard two-level voltage
source inverters (VSI) provide an attractive arrangement for AC drives. An alternative
approach is to use a dual output indirect matrix converter (IMC). It is well known that
IMC provides fully bidirectional power flow operation, with small input size filter
requirements. Whilst a standard IMC consists of an AC-DC matrix converter input
stage followed by a single VSI output stage, it is possible to replicate the VSI to produce
multiple outputs. In this chapter, an open-end winding induction machine fed by an
IMC with two output stages is presented. Different modulation strategies for the
power converter are analyzed and discussed.

Keywords: Open-end winding, Electrical drive, Matrix converter, Pulse width mod-
ulation (PWM)

1. Introduction

An open-end winding induction machine, fed by two 2-level VSIs, offers several advantages
when compared to a standard wye or delta connected induction machine drive. The main
features of an open-end winding induction machine drive can be summarized as [1, 2]: equal
power input from both sides of each winding, thus each VSl is rated at half the machine power
rating; each phase stator current can be controlled independently; possibility to have twice the
effective switching frequency (depending on the modulation strategy); extensibility to more

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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phases, therefore multiphase induction machines can be considered if current reduction is
required; possibility of reducing common-mode voltage; and certain degree of fault tolerance,
as there is voltage space vector redundancy.

However, an open-end winding induction machine drive can have some drawbacks, such as
[1]: possibility of zero sequence current flowing in the machine because of the occurrence of
zero sequence voltage; increased conduction losses; more complex power converter require-
ments, i.e.,, more power devices, circuit gate drives, etc.

To supply energy to an open-end winding machine, different power converter topologies have
been developed; for instance, [3-6] propose an open-end winding induction machine drive
based on two 2-level VSIs fed from isolated DC sources. This topology has the advantage of
avoiding the circulation of zero sequence current; however, two isolation transformers are
needed. On the other hand, [7-11] present a topology based on two 2-level VSIs fed by a single
DC source. In this case, a zero sequence current could circulate in the machine windings
(depending on the modulation strategy used), but just one transformer is needed, reducing
the volume and cost of the drive.

Multilevel topologies for open-end winding AC drives are presented in [12-16] where different
voltage levels can be achieved in the machine phase windings with certain power converter
configurations, then reducing the output voltage distortion but increasing the system cost and
complexity.

In the past decades, significant research effort has been focused on direct frequency changing
power converters, such as the matrix converter (MC) [17] or the indirect matrix converter [18].
It is known that these power converter topologies offer a suitable solution for direct AC-AC
conversion, achieving sinusoidal input and output currents, bidirectional power flow capa-
bility and controllable input power factor, without using bulky energy storage elements [18].
Matrix converters have been utilized to supply open-end winding AC machines such as
reported in [19-21].

In this chapter, the application of an IMC with two output stages to supply energy to an open-
end winding induction machine is described [22-24]. For evaluation purposes, simulations
and experimental results are presented.

2. Power converter topologies for open-end winding induction machine
drives

An open-end winding induction machine drive can be supplied by different configurations of
power converters. Some of the most common topologies will be reviewed in this chapter.

2.1. Two 2-level voltage source inverters fed by isolated DC sources

This is the basic power converter for open-end winding AC drives. The circuit configuration
is shown in Figure 1 where a standard two-level VSI is connected at each side of the machine
stator winding [3]. The VSIs are supplied by isolated DC power sources.



Open-End Winding Induction Motor Drive Based on Indirect Matrix Converter 293
http://dx.doi.org/10.5772/61157

(RIS PEESEES
Ve = ™1 B, | [LES: /}} . ta, - Vil
(SN SRS IS

Figure 1. Two 2-level VSIs fed by isolated DC sources for an open-end winding AC machine drive.

The voltage vectors for inverter 1 are shown in Table 1; the same space vectors are valid for
inverter 2, but with superscript 2. As each VSI can produce eight voltage space vector locations
independent of the other, there are 64 voltage vector combinations of the full converter,
resulting in a vector locus similar to a three-level neutral point clamped (NPC) inverter [6].

States of inverter 1[S,,55,5¢]

Vi=[100] Vi=[110] V4=[010] vi=[111]

v/} =[011] Vd=[001] Vd=[101] V¢=[000]

Table 1. Switching states of the individual inverters

Let Vij=[V,-1V]»2] with i, j=1...8 be the phase voltage vector combination of the dual-inverter
output. A representation of the vector locations is shown in Figure 2 [6].

2.2. Two 2-level voltage source inverters fed by a single DC source

This topology is basically the same described in Section 2.1, but now just one DC supply is
considered for the drive, as shown in Figure 3. The disadvantage of this converter is that zero
sequence current could circulate in the machine windings because of the generation of output
zero sequence voltage; however, this issue can be addressed with an appropriate modulation
strategy for the inverters [7].

2.3. Multilevel topologies

Several multilevel power converters have been developed for open-end winding induction
motor drives. For example, Figure 4a shows a three-level inverter [12] and Figure 4b shows a
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Figure 3. Two 2-level VSIs fed by a single DC source for an open-end winding AC machine drive.

five-level inverter [16]. The main advantage of the multilevel topologies is that the machine
phase voltage presents lower voltage distortion, increasing the performance of the drive; but

on the other hand, the complexity and cost of the system are also increased.
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Figure 4. (a) Three-level inverter and (b) five-level inverter for open-end winding AC machine drives.

2.4. Direct power converters

Modern direct power converters consider matrix converter and indirect matrix converters. A
matrix converter [17] is a direct frequency converter consisting of nine bidirectional switches
(three switches per phase) allowing to connect any of the output terminals to any of the input
voltages. For an open-end winding induction motor drive, two MCs are required, connected
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in the arrangement shown in Figure 5. The main features of a matrix converter are: bidirectional
power flow capability, sinusoidal input and output currents without bulky energy storage
elements, and controllable input power factor. For a standard matrix converter, a total of 36
IGBTs and diodes are required in this topology.
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Figure 5. Open-end winding induction motor drive based on matrix converters.

An indirect matrix converter [18] is also a direct frequency converter having the same features
of an MC, but now a DC stage is clearly identified in the topology. The IMC consists of an input
rectifier, an AC-DC matrix converter, built of six bidirectional switches; this rectifier produces
the DC voltage to supply the converter output stage which is a standard two-level VSI. To
supply an open-end winding AC machine, two output inverters are required as can be seen
in Figure 6. Considering the six bidirectional switches of the input stage and the two output
stages, a total of 24 discrete IGBTs and diodes are required in this topology.
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Figure 6. Open-end winding induction motor drive based on indirect matrix converter.
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3. Model of the open-end winding induction motor drive based on IMC

The complete drive of Figure 6 can be modeled by state equations which describe the dynamic
behavior of the system. The effects of power devices dead-times on zero sequence voltages are
neglected. All the equations derived below are written in fixed abc coordinates.

The differential equations for the input side are:

. di_
v, =Rfls +Lf 5

+, (1)

i,=C, —t +i, ()

where
v=[o, v, o] .i=[i, i, i.] 3)
v, = |:Uia Yy, vic:|T o = |:iia i iic:|T 4)

are the source voltage and current (3), and the rectifier input voltage and current (4).

The DC link voltage can be obtained as:

Ope =87, )
with the rectifier switching matrix:
Sﬂp - SﬂVl
S, =[S,,=S,, )
S, =S,

where S, S,, €10, 1} with x=4, b, c. The output pole voltage of Inverter 1 (v,,) and Inverter

2 (v,,), with respect to the negative DC link rail, are defined in (7).

Vo =81 UpcrVey =85 Upe )
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where the switching matrices of Inverter 1 (S;;) and Inverter 2 (S,,) are:

Sm SApl _SAnl SAZ SApZ _SAnZ
S =|Sm |= SBpl =Sp |18 =g |= Ssz ~Sp (8)
SCl SCpl - SCnl SCZ SCpZ - SCnZ

and S, =5, €10, 1} with x=a,b, ¢ , k=1, 2. The output phase voltage corresponds to the

difference of both inverters pole voltages:

T
vph,n = |:’0p71,oa vph/ob vph,ac:| = vnl - v02 = (Sil - SiZ)UDC (9)

Considering a model of the AC machine with R, the stator resistance, the output phase voltage

can be written as:

aw (i i ,0))

Voo = Ri, + - e (10)
where W is the stator flux linkage vector given by:
lIls = [\ysa ‘ysh \ysc:|T (11)

The rotor angle is 6, and the output (stator) current vector i, and rotor current vector i, are

given by (12):
ia = |:iua iob ioc :IT 4 ir = [ira irb irc :'T (12)
AsW_is animplicit function of ¢, (10) can be rewritten by using the chain rule for the derivative:

oV di

Y = Riy + =24y (1) (13)

where

(1) Ot W, a6,
oS5 e at

(14)
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Assuming oW, /i, is a bijective function of ¢, it can be defined as:

o .
s — - t
=) (15)
and (13) can be redefined by:
) Y A
vph,o :Rslo +!//1 (t)E-FWZ (t) (16)
The DC link current is:
. T,
Ipc = (Sil + Si2) i 17)
and the rectifier input current:
i, =8,ipc (18)
Taking into account (1) — (18), the state space model of the drive is given by (19) —(21):
dis——Rfi—1v+1v (19)
dt L, : L, ! L, *
dv, 1., 1 T,
E:C_fls_asr(sﬂsn) i (20)
di, . T
dt ="y (t)Rsln - (t)'//z (t) Ty (t)(sil - SiZ)Sr Y (21)

4. Zero sequence voltage

As mentioned before, the dual-inverter fed open-ended winding induction motor drive may
suffer from zero sequence current caused by zero sequence voltage. This zero sequence voltage
is produced because of the asymmetry of the instantaneous phase voltages applied to the
machine windings (due to the voltage space vectors used). In general, zero sequence currents
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may give rise to increased RMS phase current, thus increasing the system losses, high current/
voltage THD, and machine over-heating and vibrations. The zero sequence voltage is given
by [11]:

— Z]AlAZ + z]BlBZ + UC]CZ

zs 3

(22)

The zero sequence voltage contributions from the 64 space vector combinations are shown in
Table 2. As can be noted, there are twenty voltage space vectors that do not produce zero
sequence voltage; thus in order to avoid the circulation of zero sequence current in the machine
windings, only these space vector combinations could be used in the modulation strategy for
the dual inverter [9].

V,e Voltage vector combinations
_VDC/ 2 Ve
~Vpe/3 Vear Vesr Vear Vszo Viyrs Vip
Vo /6 Ves: Vesr Vsar Vasr Vi Vser Vs Ve
Var Vagr Vier Vier Viar Verr Vo
0 Vs, Vsss Vssr Vass Vazs Viu, Vs Vi, Vg, Vi
Vis: Visr Vear Vaur Viro Veor Voo Vagr Voo Vi
Vo6 Vissr Vasr Vis: Vizr Vigs Vess Vs, Vs
Vos: Vasr Vo Verr Vo Vg, Vi
+Vpe/3 Vis: Vesr Ve, Voss Vg, Vi
+Vpe/2 Vg

Table 2. Zero sequence voltage contributions from different space vector combinations

Moreover, from Table 2 and Figure 2, it can be noted that there are two different but equivalent
sets of active vectors producing null zero sequence voltage (see Table 3), which could be used
along with the zero vectors: V;, Vs, Vs, Vg Vs, Vg, Vo, and Vg

Set1 Vis V3s Vi Vs Vss Vis

Set2 Vo Vi Vi Vi Ve Ve

Table 3. Active space vectors producing null zero sequence voltage

5. Common-mode voltage

Conventional PWM inverters generate alternating common-mode voltages relative to ground
which generate currents through the motor parasitic capacitances to the rotor iron [25]. These
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currents find their way via the motor bearings back to the grounded stator case. The so-called
bearing currents have been found to be a major cause of premature bearing failure in PWM

inverter motor drives [26].

One of the main features of an open-end winding induction machine drive is the possibility
of reducing the common-mode voltage by using certain space vector combinations of the dual-
inverter topology (Figure 2). In general, for an open-end winding machine, the common-mode
voltage is given by [8]:

1
Vo = g(vm T Up + 0 T U, T U5, + Z)cz) (23)

where v ;, vy, v, with i=1, 2, are the pole voltages of each inverter with respect to a common

point of the drive (usually ground).

For the topology depicted in Figure 6, the common-mode voltage is given by:

1
U = E(Umc T U1 T Ucic T Vnsg T Upoc + Z’czc) (24)

where the common point G is the grounded neutral point of the source. These voltages can

also be expressed as:

Uaic = SApiva +5 1,V

v,.=S, 0 _ +5 v (25)

BiG Bpi ™~ pG Bni“nG

Vcic = Scpi¥yc T Scailuc

where v, and v,; are the voltages of the positive and negative rail of the DC link with respect
to the grounded neutral point of the source, respectively; S S..€10, }withx=4, B, C,
i=1, 2 are the switching functions of the inverter devices (0: switch opened, 1: switch closed)
and S

each inverter leg). Therefore,

xpi’

=1-5,,; (because of the complementary operation of the upper and lower switches of

xni

1
vcm = g|:(SApl + SBpl + SCpl + SApZ + SB;JZ + SCpZ)UpG

(26)
+S

+(SAnl Bnl + SCnl + SAnZ + SBnZ + SCnZ )an:|

Let Ny, =S 41+ Spy1+ Scp1 + Sapo + Sppo + Scpr thus
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v 1[N 0,6 +(6-N,, o, ] (27)

cm 6 sw” pG

where N, is the number of upper inverter switches closed. The squared RMS value of the
common-mode voltage is:

, 1

2
Z)C’”RMS _36_TO|:Nsw G (6 Nsw)an:| dt (28)

where T is the period of v, (equals the period of v,;). Further expansion yields:

1 1 217
2 A2 2 _
3605, =N T {vpcdt +2N_ (6-N_, )T jv Ot +(6-N,, T! (29)
The voltages of the DC link rails are given by:
=S v +S,0,+S v
ap - ra bp~rb cp e (30)

=S v 4S5 v, +S v

an”ra bn"'rb cnre

wherev,, v, and v,, are the converter input phase voltages and S

ra’

xpr S, withx=a, b, carethe
switching functions of the rectifier. Accordingly, v,; and v,; will always be segments of

different input phase voltages and

|UPG (t)| = |Z’nc (t - ta) ,

t eR 31)

thus
T T
.[v;Gdt = jvicdt (32)
0 0

Differentiating (29) with respect to N, and equating to zero, it can be found that UCZ’”RMS (and
implicitly o, )achievesa minimum value at N, =3, which means that in order to reduce the

RMS common-mode voltage at the machine terminals, only three upper inverter switches
should be closed at each switching period.

This can be further investigated by considering a virtual midpoint of the DC link as a reference
point (see point 0 in Figure 6). Then, (24) can be rewritten as:
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1
= _(Umo T Up1g tUcigt Upgp T Vg T Uczo) + Uy =0

Von = + 0y (33)

cm0

where the contributions of the input and output stages to the overall common-mode voltage
have been separated (v,; and v,,,, respectively). The voltage v, is the voltage between the
reference point 0 and the grounded neutral point of the source. This voltage can be calculated

as:

D = %[( S, +S., )Um + (pr +8,, )vrh + (SW +S, )vm} (34)

It can be seen in (34) that v,; depends on the modulation of the input stage, which is totally
defined by the duty cycles of the rectifier stage. On the other hand, the voltage v, can be

rewritten as:

z)cmO = %|:Nsw U% + (6 - Nsw )[%]} = %[NSWUDC - 3UDC:| (35)

Therefore, it can be seen in (35) that by using N, =3, the contribution of the output inverters

to the common-mode voltage is eliminated [8]. Table 4 shows the voltage space vector
combinations of the dual-inverter topology which do not produce common-mode voltage.

As can be noted from Table 4 and Figure 2, there are larger and lower active vectors available
which produce zero common-mode voltage. Any of them could be considered in the modu-
lation strategy for the dual-inverter system depending on the machine voltage requirement.
However, from Table 2 and Table 4, it can be appreciated that the space vectors which reduce
the common-mode voltage are not the same vectors which reduce the zero sequence voltage;
thus, if a common-mode voltage is required, a compensation should be done for the zero
sequence voltage; in other case, large zero sequence current components will circulate in the
machine windings; a type of compensation will be reviewed in the following section.

Space vector combinations

[SAplsBpl SCpl SApZ SBpZSsz]

V,=[100011] Ve=[00110 1]
Vys=[11000 1] Ve=[101100]
Viy=[01010 1] V;=[011010]
Vy=[011100] V,=[100110]
V,=[001110] Vi=[100101]

Ve=[101010] Ve=[10100 1]
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Space vector combinations

[SApISBpl SCpl SApZ SBpZSCPZ]

Vy=[110010] Vy=[001110]
Vyu=[010011] Vy=[010110]
V;=[011001] Vy=[110100]
V,=[111000] Vg=[000111]

Table 4. Space vectors with zero common mode

6. Pulse width modulation strategies

In this section, PWM strategies for an open-end winding induction motor drive based on a
two-output IMC are described.

6.1. Modulation strategies for the input stage of the IMC

The modulation for the input (rectifier) stage of the converter aims to obtain a positive DC link
voltage in each sampling period and unity displacement factor at the input [27]. Two different
space vector modulation (SVM) strategies can be used for the rectifier [28]. One modulation
maximizes the DC voltage by commutating between the largest and the second largest positive
line input voltage (Figure 7). The other modulation produces a reduced DC voltage commu-
tating between the lowest and the second lowest input line voltage (Figure 8).

90°
150° 111
ba
v
ca \Y4
210°
cb
270°
a) b)

Figure 7. (a) Space vector locations for maximum DC voltage. (b) Maximum DC voltage
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If 6,¢ ; is the angle of the voltage reference vector; the y -6 duty cycles for both modulation

strategies are given in (36)—(38). Further details about the modulations for the input stage can
be found in [27, 28].

. (36)

with

d, = sin(% —Hmf,i) ,ds= sin(é?mf,i) (37)
the duty cycles for maximum DC voltage and
dy = COS(me,i) ,ds = COS(% —HYEf,i) (38)

the duty cycles for reduced DC voltage. Figure 9a shows the transition from reduced DC
voltage to maximum DC voltage and Figure 9b shows the opposite situation.

180° 2 AL
ba ac

cb b
ca ab ¢

300°

240°

Figure 8. (a) Space vector locations for reduced DC voltage. (b) Reduced DC voltage.

The rectifier SVM for reduced DC link voltage decreases the voltage gain by 4/3. Thus, the
transition between reduced and maximum DC link voltage should take place when the output

voltage reference is higher than % % =0.866-V

ph , input ph , input*
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Figure 9. Transition between both rectifier modulation strategies.

6.2. Modulation strategies for the output stages of the IMC

6.2.1. Carrier-based modulation strategy

Ina PWM strategy based on a triangular carrier (SPWM), the duty cycles for each leg of inverter
1 are [29]:

f

d, :%[m(t)cos[i—ﬂk]+lJ (39)
d, :%[m(t)cos[z—ﬂk—z?ﬁj+1] (40)

d, =%[m(t)cos[2—ﬂk+2?”]+lJ (41)

In this case, It is necessary a variable modulation index given by m(t)=m,(d, +ds) to compensate
the fluctuations of the DC link voltage, m, is the final modulation index (0<m,<1), m, = f, | f is
the frequency index (f,: output frequency, f: switching frequency) and 0<k <m,. Duty cycles

of inverter 2 are obtained using (39)—(41), but considering a phase shift of 180° for the cosine
functions. For implementation purposes, the duty cycles d,, d,, and d, are transformed into

equivalent @ - -0 duty cycles. Thus, considering Figure 10, the a - -0 duty cycles are:

d,=1-d (42)
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da{ = dmux - dmid (43)

dﬂ = dmid - dmin (44)

d7 = dmin (45)
d, « d.., »
d, : — d, — :
d'—' - “+ dmin —» I

&l%l% 2 %i%lﬁ
vi2vwvlyly vy2vy2yly
-+ T »

Figure 10. A single inverter stage duty cycles.

To obtain a correct balance of the input currents and the output voltages in a switching period,
the modulation pattern should produce all combinations of the rectification and the inversion
switching states [27], resulting in the following duty cycles for the active vectors:

d,=dd,d, =dd,d,=dd, d,;=dd (46)
The duty cycle corresponding to the switching state [S ,,5p,5¢,]=[0 0 0]is:

dOO = dO,iot - dmin (47)

and the combined zero vectors duty cycles are:

dy, = dyd", d,; = dyyd" (48)

y 007"y 77706 0075

The output stages duty cycles are different for each inverter and are represented in Figure 11
[23] for inverter i (i=1, 2).
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Figure 11. Inverters duty cycles.

6.2.2. Space vector modulation strategy for zero sequence reduction

Asmentioned in Section 4, in an open-end winding induction machine drive, the zero sequence
voltage can be reduced by using the active space vectors given in Table 3. The zero vectors are
mapped depending on the sector information [9]. The mapping is shown in Table 5.

Sector 1 I I v v VI
Set 1 zero vectors Vss Vs Vi Vss Vs Vi
Set 2 zero vectors Vo Vs Vi Vy Ves Vi

Table 5. Mapping of zero vectors

The duty cycles for the output stages are calculated as:

d,= m(t)sin(% - defyo),dﬁ = m(t)sin(ﬁmfro)anddo =1-d,-d, (49)

where m(t)=m,(d, +d,) and 0<m,<1. 0, , is the angle of the output reference voltage space

vector. As in the carrier-based modulation strategy, the duty cycles of the rectifier and the
inverters should be combined; thus the active vector duty cycles are given in (46).

The combined zero vectors duty cycles are:

dy, =dyd;,d; = dydy (50)

Thus, the switching sequence, which is the same for both output stages, is shown in Figure
12, commutating the input stage with zero DC current [27].
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Figure 12. Standard switching sequence for IMCs.

6.2.3. Space vector modulation strategy for common-mode voltage reduction

If only the voltage space vectors shown in Table 4 are used in the modulation strategy for the
output stages of the IMC, the contribution of the dual-inverter to the overall common-mode
voltage can be eliminated. The duty cycles for the IMC outputs are calculated as in (49) — (50).
However, as mentioned in Section 5, the space vectors producing null v,,,, are not the same
vectors producing null zero sequence voltage. Hence, as in this SVM strategy, the vectors used
to modulate the converter output stages will eliminate the common-mode voltage; a compen-
sation must be performed to avoid the circulation of zero sequence current in the machine.

The average zero sequence voltage within a sampling interval can be eliminated by forcing
the zero sequence volt-seconds to zero [11] by applying the null voltage vectors with unequal
times. Accordingly, the standard switching sequence used in the IMC [27] is modified in order
to reduce/eliminate the average zero sequence voltage within a sampling period. For the
modulation strategy presented, the duty cycles for both output VSIs are the same, which can
be noted in Figure 13.

|;'«::'I'

—
¥ »

o TV I C I N L l[l x]llril B ll-’r'il;.llr'i

A o

o T.

b 1| BRI

ol
i

Figure 13. Modified switching sequence for the IMC with two outputs.

Taking into account that the same space vectors sequence applied in y * interval is applied in

the 5 R interval but in reverse order, then the value of x, which causes the cancellation of the
zero sequence volt-seconds, is calculated at every sampling period to satisfy [11]:

vzs]x(Oy + 05)+ (22 (a;/ + a&) +0,, (ﬂ;/ + ,35) + 0254(1—9()(0)/ + 05) =0 (51)
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where v, with k=1, 2, 3, 4,is the zero sequence voltage value at intervals x0y, ay, By, and

zsk

(1-x)0y, respectively. The value of v, can be calculated by using (22) and considering the
space vectors used in the modulation strategy.

7. Open-end winding induction machine drive

In this section, the application of a two-output IMC supplying an open-end winding induc-
tion machine will be presented. The performance of the drive by using some of the modula-
tion strategies discussed above will be shown and analyzed via simulation and experimental
results. The simulations are carried out in a PSIM/MATLAB simulation platform. On the other
hand, experimental results are obtained using the setup shown in Figure 14. The IMC has been
designed and built at the Power Electronics, Machines and Control lab facilities, University of
Nottingham, UK. A six-pole induction machine rated at 7.5 kW is used. A DSP board, based on
the TMS320C6713 processor, is used as the control platform. The calculation of duty cycles is
carried out on the DSP among several other tasks. An FPGA interface board, designed at
Nottingham University, is used to implement the modulation strategies and data acquisition.
Communication between the DSP and a PC is achieved using a DSK6713HPI (Host Port
Interface) daughter card. The converter input stage uses SK60GM123 modules and the output
stages use SK35GD126 modules. The switching frequency is 10 kHz and voltages and cur-
rents are also sampled at 10 kHz. The load used in the experimental system is a DC generator,
supplying a resistive load, coupled with the induction motor shaft.

AC SUPFLY TCICR
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-
_hﬁ . _J:_._-":" . ’
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T
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OFPEN-EMD VWINDIMG
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Figure 14. Experimental setup.

7.1. SVM strategy for zero sequence voltage reduction and changing DC voltage

The modulation strategies, presented in Section 6.1 and 6.2.2, are used to implement a standard
feedforward vector control scheme [30] for the machine currents (Figure 15). Simulation and
experimental results are shown in Sections 7.1.1 and 7.1.2, respectively.
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Figure 15. Feedforward vector control scheme of induction machine.

7.1.1. Simulation results

The performance of the vector control scheme is verified by applying step changes in the dg-
axis reference currents. Figure 16 shows the waveforms obtained by applying a step change
in the g-axis reference current from 7.7 to 10 A at t=0.16 s, while d-axis current is kept constant
at 6 A. Figure 16a shows dg reference currents and their corresponding responses. A good
tracking of the reference currents is obtained. The motor currents and phase a voltage are
shown in Figure 16b. The step change in g-axis current is followed with changes in the
magnitude and phase of the instantaneous machine currents. Moreover, a transition between
reduced virtual DC voltage to maximum virtual DC voltage can be noticed in the output phase
voltage of Figure 16b (bottom).

Figure 17a shows the performance of the control scheme when a step change from 6 to 8 A is
applied in d-axis reference current while g-axis current is kept constant at 7.7 A. The motor
currents and phase- a voltage are shown in Figure 17b. Again, the transition between both
modulation strategies for the input rectifier can be noticed.

Figure 18 (top) shows the converter input phase voltage and current; the unity input displace-
ment factor can be noted. Figure 18 (bottom) shows the output zero sequence voltage that has
been obtained from the voltage across the load in each phase and then applying (22). As can
be seen, the zero sequence voltage has been eliminated due to the modulation strategy used
for the output stages.
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Figure 16. g-axis current step change. (a) Motor g-axis current (top) and d-axis current (bottom). (b) Motor currents
(top) and phase voltage (bottom).
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Figure 17. d-axis current step change. (a) Motor g-axis current (top) and d-axis current (bottom). (b) Motor currents
(top) and phase voltage (bottom).

7.1.2. Experimental results

The dg-axis currents are shown in Figure 19a. As the speed controller saturates when a step
change in the speed reference takes place, a step change in g-axis current reference is applied.
The d-axis current reference is kept constant at 6 A. A good performance of the control scheme
can be appreciated agreeing with the simulated results. The instantaneous motor currents and
phase a voltage are shown in Figure 19b. Again, the transition between both rectifier modu-

lation strategies can be noted in the output phase voltage (Figure 19b bottom) when the change
in g-axis reference current is applied.
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Figure 18. Input phase voltage and current (top) and zero sequence voltage (bottom).
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Figure 19. g-axis current step change. (a) Motor g-axis current (top) and d-axis current (bottom). (b) Motor currents
(top) and phase voltage (bottom).

Figure 20a shows the dq machine currents when a step change in d-axis reference current is
applied while g-axis current is kept constant at 7.7 A. The motor currents and phase- a voltage

are shown in Figure 20b. A good correspondence with the simulation results can be noted.



314

Induction Motors - Applications, Control and Fault Diagnostics

lq.rev [A], |q [A]

g (AL 1y A

0 0.05 0.1 0.15 0.2 0.25 0.3 0.1 0.12 0.14
Time [s]

a)

Figure 20. g-axis current step change. (a) Motor g-axis current (top) and d-axis current (bottom). (b) Motor currents

(top) and phase voltage (bottom).

Finally, Figure 21 (top) shows the input phase voltage and current. The zero sequence voltage
shown in Figure 21 (bottom) is not exactly zero, but this is probably due to the measurement
procedure because not all of the channels are sampled at the same time and because in Figure

18 the input switches are ideal.
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Figure 21. Input rectifier voltage and current (top) and zero sequence voltage (bottom).
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7.2. SVM strategy for common-mode voltage reduction and zero sequence voltage
compensation

Simulation and experimental results for the modulation strategy presented in Section 6.2.2 will
be shown in this section. The rectifier is modulated to maximize the DC link voltage (Figure
7) and the full drive is tested in open-loop v/f operation.

7.2.1. Simulation results

The DC link voltage and phase- # machine voltage are shown in Figure 22a, top and bottom,
respectively. The reference output voltage and frequency were set to 150 V and 50 Hz,
respectively. The machine currents for 25 Hz operation are shown in Figure 22b (top), while
Figure 22b (bottom) shows machine currents for 50 Hz operation.
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Figure 22. (a) DC link voltage (top) and output phase voltage (bottom). (b) Machine currents for 25 Hz output (top)
and 50 Hz output (bottom).

Small disturbances, occurring every 60°, can be noted in the motor currents shown in Figure
22b. These current disturbances are due to the application of zero voltage vectors to machine
windings, see PWM pattern in Figure 13, aiming to reduce the zero sequence voltage. During
the application of zero voltage vectors, each machine phase winding is supplied with a voltage
of -V or+V . When -V - voltage is applied to the machine windings, the current decreases

according to the zero vector duty cycle. Figure 23 shows the current disturbance along with
the corresponding DC link voltage and output phase voltage.

The input (supply) currents are shown in Figure 24 (top) while Figure 24 (bottom) shows the
converter input phase voltage (blue) and current (green) for an output reference of 150 V and
50 Hz. The unity displacement factor is evident in Figure 24 (bottom).

The low-order harmonics of the machine currents are presented in Table 6.
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Figure 23. Phase a machine current (top), DC link voltage (middle), and machine phase- 4 voltage (bottom).

Current Harmonic RMS Value (A)
Fundamental 14.400
2nd 0.250
3rd 0.184
4th 0.112
5th 0.025
6th 0.815

Table 6. Harmonic content of the machine currents

Figure 25a shows the common-mode voltage separated into v,; and v,,,, as defined in (33)-

(35). Due to absence of the reference point 0 in the real (and also simulated) converter, the
common-mode voltages v,; and v,,, shown in Figure 25a top and bottom, respectively, are

obtained as:

ZJOG =0
. (52)
Ui = g(vAln + Uy T V01 T Vp2y +Upy, UCZn)_

UDC

2



Open-End Winding Induction Motor Drive Based on Indirect Matrix Converter
http://dx.doi.org/10.5772/61157

I:-'s al. [ﬂ‘]

0 1.0z .04 .06 0.8 oA

o 0. (.02 01413 L (1.0
Time [5]

Figure 24. Input currents (top) and input phase voltage and current (bottom).

where 7 is the negative rail of the DC link.

It can be seen in the simulation results that the contribution of the output inverters to the
common-mode voltage is completely eliminated due to the modulation strategy used. Figure
25b shows the zero sequence voltage (top) and its frequency spectrum (bottom). It can be noted
that the low-order zero sequence harmonics are reduced because of the asymmetry of the null
vector duty cycles used in the switching sequence for each output stage.

7.2.2. Experimental results

Figure 26a (top) shows the DC link voltage while Figure 26a (bottom) shows the voltage across
the machine phase- 2 winding. The output phase voltage presents a fundamental component
of 141 V, 50 Hz, slightly less than the voltage reference (150 V) because of the device voltage
drops. As can be seen, the modulation strategy used results in a bipolar pulse width modulated
voltage at the converter output. The machine currents for 25 Hz and 50 Hz operation are shown
in Figure 26b (top and bottom), respectively. The reference output voltages are set to 75 and
150 V, respectively. Correspondence between the simulation and the experimental result can
be observed.

In Figure 26b, the effect of the zero voltage vectors in the PWM pattern shown in Figure 13 is
also observed. The supply currents are shown in Figure 27 (top), again with good correspond-
ence with the simulation study. Figure 27 (bottom) shows the input phase voltage and current.
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Figure 25. (a) Common-mode voltages U (top) and v, (bottom). (b) Zero sequence voltage (top) and its frequency
spectrum (bottom).

Figure 28a shows the common-mode voltages v, (top) and v,

(bottom). The voltage v,
follows very closely the simulation results shown in Figure 25. The voltage v,,,, is not exactly
zero, but this is probably due to the measurement procedure because not all of the channels
are sampled at the same time and because in Figure 25 the input switches are ideal. Finally,
Figure 28b shows the zero sequence voltage (top) and its frequency spectrum (bottom),
agreeing closely with the simulation results.

Figure 26. (a) DC link voltage (top) and output phase voltage (bottom). (b) Machine currents for 25 Hz output (top)
and 50 Hz output (bottom).
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Figure 28. a) Common-mode voltages v ; (top) and v,,o. (bottom). (b) Zero sequence voltage (top) and its frequency
spectrum (bottom).

8. Conclusion

The open-end winding induction machine has been presented in this chapter. Different power
converter topologies for this type of machine connection have been shown and briefly
discussed. Because of the advantages of indirect matrix converter, emphasis has been done in
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the application of this converter to control the machine. Therefore, an indirect matrix converter
with two outputs stages has been proposed to supply energy to the open-end winding
induction motor. This topology has been thoroughly modeled and pulse width modulation
strategies for the input and output stages of the proposed topology have been shown. Issues
such as zero sequence voltage and common-mode voltage, presented in the dual-inverter
configuration, have been analyzed and strategies to eliminate and/or reduce such effects have
been presented. The control and modulation strategies have been simulated and experimen-
tally tested in a prototype rig. Results for open and closed-loop operation of the open-end
winding topology based on IMC have been shown.
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Abstract

Multiphase machines have been recognized in the last few years like an attractive alterna-
tive to conventional three-phase ones. This is due to their usefulness in a niche of applica-
tions where the reduction in the total power per phase and, mainly, the high overall
system reliability and the ability of using the multiphase machine in faulty conditions are
required. Electric vehicle and railway traction, all-electric ships, more-electric aircraft or
wind power generation systems are examples of up-to-date real applications using multi-
phase machines, most of them taking advantage of the ability of continuing the operation
in faulty conditions. Between the available multiphase machines, symmetrical five-phase
induction machines are probably one of the most frequently considered multiphase ma-
chines in recent research. However, other multiphase machines have also been used in
the last few years due to the development of more powerful microprocessors. This chap-
ter analyzes the behavior of generic n-phase machines (being n any odd number higher
than 3) in faulty operation (considering the most common faulty operation, i.e. the open-
phase fault). The obtained results will be then particularized to the 5-phase case, where
some simulation and experimental results will be presented to show the behavior of the
entire system in healthy and faulty conditions. The chapter will be organized as follows:
First, the different faults in a multiphase machine are analyzed. Fault conditions are de-
tailed and explained, and the interest of a multiphase machine in the management of
faults is stated. The effect of the open-phase fault operation in the machine model is then
studied. A generic n-phase machine is considered, being n any odd number greater than
three. The analysis is afterwards particularized to the 5-phase machine, where the open-
phase fault condition is managed using different control methods and the obtained re-
sults are compared. Finally, the conclusions are presented in the last section of the

chapter.

Keywords: Multiphase drives, Fault-tolerance, Predictive control techniques, Resonant
controllers
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1. Introduction

Multiphase machines have been recognized in the last few years as an attractive alternative to
conventional three-phase ones. This is due to their usefulness in a niche of applications where
the reduction in the total power per phase and, the high overall system reliability and the
ability of using the multiphase machine in faulty conditions are required. Electric vehicle and
railway traction, all-electric ships, more-electric aircraft or wind power generation systems are
examples of up-to-date real applications using multiphase machines, most of them taking
advantage of the ability of continuing the operation in faulty conditions. Among the available
multiphase machines, symmetrical five-phase induction machines are probably one of the
most frequently considered multiphase machines in recent research. However, other multi-
phase machines have also been used in the last few years due to the development of more
powerful microprocessors. This chapter analyzes the behavior of generic n-phase machines
(n being any odd number higher than 3) in faulty operation (considering the most common
faulty operation, i.e. the open-phase fault). The obtained results will be then particularized to
the 5-phase case, where some simulation and experimental results will be presented to show
the behavior of the entire system in healthy and faulty conditions.

The chapter will be organized as follows:

First, the different faults in a multiphase machine are analyzed. Fault conditions are detailed
and explained, and the interest of a multiphase machine in the management of faults is stated.
The effect of the open-phase fault operation in the machine model is then studied. A generic
n-phase machine is considered, n being any odd number greater than three. The analysis is
afterwards particularized to the 5-phase machine, where the open-phase fault condition is
managed using different control methods and the obtained results are compared. Finally, the
conclusions are presented in the last section of the chapter.

2. Faults in electromechanical multiphase drives

An electrical drive is an electromagnetic equipment subject to different electrical and mechan-
ical faults which, depending on its nature and on the special characteristics of the system, may
result in abnormal operation or shut down. In order to increase the use of electrical drives in
safety-critical and high-demand applications, the development of cost-effective, robust and
reliable systems is imperative. This issue has recently become one of the latest challenges in
the field of electrical drives design [1]. Therefore, fault-tolerance, which can be defined as the
ability to ensure proper speed or torque reference tracking in the electrical drive under
abnormal conditions, has been considered in three-phase electrical drives taking into account
different design and research approaches, including redundant equipment and over-dimen-
sioned designs, leading to effective and viable fault standing but costly solutions. Fault-
tolerance in three-phase drives for different types of faults is a viable and mature research field,
where the drive performance and the control capability is ensured at the expense of extra
equipment [1]. However, this is not the case in the multiphase drives area in spite of the higher
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number of phases that the multiphase machine possesses, which favors its higher fault-
tolerance capability compared with conventional three-phase drives. Multiphase drives do not
need extra electrical equipment to manage post-fault operation, requiring only proper post-
fault control techniques in order to continue operating [2]. Therefore, they are ideal for traction
and aerospace applications for security reasons or in offshore wind farms where corrective
maintenance can be difficult under bad weather conditions [3-6].

Phase Line Open-Circuit Fault Short-Circuit Switch F ault Phase Current Sensor Faults
A

Open-Circuit phase Fault y i
P— " \ Phase Winding
. \ Short-Circuit
: N " "
: '\ -
T & IR x| o
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Open-Circuit Switch Fault Inter-Turn Short-Circuit Winding S hort-Circuit
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— Power Converter Faults — Multiphase Machine Faults — Sensor Faults

Figure 1. Types of faults on a five-phase drive.

Faults in an electromechanical drive can be also classified depending on the nature (electrical
or mechanical), the location or the effect they have on the overall system (notice that different
types of faults can result in the same abnormal machine behavior). The most common
classification of faults in electrical drives defines three main groups of faults that can appear
in the electrical drive. The power converter, electronic sensors (current, temperature, speed
and voltage) and the electrical machine focus the main faults in an electrical drives, as shown
in Figure 1. These faults are detailed hereafter.

1. Electrical machine faults that can be caused by either electrical or mechanical problems/
stress and are further divided as follows [7-11]:

2. Stator faults: open-circuit or short-circuit of one or more stator phase windings. These
kinds of faults appear due to mechanically damaged connections caused by insulation
failure, extreme electrical operating conditions (high temperatures in the stator core or
winding coils, starting stresses, over- or under-voltage operation, electrical discharges,
unbalanced stator voltages) or nonappropriate ambient conditions (dirt, oil and moisture
contamination) [10-12], leading to inter-turn [12], stator-winding [13], and different phase

winding short circuits [10- 11], which may result in further open-phase faults of one or
more phase windings [14-15].

3. Rotor faults: shorted rotor field winding, broken rotor bars and cracked rotor end-rings.
They are caused by electrical (shorted rotor windings) or mechanical (broken bars and
cracked rotor rings) problems. These types of faults appear due to thermal stress (drive
operation under overload and unbalanced load conditions), electromagnetic stress,

329



330

Induction Motors - Applications, Control and Fault Diagnostics

manufacturing problems, dynamic stress from shaft torque, environmental conditions
and fatigued mechanical parts [10-11].

Air-gap irregularities due to static or dynamic eccentricity problems. Eccentricity is
caused by manufacturing and constructive errors that generate an unequal air gap
between the stator and the rotor, leading to unbalanced radial forces and possible rotor-
stator contact [10]. Static eccentricity appears when the position of the air gap inequality
is fixed, whereas dynamic eccentricity happens when the rotor center is not properly
aligned at the rotation center and the position of the air gap does not rotate equally.

Bearing faults, which are mainly caused by assembling errors (misalignment of bearings)
that result in bearing vibration forced into the shaft [16].

Bent shaft faults, which are similar to dynamic eccentricity faults [10]. These faults appear
when force unbalance or machine-load misalignment happens, resulting in machine
vibration and further machine failure [11].

Statistically, the most common faults in electrical machines are the bearing failures, stator
winding faults, broken rotor bar, shaft and coupling faults, cracked rotor end-rings, and air-
gap eccentricity [7-9], leading to unbalanced stator currents and voltages, the appearance of
specific harmonics in the phase currents, overall torque oscillation and reduction, machines
vibration, noise, overheating and efficiency reduction [10- 11].

1.

Sensor Faults. Electrical drives commonly include speed, voltage and current sensors for
control and protection purposes (Figure 1). In the multiphase drive case, standard FOC
and predictive control techniques require a speed and at least n—1 (for an n-phase drive)
current measurements in order to ensure proper control behavior. In case of abnormal
sensor operation, inexistent or nonaccurate signals can downgrade the system perform-
ance or result in a complete drive failure [17-20]. Sensor faults have been mainly analyzed
for three-phase drives, and recent works have also addressed this type of faults for the
multiphase case [21-23]. Notice that depending on the faulty sensor (i.e. DC-link voltage,
current or speed), the effect in conventional three-phase or multiphase drive is mainly the
same. In any case, the analysis of these kinds of faults mainly focuses on handling only
one faulty sensor due to the small probability of fault in more than one sensor [24], which
would include current and speed sensor faults, which are the most critical in electrical
drive applications. The main reason for this is that high-performance drives are based on
speed and current closed-loop controllers and consequently on speed and current sensors.
Any variation or systematic error on the measured quantities may result in instantaneous
power demanding control actions, subjecting the whole system to possible electrical stress
[17].

Power Converter Faults. The most common types of faults in electrical drives are those
associated to the power converter [25]. Power converter faults are presented graphically
in Figure 1, and can be further classified as single short-circuit switch fault, single open-
circuit switch fault, phase-leg short-circuit fault, phase-leg open-circuit fault or open-
circuit line fault [2]. These types of faults are mainly due to the burn out of the
semiconductor or due to the semiconductor driver failure, forcing the semiconductor to
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remain in a constant ON or OFF state. As a result, the power converter may either lose a
complete phase (also termed open-phase fault) or may physically maintain the number
of phases and current flow but lose specific control capabilities on either one or both of
the semiconductor of a certain phase. Thus, the configuration of the electrical drive varies,
and the post-fault electrical drive may be regarded as an entire different system [26].

The phase redundancy that multiphase drives possess allows managing faulty operation
without the need of extra equipment, depending on the specific electrical machine configura-
tion. Postfault control techniques exploit extra degrees of freedom of the multiphase system
to maintain a circular Magneto-Motive Force (MMF) and achieve the desired speed or torque
references. Depending on the type of fault and the electrical drive characteristics, different
postfault control strategies, drive configuration and electrical machine winding connections
are adopted under postfault operation. For instance, in the case of short-circuit faults, the
proposed fault management strategies are based on controlling the available four healthy
phases in a five-phase drive, maintaining operation at the expense of higher stator phase
winding losses and torque ripple [27]. Nonetheless, this increase in torque ripple is managed
in a dual three-phase drive [13] maintaining postfault operation with one three-phase drive in
short-circuit and compensating the braking torque with the healthy three-phase drive [28]. The
inclusion of auxiliary semiconductors in the electrical machine windings, in order to change
from a short-circuit fault to an open-circuit or open-phase fault, was also addressed in [29],
where ripple-free output torque was obtained with the appropriate control of the remaining
four healthy phases. As a result, the multiphase electrical drive is able to manage different
types of faults but at the expense of extra electronic equipment, like in the conventional three-
phase case. Different winding connections have also been considered for single and phase
short circuit faults for a dual three-phase machine, assessing the effect of the harmonics
obtained in the machines losses and torque, and evaluating its performance under different
working conditions [30]. A similar approach has also been followed for open-phase and open-
line faults, where different drive topologies or machine winding connections have been
considered. In one study [3], a six-phase drive was designed in order to independently control
each phase of a three-phase machine under different types of faults and its viability was stated
emulating an open-circuit line fault. Five-phase machines considering penta- and star-type
winding connections are also compared in another study [30], where fundamental and third-
harmonic components are used to control the post-fault operation of the electrical drive. The
available torque is increased, while torque ripple and losses are reduced. It is concluded that
penta-winding connection results in improved fault-tolerance capabilities due to the higher
number of open-circuit phases it can withstand (three open-phase faults in a five-phase drive).

But fault management does not include only postfault control techniques. It is divided in four
different states namely, fault occurrence, fault detection, fault isolation and, finally, postfault
control or the fault-tolerant control operation. Different fault detection and fault isolation
techniques have been proposed based on the specific characteristics of the electrical drive to
ensure proper postfault behavior. Then, a proper postfault control method is implemented to
maintain correct reference tracking. This book chapter will be only focused on the postfault
controller, and fault-detection and fault-isolation techniques will not be addressed.
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3. Analysis of an open-phase fault in multiphase drives with odd number
of phases

The most common fault, the open-phase fault, is studied in this section. The ability of a
multiphase machine managing the fault operation lies in the greater number of phases and in
the greater number of independent variables that model the system. The model of the multi-
phase machine is analyzed. The analysis is done for a generic multiphase machine. Then, the
modeling equations of an n-phase multiphase drive under an open-phase fault operation is
presented, emphasizing their effect in the healthy model to understand the imposed con-
straints for the design of postfault control techniques.

In the first place, the n-phase one neutral induction machine model is studied. The machine
can be modeled by a set of stator and rotor phase voltage equilibrium equations referred to a
fixed reference frame linked to the stator as follows:

(v.]-[R][1]e (R ]=[R ][]+ p ([ 1]+ 2 ()1 M

(V=R ][]+ 12 ]=[R 10 J+p((L, )11+ 2. (0)](1]) @

Where 6 represents the rotor electrical angular position with respect to the stator, and rotates
at the rotor electrical velocity w,. The voltage, current and flux matrices are given by (3)-(8).

Notice that the voltage rotor components (4) are equal to zero.

[V.]=[v.0,0.0,0..0,. ] 3)
[V, ]=[000 0000000, ] 4)
[2]=[AA A h 2 | )
[2,]=[2 A 2 A2 | ©)
[1])=[iyiniigiin ] )
(L=l iy, i, T (8)

The rotor and stator resistance and inductance matrices are defined as follows:
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R, 0 0 0 0 R, 0 0 0 0
0 R 0 0 0 0 R 0 0 0

(R]= 0 0 R 0 0 (R ] 0 0 R 0 0

70 0 0 R 0| " ]0 0 0 R 0 ©)
0 0 0 0 - R |0 0 0 0 - R|

(L. ]=L.[1,]+L, [A(.sl)n] (10)

[L,]=L,[1,]+L, [A(9),] (1)

1 COS(19) cos(ZS) cos(33) cos((n—l)&‘)
Cos((rz—l)S) 1 Cos(9) cos(23) Cos((n—2)9)
cos((n—Z)S) cos((n—l)S) 1 cos(g) cos((n—3)9)
[A(S)J: cos((n—3)3) cos((n—2)9) cos((n—l)&) 1 cos((n—4)3) (12)
cos(29) Cos(SS) cos(43) cos(53) cos(S)
COS(19) cos(29) cos(33) Cos(43) 1

Due to the machine symmetry, the stator-rotor (L ,,,) and rotor-stator (L ,,,,) mutual induc-

tances are given by:

L =L rs=Lm5_>Lms=k2L (13)

msr m w mr

Making possible to conclude that:

[L.@)]=[t.@] >[L.@)]=L,[¥(0)] (14)
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v ) o) ) e el
I cos(Az) cos(As) COS£A4) cosiAS) cosiAl) |




334

Induction Motors - Applications, Control and Fault Diagnostics

Notice that [1,] is the identity matrix of order n, A; angles are defined as: A=0 + (i-1)9, being
i={1,2,3, ,n}, L ,;and L ,, are the stator and rotor leakage inductances, and 9 is the angle between

phase windings.

Depending on the working state of the electrical drive and the number of phases it possesses,
different transformation matrices can be used in order to describe the machine’s electrical
parameters in an « - - x - y - z reference frame. For instance, for normal operation the
traditional Clarke transformation (16) is used. (16)

1 cos(S) cos(29) cos(38) cos((n - 1)3)
0 sin(9) sin(29) sin(39) sin((n-1)9)
1 cos(23) cos(43) cos(63) cos(Z(n - 1)3)
0 sin(29) sin(49) sin(69) sin(2(n-1)9)
1 cos(3.9) cos(6.9) cos(93) cos(3(n - 1).9)
0 sm(33) sm(63) sm(93) 51n<3(n - 1)9)
|:Tn:| _ 2|1 cos(49) cos(89) cos(129) cos(4(n - 1)8) (16)
! 0 51n(49) sin(83) sm(lZS) sm(4(n—1)9)

1 cos n—_1.9 cos 2”—_13 cos 3”—_1.9 cos (n—l)n;&l
2 2 2

0 sin|"“Lg| sin[271g| sin[3""1yg sin| (n-1)=~8
2 2 2

1 1 1 1 1

2 2 2 2 2 ]

In order to eliminate the time dependence of the coupling inductances and divide the model
in a set of different independent-orthogonal equations, the Clarke transformation is applied
to the machine model. The stator and rotor voltage, current and flux components in the a, - 5,

-y -f,- ... -z, reference frame can be calculated by:

[ isa1 /”tsal
Usﬁ1 isﬁl /15/71
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Multiplying the transformation matrix T, with the stator and rotor phase voltage equations,

(1) and (2), we get:

[r]v.]=[nIR ] [T]L]
p[n )] [T ] 19
SAILOI AN

LR RIS
AN A NEA A (20)
se[n ][t ] T[]
When an open-phase fault occurs in phase “i”, the stator windings become an unbalanced

system, the faulty phase current is now zero (i;=0), leading to a modification in the machine

equations.

Due to the fact that the machine has no longer symmetrical stator windings, the back-emf terms
are no longer mutually canceled, consequently the sum of the phase voltages are no longer

Zero.

>[vs]=o0 1)

Even though the faulty phase stator current will be zero, the corresponding phase voltage with
respect to the neutral machine point will have an equivalent voltage value equal to the back-
emf (22).

Z)is = Rsiis + p /lis = p ﬂ’is = BaCkEmfx (22)

Taking this into account the new voltage, current and flux matrices are:
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(23)

(24)

(25)

(26)

(27)

(28)

Notice that the rotor components remain the same as in normal operation, due to the fact that

in postfault operation the machine rotor maintains a symmetrical winding distribution.

The absence of the stator phase results in a loss in one degree of freedom. Depending on the
position of the faulty phase the transformation matrix (16) is modified, making it no longer
possible to generate the same number of orthogonal sub-systems, leading to the removal of

one or more of the generated components (29).

1 cos(&) cos(29) cos(3.9)

0 sin(.g) sm(29) sin(3.9)

1 cos(29) cos(49) cos(63)
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0 sm(3.9) sm(69) sin(9.9)
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o
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Consequently, the machine coupling inductance matrices (10-14) for the stator-rotor compo-
nents need to be arranged considering the absence of the faulty phase.

1 cos(9) cos(29) 0 cos((n—1)9)
cos((n—1)9) 1 cos(9) 0 cos((n—2)9)
cos((n—2)9%) cos((n—-1)3) 1 0 cos((n—3)9)
cos((n—3)93) cos((n—2)8) cos((n—-1)3) 0 cos((n—4)9)

(A ]=| 5 : - 3 (30)

0 0 0 0 o0 0

: : : 20 :

| cos(9) cos(29) cos(39) 0 1 |

The equations (1) and (2) need to be multiplied by the new Clarke transformation matrix
[T, ) to express the stator and rotor voltage, current and flux components in the a; - ; - a, -

B, - ... -z, reference frame in post-fault situation:

(1,]v. )= (1, (R[] (2 ]0L]
+p[ T, ][ [T, ] [T 1] &)
#p [T (L (0)][T ] [T 1]

[0]=[ T JIR [T | [T 1]
L[, ] [T, 0 (32)

[
[L.(0)] [%T [T )[1]

The equations (31) and (32) depict the stator and rotor voltage vector equations in the a, - g, -
@y - Py - ... -z, reference frame in postfault situation, when an open-phase fault occurs in a

multiphase drive with odd number of phases. In the next section these equations are particu-
larized for a five-phase machine.

4. Open-phase fault operation in five-phase drives

The case study presented in this chapter is a 5-phase induction machine with symmetrical and
distributed windings. The n-phase mathematical model presented in the previous section must
be first particularized for the 5-phase case to understand the system behavior in the faulty
situation and to predict the effect of the selected control actions on the post-fault controlled
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system. Two different post-fault control strategies for the open-phase fault management will
be presented. The first one is based on linear Proportional Resonant (PR) current controllers
and the field oriented control technique. The second one is also based on the field oriented
control method but combined with a Predictive Current Control (PCC) technique. Both control
methods can be applied during postfault operation, and will be described in this section, along
with the criteria that can be used to generate the current references in the drive during the
fault. These criteria differ from those established in healthy operation, and constitute one of
the bases of the postfault operation of the drive.

4.1. A. Five-phase induction machine modeling under an open phase fault

The general n-phase induction machine model introduced before can be particularized for the
5-phase case. Taking also into account that the faulty phase is ‘a’, which can be made without
any lack of generality, from now on it can be assumed thati,, = 0. The stator/rotor resistance,

inductance and coupling general matrices can be obtained as follows:

[R]=R L] (33)
[R]=R [1,] (34)
L,=LJ[I]+L,[A9] (35)
L, =L,[L]+L,[A9] (36)

1 Cos(ﬂ) cos(29) cos(39) COS(43)_
( cos(&) cos(29) cos(39)
[A(S)J: COSE?)S) cos 43) 1 cos(.9) Cos(23) (37)

(8,) cos(a,) cos(a,) cos(a,) cos(a;)
(45) cos(a,) cos(a,) cos(a;) cos(a,)
[\I’(H)] = cos(A4) cos(AS) cos(Al) cos(AZ) cos(AS) (38)
() cos(a,) cos(a,) cos(a,) cos(s,)
(8,) cos(a) cos(n,) cos(n) cos(n,)
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where L |, and L, are the stator and rotor leakage inductances, M is the mutual inductance of
the machine M =5L ,, /2, and the stator and rotor inductances are defined as L ;= M +L

and L ,.= M +L ,, respectively.

The 5-phase case is characterized by the transformation matrix (T5). The stator and rotor phase

variables can be mapped to a set of four independent variables divided in two orthogonal
stationary planes (namely a-f and x-y subspaces) and a zero sequence component (z compo-
nent). Notice that the distributed windings’ characteristic of the five-phase machine deter-
mines that the torque production is only dependent of the & - f components, while x - y
components only generate motor losses. This particularization for the 5-phase case can be
summarized in the following equations:

. . . . .7 . . . . T
|:las l/fs lxs 1ys Zzsi| = |:T5:| |:lns lbs lcs lds 1es:| (39)

T T
|:vas Uﬂs vxs vys Uzs :l = |:T5 :' [vas Ubs vcs vds ves :| (40)

1 COS(19) cos(23) Cos(33) Cos(43)

5 0 sin(9) sin(29) sin(39) sin(49)

[Ts]:g 1 cos(29) cos(49) cos(S) cos(33) (41)
0 sin(29) sin(49) sin(9)  sin(39)

/2 1/2 1/2 1/2 1/2

|1

While the traditional Clarke transformation matrix (T}) is applied in healthy state, a modified
matrix can be used under open-phase postfault operation in order to have a reduced-order
subset of equations. If the reduced-order Clarke transformation matrix remains orthogonal as
n (T;), the asymmetries lead to noncircular « - § current components. In order to compensate
for the stator/rotor impedance asymmetries appearing in postfault situation, a new nonor-
thogonal transformation matrix that will be named (Tpcc) is used here [31]. When the fault
appears, it is no longer possible to define four independent variables in the system because a
fixed relationship exists between a and x current components, being i, = -i..

S
cos(S)—l cos(ZS)—l cos(39) 1 cos(49) 1
2 sin(S) sin24 sm(39) sin 49)
[TPCC] == . . .
5 sm(2.9) sm(49) sin 69) sin 83)
1 1 1 1

(42)

In a similar way, the coordinate transformation can be applied to the machine voltage
equations. The stator phase voltages in normal operation (V,,.) depend on the switching state
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of every leg of the power converter (S;), being S;=0 if the lower switch is ON and the upper
switch is OFF, and S;=1 if the opposite occurs.

v, 4 -1 -1 21 -1][s,
o, |14 11 Al
N e Bt LN (43)
v, -1 -1 -1 4 -1|8,
EN -1 -1 -1 -1 4]|o,]

During prefault operation the five-phase drive possesses 2°=32 switching states and the sum

of the healthy phase voltages is zero (Z Ui, =0). However, if an open-phase fault appears, the

available switching states are reduced to 2*=16 and the faulty phase current is zero. Nonethe-
less, the faulty phase voltage is not null since there is a back-emf induced in the faulty phase,
leading to an asymmetric effect in the machine modeling [31]. Taking this into account, the
phase voltage of the faulty phase ("a’) is given by:

v, =R, +i A= i/im = BackEmf, (44)
dt dat *

Consequently, the back-emf term can be expressed as (45), estimating the stator flux term in
(44) and considering the transformation matrix (T;) and i ,, = —i,.

S

A=A+ A, =Li, +Li +Li

mar Is"xs

45
BackEmfu = %[Lsias + Lmiar - Llsias] ( )

As aresult, the stator phase voltage matrix (43) must be modified considering the faulty phase
back-emf in the phase voltage equilibrium equations and must guarantee sinusoidal flux [4].
Consequently, taking into account the faulty phase voltage and the absence of current in the
open-phase, the stator phase voltage matrix can be written as in (46).

'Ub 3 -1 -1 Sb dlas dlar

| v|-1 3 -1 n gt e
v |=—= S |-————F—|1 46
cs 4 _1 _1 3 _1 c 4 [ 4:| ( )
O 41 s ||
v S



Open-Phase Fault Operation on Multiphase Induction Motor Drives
http://dx.doi.org/10.5772/60810

where [1,] is the identity matrix of order 4 and the second term on the right hand side is the
counter electromotive force (45).

4.2. B. Implemented fault-tolerant control methods

In what follows, the two implemented open-phase fault-tolerant controllers are presented.
Different control criteria can be implemented depending on the overall electrical drive aim.
However, only field oriented control methods have been recently used to manage postfault
(open-phase type) operations. The inner current controllers of the field oriented controller have
been implemented using linear or predictive control techniques. Both methods require a
redefinition of the stator current references in the postfault operation to ensure minimum
copper losses, a minimum derating strategy or minimum torque ripples in the drive [4, 31-35].
The maximum achievable « - § currents in the electrical drive vary depending on the selected
control criteria. In general, the minimum copper loss criteria is used in applications where
efficiency is of special interest and, consequently, Joules losses need to be minimized, while
the minimum derating or the minimum torque ripple strategies are preferred when the faulty
electrical drive must provide the maximum achievable torque or ensure smooth, vibration-
free operation, respectively. From the postfault operation control performance and controller
perspective, all the techniques behave in a similar way in the multiphase drive. In our case,
the minimum copper loss criteria will be used for comparison purposes for the sake of
simplicity.

5. Minimum copper loss criteria

The minimum copper loss (MCL) criterion focuses on reducing the drive losses. The « - § stator
current references are then calculated in order to ensure proper torque/flux control while
imposing a rotating circle-shaped MMF and maintaining the amplitudes of the phase currents
bellow the rated values of the drive (these maximum values are established by the power
semiconductors of converter and the stator windings of the electrical machine). As a result, the
drive needs to be derated in such a way that the remaining healthy phases do not exceed their
nominal current value (I,) and the maximum reference currents in the a - § subspace are [36]:

"% =0.6813-1 i7" = 068131, (47)

The non-torque contributing y -current reference is set to zero (zy =0) in order to minimize Joules
losses, whereas the x -current component is not anymore an independent variable for the
controller (it is inherently fixed to the a -current component after the fault occurrence). Notice
that the procedure to manage the postfault operation effectively minimizes the electrical drive
losses, at the expense of reducing the maximum obtainable postfault torque and generating
unequal peaks of the phase currents [36, 37].
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6. Predictive Current Control (PCC)

The first fault-tolerant control scheme is the PCC method, based on Finite-Control Set (FCS)
Model-Based Predictive Techniques [38]. An accurate discrete system model is required in
order to predict the machines’ operation for every VSI state. The implemented controller is
based on an outer PI-based closed-loop speed control and an inner fault-tolerant PCC method,
as shown in Figure 2. During every sampling period (k), the speed and the stator currents of
the machine are measured. Then, stator currents are mapped into the stationary a - - x - y
subspaces by means of the modified Clarke transformation (Tpcc) for postfault operation. The
postfault available voltage vectors (2*=16) are used afterwards to predict the stator currents
evolution for the next sampling period (k+1). These current references are finally evaluated in
a cost function (J) to determine which voltage vector produces the minimum values of J. This
voltage vector is referred as the optimum switching state (S optimum e 1)) to be applied in the
power converter of the electrical drive to minimize the cost function (equivalent to the control
law). Notice that different cost functions can be defined in order to include different control
criteria. This can be easily done by setting weighting factors in the definition of the cost

function, as shown in (4%\8) where the A, B, C and D terms multiply errors between the reference

(i) and the predicted (i) stator currents in the a - § - x -  reference frame (49)-(50).

]=Ai+B:+C§+D: (48)
i, =i, (ke 1)=i, (k+1), 1, =i, (k+1) =7, (k+1) (49)
i =i (k) =3 (k1) iy =1 (k1) =1, (k+1) (50)

The main control criterion in healthy operation is to maintain a desired electrical torque, while
ensuring sinusoidal stator current references in phase coordinates (a-b-c-d-¢). This objective is
met under normal drive operation by setting a constant circular stator current reference vector
in the o - g plane and a zero reference stator current vector in the x - y plane. In postfault
operation, the x -axis stator current is inherently fixed to the « -axis stator current. Then, the
o - B stator current references can be set following a circular trajectory but with a derating
factor in its maximum value, while the y-axis stator current is now controlled to be null.

Successively, the a-f current components are mapped in the rotating d-q reference frame by
means of the Park rotating transformation (51) and the field-oriented control position estimator

(52).
rsa:l _ {cc.)s(e) —sin(H)} {1'%1 651)
g sin(d) cos(6) ||



The implementation of PCC techniques for multiphase fault-tolerant drives requires the same
control scheme for pre- and postfault operation, as long as the following considerations are
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Tr ’ lsd

addressed after the fault occurrence detection:

* The weight of the x - y currents has to be changed in the cost function. The x current weight
will be set to zero and the y current will be the same as for the a-f currents, i.e. C=0 and

A=B=D in (48).

* The y current reference has to be changed, depending on the selected postfault control

criteria.

* The limitation of the & -  currents need to be changed to (47), changing the settings of the

saturated anti wind-up PI speed controllers.

* The transformation matrix that relates the switching functions with the phase voltages need

dt

to be modified as in (46) and the Clarke transformation of (42).

PCC
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om: measured angular rotor speed.
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Figure 2. Postfault controller based on the PCC technique.

7. Proportional Resonant Control (PR)

The second open-phase fault-tolerant implemented control scheme is based on stator current
x-y Proportional Resonant (PR) regulators, as it is explained in [37]. The control techni-
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que is detailed in Figure 3. It is based on a rotor flux controller, where the speed and flux
control are implemented in a rotor-flux-oriented reference frame (d-q coordinates) using PI
regulators. For simplicity, the d-current reference is set to a constant value while the g-
current reference is obtained from the speed error and a PI controller. The phase currents
of the machine can then be mapped in the stationary a-p-x-y planes using the classic Clarke
transformation and a position estimator. In order to improve the controllers’ perform-
ance, two feedforward terms ¢; and €y which depend on the machine model (it is used a
rotor-flux estimator based on the speed measurement and the d-current component [37]),
are included in the control loop:

ed:G.Ls.isq.a)e (53)
ﬂ,*
e, =L 7o, (54)
d 1 . L .
_/1r+{__]wmjﬂ'r:_mlsd (55)
dt T, T,

Traditional PI regulators are capable of following the constant x-y current references under
normal operation. However, PR regulators are required under postfault operation to appro-
priately track the oscillating x-y reference current components [39], where the x-current
component is forced to track the stator current in the a-current component and the y-current
reference is set depending on the postfault control method.

The PR controller is implemented using two PI regulators in two different reference frames to
track positive and negative stator current sequences [37], one rotating in the direction of the
field-oriented reference frame (w;) and the other in the opposite direction (-w,). These PI

regulators are capable of appropriately following the current references with nonoscillating
terms. When their outputs are summed, and the action of the PR control is generated, the
controller is capable of effectively driving to zero the total tracking error.

The main advantage of implementing linear controllers in open-phase fault-tolerant drives is
that the asymmetry in the impedance terms in the a-f plane does not affect the controller
performance. Then, there is no need to consider the back-emf of the faulty phase in the voltage
equilibrium equations, and the same electrical drive model can be used for control purposes
in normal or abnormal operation. Nonetheless, it must be considered that due to the low
bandwidth that PI regulators possess, the parameters of the utilized PI must be tuned for
different operating points in pre- or postfault operating conditions, increasing the complexity
of the implemented controller.
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Figure 3. Postfault controller based on PR technique.

8. Experimental and simulation results

In this section, simulation and experimental results will be presented to show the behavior in
healthy and faulty states of the five-phase induction machine with symmetrical and distributed
windings. Simulation results were obtained using the mathematical model of the machine and
a Matlab & Simulink based simulation tool described in [40], whereas the experimentation was
done using an electrical drive test-bench designed and implemented in a lab. To start with, the
test bench will be described.

8.1. A. Simulation Environment and Test-bench

The developed Matlab & Simulink simulation environments are shown in Figure 4. Each
simulation model is composed of three main parts: the controller algorithm (PR and PCC
based, respectively), the voltage source converter and the five-phase induction machine model.
Depending on the selected postfault control criteria, appropriate current references must be
provided to the controller. The minimum copper loss is used during postfault operation and,
consequently, the y-current reference is set to zero.

The experimental test-bench is shown in Figure 5. The five-phase machine was built based on
a conventional three-phase induction machine (IM) that has been rewound to obtain a
symmetrical five-phase induction motor with distributed windings. This five-phase machine
is driven by two conventional SEMIKRON (S5KS22F) three-phase two-level voltage source
inverters (VSI's), connected to an independent external DC power supply as the DC-Link. The
IM is mechanically connected to a DC motor, which can provide a programmable mechanical
load torque to the five-phase drive. The rotational speed is measured by means of an incre-
mental encoder from the manufacturer Hohner with reference 10-11657-2500, coupled to the
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Predictive Model Control

mi‘ i ;‘

jz‘
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h,

Figure 4. Developed MATLAB/Simulink model, including both PCC (upper figure) and PR controllers (lower figure).

shaft. For control purposes, four phase hall-effect current sensors are used to measure the stator
phase currents. The control actions are performed using a DSP-based Electronic Control Unit
(ECU) connected to a personal computer (this PC acts as a Human Interface Unit which
manages the entire test bench) using a standard RS232 cable. The user of the system can
program the control algorithm using the Texas Instruments proprietary software called Code
Composer Studio. This software runs in the DSP and configures the ECU’s internal peripherals,
the communication protocol and the data acquisition system.

The PCC and PR control strategies are implemented in the DSP to analyze and compare the
behavior of the real system. Regardless of the control strategy, the experimental tests that
follow are performed setting a constant d-axis stator current reference of 0.57 A for constant-
flux operation, while the g-axis stator current reference is obtained from the PI-based speed
controller (Figure 2 and Figure 3). The VSI's DC-link voltage was set to 300 V. The fixed
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switching and sampling frequency for PR is set to 2.5 kHz, whereas the sampling period for
PCC is set to 0.1 ms, providing around 2.5 kHz of average switching frequency. The postfault
operation of the multiphase drive considers always an open-phase fault in leg ‘a’.

CONTROL UNIT

O/1 TVNDIS

FIVE-PHASE IM |
MOTOR DRIVE

DC MOTOR LFIVE-PHASE M
— —

Figure 5. Experimental test bench.

8.2. B. Steady-state performance in postfault operation

The steady-state performance can be easily studied using the simulation environment. First,
the postfault model of the system, and the PCC and PR controllers are implemented using
aforementioned Matlab & Simulink environments. The behavior of the system is evaluated
driving the motor at a reference speed of 500 rpm and applying a load torque of 56% of the
nominal one (T,). The obtained stator phase currents are shown in steady-state in Figures 6
and 7 for PCC and PR controllers, respectively. The minimum copper loss operation is applied.
Then, phase currents possess unequal peak values, with phases b-e equal in magnitude and
higher than those of phases c-d. It is observed that the fault-tolerant PCC produces higher
current ripple than the PR control method, even though the sampling frequency of the
predictive controller is set at four times the value of the PR method. This is due to the intrinsic
property of FCS predictive controllers, where the switching frequency is not fixed and depends
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on the electrical drive operating point. The behavior of the entire system offers faster response
and lower switching frequency using PCC than PR-based controllers. The a -  current vector
describes a circular trajectory and the x-y terms present the same behavior using both postfault
controllers, being the x-current term fixed to —a and the y-current term null.

I

Current [A]

on.

IS

Current [A]

Figure 7. Phase current evolution in different subspaces using the PR controller and the minimum copper loss criteri-
on.
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The same steady-state test is performed experimentally using the real test bench. The experi-
mentally obtained results in postfault situation are presented in Figure 8. Notice that simula-
tion and experimental results agree, and the fault-tolerant system using the PCC controller
provides higher current ripple than using the PR control method. Nonetheless, both controllers
appropriately track the current references in all subspaces, producing a circular trajectory
similar to the one obtained in healthy operation.

PCC-MCL 4 PR-MCL
i s 4
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Figure 8. Stator phase current evolution in different subspaces using the PCC (left side) and the PR (right side) control-
ler and the minimum copper loss (MCL) criterion.

8.3. C. Dynamic operation: From pre- to postfault operation

The pre- and postfault operations are now analyzed and compared. In order to provide a more
realistic insight, tests have been conducted considering a fault detection delay. Consequently,
a delay between the fault occurrence and the control action is observed.

The results provided in Figure 9 show the pre- to postfault transition with a fault detection
delay of 40 ms between the fault occurrence in phase ‘a” at t=0.2 s and the control software
reconfiguration. The results obtained when the PCC is implemented are presented in the left
column whereas results obtained with PR are shown in the right side. The speed reference is
set to 500 rpm, as in previous tests, while a constant load torque of (0.56T,) is demanded.

In the case of PCC, the g -current waveform clearly indicates that the control is completely lost
during the fault detection delay (Figure 9, second row), and as a result a speed drop is observed
(Figure 9, first row). Notice that the p-current component is not affected during the fault
detection delay because the faulty phase ‘a’ does not contribute to the f§ component (Figure 9,
third row). Conversely, the @ and x stator current components are both driven to zero (Figure
9, third and fourth rows), causing torque oscillations. This abnormal operation is observed
during the fault detection delay due to the absence of an accurate system model for the PCC
to provide an adequate control. After the fault detection delay, the control scheme is recon-
figured and a more accurate system model is considered. As a result, the a-current reference
is immediately tracked (Figure 9, third row), the x-current becomes sinusoidal (i,=-i,,) and
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Figure 9. Transition from pre- to postfault operation considering fault detection delay. The motor is driven at 500 rpm
with a constant load torque 0.56T . The minimum copper loss strategy is used in postfault operation, and PCC (left

plots) and PR-based (right figures) controllers are applied. The fault occurs at t = 0.2 s but it is detected 40 ms after its
occurrence. The speed response and g-current component in pre- and postfault situations are shown in rows (a) and
(b), while the zoomed-in postfault a-f and x-y currents are presented in rows (c) and (d), respectively.

the y-current is null according to the minimum copper loss criterion (Figure 9, fourth row). On
the other hand, the g-current waveform when PR control is implemented shows a slight drop
in the moment when the phase is open (Figure 9, second row), but the control action is
maintained during the fault detection delay and the motor speed is only slightly affected
(Figure 9, first row). Thus, the effect of the delay and the control reconfiguration is noticeably
less severe in the case of PR compared to PCC. This can be explained by the fact that the prefault
PR control scheme is essentially similar to the postfault scheme except for the transition from



Open-Phase Fault Operation on Multiphase Induction Motor Drives
http://dx.doi.org/10.5772/60810

PI to PR in the x - y current controllers. Once the postfault current references have been
properly tracked, PR control can effectively provide the reference torque and regulate the
speed, but an important current oscillation appears at double the fundamental frequency due
to some negative sequence current that cannot be regulated by the d - 4 controllers. The speed

is, however, not affected, so the system is regulated with minimum modifications in postfault

situation.
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Figure 10. Transition from pre- to postfault operation considering fault detection delay. The motor is driven at 50 rpm
with a constant load torque 0.56T,,. The minimum copper loss strategy is used in postfault operation, and PCC (left
plots) and PR-based (right figures) controllers are applied. The fault occurs at t = 0.2 s but it is detected 200 ms after its
occurrence. The speed response and g-current component in pre- and postfault situations are shown in rows (a) and
(b), while the zoomed-in postfault a-f and x-y currents are presented in rows (c) and (d), respectively.
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The transition from pre- to postfault is also tested under low speed operation (Figure 10). The
fault detection delay is considered equal to 200 ms and an instantaneous control reconfigura-
tion of the system after the fault occurrence is not considered. As in previous tests, the fault
occurs at ¢ = 0.2s and constant load and speed references are maintained from pre- to postfault
operation.

The machine is driven at 50 rpm, and a 56% of the nominal torque is applied during the test.
This value of torque matches with the maximum quantity that the minimum copper loss
criteria can manage in a postfault situation. As it is observed, the speed reference tracking is
slightly affected after the fault occurrence with PR controller (Figure 10, first row); however,
this effect is much more noticeable when the PCC controller is implemented (Figure 10, first
row). Despite this considerable drop of speed, the system reaches the reference speed using
the PCC controller sooner than when using the PR technique. Then, PCC controllers present
again faster responses compared with the PR controllers.

9. Conclusions

This chapter focuses on the management of open-phase faults in multiphase electrical drives.
First of all, the different types of faults that appear in conventional and multiphase drives are
presented. The ability to continue operating in the event of a fault, which is one of the main
advantages of multiphase drives compared to standard three-phase ones, is discussed next.
The open-phase fault being the most common type of fault, it is next analyzed in a generic
multiphase drive with an odd number of phases. The analysis is particularized for one of the
most common multiphase drives, the five-phase induction machine with symmetrical and
distributed windings. The considered open-circuit is located in phase ‘a’, but the result is
general due to the spatial symmetry of stator windings. Two recently proposed controllers
based on the field oriented control technique, the PR and PCC-based methods, are described
as alternatives to manage the pre- and postfault operation with a minimum cost in the redesign
and performance of the controllers. Both methods must share the strategy to operate in
postfault operation, which must change the limits of the impressed stator currents to guarantee
the safety operation of the entire system. This is the case of the minimum copper loss criterion,
described in the document and applied with PCC and PR techniques to study the performance
of a five-phase IM using simulation and experimental results. These results not only show the
behavior of the system in steady and transient states, but also compare the ability of predictive
and linear controllers to manage the fault appearance. Provided results show that speed control
in postfault operation is viable using either PCC or PR control methods, with nearly similar
performance. Speed response of the predictive technique is faster than using a PR controller
at the expense of a higher steady-state current ripple. Additionally, PCC proves to be more
affected in the transition from pre- to postfault modes of operation because the high depend-
ence on the model accuracy provides less robustness during the unavoidable fault detection
delay. Both control methods, however, ensure safe operation within the postfault current
ratings, and proper postfault current reference tracking.
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Abstract

Model-based predictive control techniques have been recently applied with success
in power electronics, particularly in the fields of current control applied to AC
multiphase electrical drives. In AC electrical drives control, most of state variables
(i.e., rotor currents, rotor fluxes, etc.) cannot be measured, so they must be estimated.
As a result of this issue, this chapter proposes a comparative study of reduced-order
observers used to estimate the rotor currents in an model-based predictive current
control applied to the six-phase induction motor. The proposed control techniques
are evaluated using the Luenberger observer and the optimal estimator based on
Kalman filter. Different operation modes are analyzed and are further compared in
terms of statistical parameters of performance (i.e., covariance, standard deviation,
mean square error, etc.). The effectiveness of proposed methods is verified by a set
of comparative experiments obtained by using a six-phase induction motor system
experimental setup.

Keywords: Model-based predictive control (MBPC), Kalman filter (KF), Luenberger
observer (LO), Six-phase induction motor (SpIM)

1. Introduction

While the first variable speed drives back to the late 1960s, multiphase drives have
only gained the special attention of the research community during the past few
years in comparison with the traditional three-phase scheme for various applications -
especially in those where high reliability and fault tolerance are needed, as cases of ship
propulsion, locomotive traction, electric and hybrid electric vehicles, more-electric aircraft,

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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and high-power industrial applications - and recently in wind energy applications [1]-[3].
Different types of multiphase machines have been recently developed mainly for high-power
applications where the increase of the number of phases enables reduction of power per
phase, which leads to a reduction of the power per inverter leg. Often the multiphase
machines can be classified according to the phase numbers in 5-phase [4]-[8], 6-phase [9]-[11],
9-phase [13]-[14], 12-phase [15]-[17], and 18-phase [18] and by the spatial distribution of the
phases within the stator winding symmetrically or asymmetrically. The six-phase induction
motor (SpIM) fed by two sets of voltage source inverters was investigated since 1993.
Because of the configuration of induction motor having two sets of balanced windings, with
phase shift of 30 electrical degrees, six harmonic torque pulsations produced by two sets of
windings, respectively, are antiphase and therefore can be completely eliminated. Nowadays,
numerous control strategies such as direct torque control (DTC), model-based predictive
control (MBPC), and vector control have been developed for SpIM. The DTC technique has
the advantages of low machine parameter dependence and fast dynamic torque response.
Moreover, the main advantage of the MBPC technique is it focuses on flexibility to define
different control criteria, changing only a cost function, a reason why this control technique
has been recently applied to the SpIM [19]. MBPC is a control theory developed at the end
of the 1970s but has been recently introduced as a viable alternative in power converters
and drives. Various control schemes based on MBPC, including current, flux and torque,
speed, and sensorless speed control, have been recently reported. Developed schemes have
demonstrated good performance in the current and torque control of conventional drives, at
the expense of a high computational burden. It is a more flexible control scheme than DTC,
and it also provides faster torque response than the field-oriented control (FOC). The interest
in predictive control approach and multiphase drives has grown during the last few years,
when the development of modern microelectronics devices has removed the computational
barriers in their implementation. However, predictive control techniques have been only
proved as a viable alternative to conventional controllers in the current regulation of the
multiphase power converter. Predictive torque control (PTC), as a variation of the predictive
current control methods, has been recently analyzed as an alternative to classic DTC at a
theoretical level [20].

In this work, the predictive model of the SpIM is obtained from the vector space
decomposition (VSD) approach using the state-space representation method where the two
state variables are the stator and rotor currents. As the rotor currents are not measurable
parameters, these must be estimated. This chapter hence focuses in the efficiency analysis of
the MBPC techniques using the Luenberger Observer (LO) and the optimal estimator based
on Kalman Filter (KF). The chapter provides a background material about model-based
predictive current control applied to SpIM and includes experimental results by using an
experimental setup based on a digital signal controller (DSC). Finally, the main results are
discussed in the conclusion section.

2. The SpIM mathematical model

The asymmetrical SpIM with two sets of three-phase stator windings spatially shifted by
30 electrical degrees and isolated neutral points as seen on Figure 1 (a) is one of the most
widely discussed topologies. The asymmetrical SpIM is a continuous system which can
be described by a set of differential equations. The model can be simplified by using
the VSD theorv introduced introduced in [21], [221, [26] which enables to transform the
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(a) Cross section of an SpIM (b) General scheme of an asymmetrical SpIM drive

Figure 1. Asymmetrical SpIM feed topology and winding configuration

original six-dimensional space of the motor model into three two-dimensional orthogonal
subspaces in stationary reference frames (« — ), (x —y), and (z; — zp) by means of a 6 x 6
transformation matrix using an amplitude-invariant criterion. This matrix, namely, T, is
defined as:

o 1 V3 1 _ V3 4
1 2\/5 21 \% %
T=2|1-% -2 % —2 0 (1)
3l 1 _v3 1 8 _4
2 2 2 2
1 0 1 0 1 0
o1 0 1 0 1|

It is worth remarking that, according to the VSD approach, the electromechanical energy
conversion variables are mapped in the (« — B) subspace, meanwhile the current components
in the (x — y) subspace represent supply harmonics of order 6n £1 (n = 1,3,5,...) and only
produce losses. The voltage vectors in the (z1; — zp) subspace are zero due to the isolated
neutral points configuration [23]. Moreover, the SpIM is supplied by a 2-level 12-pulse IGBT
based VSC and a Dc-Link (Vp,), as shown in Figure 1 (b).

The VSC has a discrete nature with a total number of 26 = 64 different switching state vectors
defined by six switching functions corresponding to the six inverter legs (S, S4, Sp, Se, Sc, S f),
where S, € {0,1}. The different switching state vectors and the Vp, voltage define the
phase voltages which can in turn be mapped to the (¢« — ) — (x — y) space according to
the VSD approach [24]. To represent the stationary reference frame (a — p) in the dynamic
reference frame (d — g), a rotation transformation can be used. This transformation matrix,
namely, Ty, is represented as:
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| cos(8;) sin(6;)
Tag = Zsin (6;) cos (6;) |’ 2)

where 6, is the rotor angular position referred to the stator as shown in Figure 1 (a).

From the VSD approach, the following conclusions should be emphasized:

1. The electromechanical energy conversion variables are mapped to the (« — ) subspace.
Therefore, the fundamental supply component and the supply harmonics of order 12n &
1(n=1,2,3,...) are represented in this subspace.

2. The current components in the (x — i) subspace do not contribute to the air-gap flux and
are limited only by the stator resistance and stator leakage inductance. These components
represent the supply harmonics of the order 6n £1 (n = 1,3,5,...) and only produce
losses, so consequently they should be controlled to be as small as possible.

3. The voltage vectors in the (zq — z;) are zero due to the separated neutral configuration of
the machine.

The VSI with isolated neutrals is depicted in Figure 1 (b), being the gating signal represented
by [Sq, ..., S f] and their complementary values by [S,, ...,gf], where S; € {0,1}. The discrete
nature of the VSI defines the phase voltages which can be mapped in the (a — B) — (x — y)
according to the VSD approach. Figure 2 shows the active vectors in the (« — p) and (x — y)
subspaces, where each switching vector state is identified using the switching function by
two octal numbers corresponding to the binary numbers [S;5,Sc] and [SzS.S¢], respectively.
Stator voltages are related to the input control signals through the VSI model. An ideal
inverter converts gating signals into stator voltages that can be projected to (¢ — ) and
(x — y) subspaces and gathered in a row vector U,g,,s computed as

T
Uiprys = |Uas, Ups, Uxs, Uys, 0,0 = VdcTM, (3)

where (T) indicates the transposed matrix and M represents the model of the VSI that can be
expressed as function to the switching vectors as follows:

2 0 -10 -10
0 2 0 -10 —1
1(-10 2 0 -10 T
M_§ 0-10 2 0 -1|5%" )
-10-10 2 0
0 -10 -10 2

As shown in Figure 2, the 64 possible voltage vectors lead to only 49 different vectors in the
(e — B) and (x — y) subspaces. Applying the transformation matrix, the mathematical model
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Figure 2. Voltage space vectors and switching states in the (x — B) and (x — y) subspaces for a six-phase asymmetrical
VSl

of the SpIM can be written using the state-space (SS) representation as follows:

o = [G] - [y + [F] g ®)

where [u], g = [uas 1ps 0 O]T represents the input vector, [x],5 = [ias igs far iﬁ,]T denotes
the state vector, and [F] and [G] are matrices that define the dynamics of the drive that for

the particular case of the SpIM are represented as follows:

Rg 0 0 0
| 0o R 0 0
[F] = 0 wly R wrL|’ ©)

—wyLy, 0 —wyLy Ry

Ly 0 Ly O
0 Ly 0 Ly
Ly 0 L, 0 |’ @)
0 Ly 0 L,

[G] =

where Rs; and R, are the stator and rotor resistance, w;, is the rotor angular speed, and
Ly =L +3Ly, Ly = Lj, +3 Ly, and Ly, are the stator, rotor, and magnetizing inductances,
respectively. For a machine with P pairs of poles, the mechanical part of the drive is given
by the following equations:

T, = 3§ (l[}ﬁ,iw - priﬁr) , (8)

d P
]iawr+Biwr: E(Te*TL)/ )

where T} denotes the load torque, J; the inertia, 9,5, the rotor flux, and B; the friction
coefficient.
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Figure 3. Scheme of the experimental setup

The equations in (x — y) subspace do not link to the rotor side and consequently do not
contribute to the air-gap flux; however, they are an important source of Joule losses. Using
the SS representation, these equations can be written as:

d . s .
[u]xy = |:L(;s L(;s:| E [l}xy l:lé ISS:| [l]xy/ (10)

where Lj; represents the stator leakage inductance.

3. SpIM parameter identification

A commercial three-phase induction machine with three pairs of poles, 72 slots, and 15 kW
of rated power has been rewound to obtain an asymmetrical six-phase winding (configured
with two isolated neutral points) with the same pairs of poles and power with the original
three-phase machine. Conventional test (blocked rotor and no-load tests) procedures have
been applied to determine experimentally the electrical and mechanical parameters of the
SpIM. The obtained values are shown in Table 1.

Two three-phase VSC modules manufactured by Semikron SKS 35F B6U+E1CIF+B6CI21V
series are used to generate the six-phase stator voltages and to obtain the experimental
results. A hardware timer based on the LM555 device operating in monostable mode is
implemented to control the internal pre-charge circuit of both the SKS 35F modules. The
Dc-Link voltage is Vp. = 585 V. The implementation of the control system is based on
the DSC TMS320LF28335 manufactured by Texas Instruments and the MSK28335 board
from Technosoft which has 12 pulse-width modulation (PWM) outputs. The PWM is
configured with a 10 kHz of switching frequency. Stator currents are measured by using Hall
effect sensors (LA-55P from LEM). The analog-to-digital (A /D) converter peripherals of the
MSK28335 board with 16 parallel channels are used to capture all the measured signals. On
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Six-phase induction motor

Parameter Symbol  Value Unit
Stator resistance Rs 0.62 QO
Rotor resistance R, 0.63 Q
Stator inductance Lg 0.2062 H
Rotor inductance L, 0.2033 H
Mutual inductance L 0.0666 H
System inertia J; 027  kgm?
Viscous friction coefficient B; 0.012 kgm?/s
Nominal frequency fa 50 Hz
Load torque Tr 0 N-m
Pair of poles P 3 -

Table 1. Electrical and mechanical parameters

the other hand, the mechanical speed is measured by employing a Hengstler RI 58-O digital
incremental encoder with a resolution of 10,000 pulses per revolution and the enhanced
quadrature encoder pulse (eQEP) peripheral of the DSC. To preserve the system integrity,
input, and output, digital outputs of the control board are galvanically isolated by means of
a Texas Instruments ISO7230CDW isolator. Figure 3 shows a picture of the different parts of
the experimental test bench. In order to validate the electrical and mechanical parameters,
a PLL software implementation is used to calculate the stator current angle (f). Finally,
the angle is used to calculate the stator current in dynamic reference frame (iz; — igs) using
the transformation matrix shown in Eq. (2). Statistical parameters of performance (taking
as reference the experimental evolution of stator currents in dynamic reference frame) are
quantifiable for two different implementations: the SpIM model based on MatLab/Simulink
simulation environment and a real SpIM using the experimental setup.

3.1. Digital PLL implementation

Figure 4 (a) shows that the dynamic performance of the proposed PLL is highly influenced
by the compensator G(z). Considering that the reference signal is the stator current in d axis
and since the loop gain includes an integral term, § must track the constant component of
the reference signal with zero steady-state error. However, to ensure zero steady-state error,
the loop gain must include at least two integrators. Therefore, G(z) must include at least one
integral term, that is, one pole at z = 1. The other poles and zeros of G(z) are determined
mainly by the closed-loop bandwidth requirements of the PLL and stability indices such as
phase margin and gain margin, according with the procedure described in [25]. Due to the
fact that G(z) is controllable, the transfer function can be expressed into controllable canonical
form as follows:

(11)

Xk+1)k) = [Flsxs [x(k\k)} + [Dls551 {e(k\k)}

5x1 5x1”

w(k|k):[c]1x5 [X(k\k)]sml -
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Figure 4. PLL software implementation block diagram

where the matrix [F|545 and the vectors [D]sy1 and [C]i x5 define the dynamics of the PLL
compensator [G(z)], which for the set of state variables shown in Figure 4 (b) are as follows:

25-2209 -0.2 0.01

1.0 0 0 0
[Flses=|0 1 0 0 o0 |, (13)

0 0 1 0 0

00 0 1 0
D5, = [10000]", (14)
[Clyus = [17 —57 8.1 —58 1.6] . (15)

This state-space realization is called controllable canonical form because the resulting model
is guaranteed to be controllable. Since the control enters a chain of integrators, it has the
ability to move every state as shown in Figure 4 (b).

The proposed PLL architecture has been implemented by using the TMS320LF28335 DSC,
considering floating-point arithmetic and 10 kHz sampling frequency. The PLL algorithm
is executed as an interrupt service routine (ISR), which is triggered by one of the
general-purpose timer circuits available on chip. The same timer also triggers the acquisition
of input signals, simultaneously with the sampling interrupt. As the on-chip A/D converters
have a fast conversion rate (approximately 106-ns conversion time), input data are made
available at the beginning of the ISR with negligible time delay. The current components in
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Figure 5. Stator current angle evolution obtained experimentally by using the proposed PLL with special design of the
compensator

stationary references frame (x-f) are calculated at each sampling time from the measured
phase stator currents (ipg, ics, igs, i fs) by using Eq. (1), immediately after performing A/D
conversion.

Figure 5 shows the stator current angle evolution obtained experimentally by using the
proposed PLL architecture, when the SpIM is fed with electrical frequency voltages (f,) of
40 Hz. It can be seen that the angle evolves from 0 to 27t during a single period of the stator
current wave. It is also possible to observe that the result is satisfactory even when the stator
currents in stationary reference frame are distorted due to electrical noise.

3.2. SpIM parameter validation

SpIM electrical and mechanical parameters have been analyzed and validated using the
experimental setup as well as a SpIM MatLab/Simulink model where a fourth-order
Runge-Kutta numerical integration method has been applied to compute the evolution of the
state variables step by step in the time domain. Table 1 shows the electrical and mechanical
parameters of the asymmetrical SpIM which have been considered during the simulation.
The validation of the measured parameters has been evaluated under no-load conditions.

Figure 6 shows the stator current start-up characteristics when a VSC supplied with 585 V
of Dc-Link is considered and when a sinusoidal modulation index of 0.275 and 40 Hz of
frequency is applied. Figure 6 (a) shows the iy current evolution of the SpIM provided
by the MatLab/Simulink model. In this case, the VSC, the PWM scheme, and the AC
motor are simulated within the MatLab/Simulink model. The stator current evolution
is compared with the i;j current obtained using the experimental setup in order to verify
the analogy between the MatLab/Simulink model simulation results and the experimental
results especially with respect to the time constants associated with the SpIM (start-up
current, speed, steady-state current, etc.). It can be seen that the time constant converges
to the value obtained experimentally both in transient and steady-state conditions where it is
possible to quantify a steady-state current of approximately 2 A. Moreover, Figure 6 (b) shows
the results obtained experimentally. These results have been compared with the i; current
obtained experimentally. It can be seen that the start-up current evolution converges to a
common value for the MatLab/Simulink-based simulations as well as for the experimental
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Figure 7. Transient rotor speed evolution

setup, with a start-up transient of approximately 1.15 s. After 1.5 s, the reference frequency
is changed from 40 to 50 Hz, while the modulation index is kept constant at 0.275.

Statistical performance parameters such as the covariance, the standard deviation (SD), and
the mean square error (MSE) are used in order to evaluate the accuracy of the parameters,
taking as reference the results obtained through simulations, as well as those obtained by
means of experimental tests. The envelope of the fundamental frequency component of the
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Statistical parameters of performance

PARAMETER COVARIANCE SD MSE

MatLab/Simulink ~ 1.60x10720  1.025 1.064
Experimental 523x107%6  1.004 1.030

Table 2. Performance analysis.

stator currents in stationary reference frame can be calculated using the Hilbert transform
(HT) method. This envelope detection method involves creating the analytic signal of the
stator current using the HT. An analytic signal is a complex signal, where the real part (iss)
is considered the original signal and the imaginary part (jig;) is the HT of the original signal.
A discrete-time analytic signal (7i(k)) can be defined as follows:

h(k) = ias (k) + jigs(k), (16)

while the envelope of the signal can be determined by computing the modulus of the analytic
signal from the following equation:

2
+

n

2
Y igs (k)} . (17)

i=0

In(k)| = [g@ fas (K)

Using the above equation, it is possible to determine the envelope evolution of the stator
current, which is used to evaluate those aforementioned statistical performance parameters.
This analysis enables to determine the degree of dispersion of the envelope (of the stator
current) with respect to the value obtained experimentally through the PLL software
implementation (which is shown in red color in Figure 6). The statistic relationship
between the curves (iqs and stator current envelope) and the MSE has been analyzed under
steady-state conditions. Table 2 details the obtained results for the two different SpIM
implementation methods considered in Figure 6. Notice that the obtained performance
results are similar for both cases (MatLab/Simulink model and experimental). Moreover,
Figure 7 shows the rotor speed evolution for the two cases analyzed before. It can be seen
that the results provided by the MatLab/Simulink model in steady state converge to the
values obtained experimentally using a motor having three pairs of poles and 50 Hz of
nominal frequency (close to 1,000 rpm).

Further analysis has been done to validate the parameters under different test conditions. For
example, a change in the modulation index from 0.275 to 0.481 was considered at t = 1.5 s,
while a constant voltage frequency of 40 Hz was considered. Figure 8 (a) shows the trajectory
of the iys vs. ips as well as (igs — igs) current evolution considering at least four current periods
in steady-state operation, where it is also possible to observe the effect of the change of the
modulation index in the reference voltages. Figure 8 (a) shows the results obtained using
the MatLab/Simulink model, and Figure 8 (b) shows the experimental results. As in the
previous case, it can be seen that the simulated current converges to values equivalent to
those obtained experimentally and exhibiting similar dynamic behavior. Finally, Figure 8 (c)
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Figure 8. Dynamic reference frame characteristics

shows the stator current evolution in the dynamic reference frame (d — g) obtained by means
of Eq. (2) using the angle values calculated by the PLL software implementation. It can be
seen that the steady-state current values converge to those values shown in Figure 8 (a) and
Figure 8 (b) before and after applying the change in the modulation index from 0.275 to 0.481,
being these values close to 2 and 4 A, respectively. These results validate the SpIM electrical
and mechanical parameters shown in Table 1.

4. Predictive model

Assuming the mathematical model expressed by Eq. (5) and using the state variables defined
by the vector [x] ap the derivative of states can be defined as follows:

X1 = ¢3 (Rrxz + wrxg Ly + wrxoLim) + 2 (4as — Rsx1),

Xy = ¢3 (Rexq — wyx3Ly — wpx1Ly) + c2 (uﬁs - Rsxz) ,

X3 = ¢4 (—Rpx3 — wyxgLy — wixoLim) + 3 (—ugs + Rsx1), (18)
(-

Xy = ¢4 (—Rpxg + wyxsLly + wrx1 L) + c3 (71/1/35 + Rsxz) ,
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where ¢; (i = 1,2,3,4) are constants defined as:

L L L
0 =LsL, — L2, ¢y = C—I 3= C—T 4= CTS (19)

This set of differential equations can be represented in the state-space form as follows:

X(t) =f (X(t), U(®)),

Y(t) = CX(1), @0

with state vector X(t) = [x1, xp, X3, x4]T, input vector U(t) = {uas, uﬁs} , and output vector

Y(t) = [x1, x2]". The components of the vectorial function f and matrix C are obtained in a
straightforward manner from Eq. (18) and the definitions of state and output vector.

The continuous time model represented by Eq. (20) can be discretized in order to be used
for the predictive controller using the forward difference approximation method of the
first derived, also known as the forward Euler method. Thus, a prediction of the future
next-sample state X(k + 1|k) is expressed as:

X(k+ 1]k) = X(k) + Tuf (X(k), U(K)), (21)

where (k) is the current sample and T;; the sampling time. In Eq. (21), currents and voltages
of the stator and the mechanical speed are measurable variables; however, the rotor currents
cannot be measured directly. This difficulty can be overcome by means of estimating the rotor
current using the reduced-order estimator concept. Figure 9 shows the proposed predictive
current control technique for the asymmetrical SpIM.

4.1. The Estimator Based on the State Variables (SV)

The state variables evolution in discrete time can be represented using the following
equations:

o).

where X; = [ias (k) ips(k) | T is the vector directly measured which is Y, X;, = [iar (k) ig,(K) | T
is the remaining portion to be estimated, I represents the identity matrix, and A and B are
matrices whose components are obtained in the following equations:
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The prediction of the stator currents can be calculated as follows:

fns (k + 1]k) =(1 — TyucaRs )igs (k) + TinesLmewy (k)igs (k) + Tmcottas (k) + TncsGas (k),

where &5 (k) = (R,i,w(k) + Lrwr(k)iﬁr(k)).

On the other hand, the quadrature current can be written as follows:

1gs (k + 1|k) = — TrucaLinewr (k)ias (k) + (1 = TrucaRs )igs (k) + Trcaups (k) + Tmealps (k),

where g, (k) = (R,iﬁr(k) + Lrwrim(k)>.

(23)

(24)

(25)
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It can be seen from the above equations that the prediction of the stator currents has
a measurable (m(k) = [ma(k),m/g(k)}) and unmeasured (e(k) = {e,x(k),e/g(k)]) parts.
Assuming this, the prediction equations can be rewritten as follows:

Ius (k + 1]k) = mq (k) + eq(k), (26)
igs(k + 1]k) = mg(k) + eg(k), (27)
where
My (k) :(1 - TmC2Rs)ias(k) + TmCBmer(k)iﬁs (k) + TWZCZ”tXS(k)/ (28)
mﬁ(k) = — T3 Lnwy (k)ias (k) + (1 — TmCZRs)iﬁs(k) + Tmc2”ﬁs(k)/ (29)
ex(k) = Timcaas (k), (30)
eﬁ(k) = Tm%éﬁs(k)- 31)

Analyzing Eqgs. (26) and (27), which establish a prediction of the stator currents in the (« — p)
subspace for a (k 4+ 1) sampling time using the measurements of the (k) sampling time, it
can be noted that the term m(k) contains measurable variables, such as stator currents, rotor
speed, and the stator voltages, while the term e(k) contains unmeasurable variables of the
asymmetrical SpIM, for this particular case are the rotor currents in the (v — ) subspace.
Consequently, to solve the equations, it is necessary to obtain an estimate of the value of
é(k|k), since the rotor currents are not measurable states of the system. This can be solved
using the following equations:

Considering null initial conditions é,(0) = 0 and ég(0) =0, the estimated portion that

represented the rotor currents can be calculated from a recursive formula given by:

8u(k|k) = a(k — 1) + (ias(k) — Tns(k — 1)), (34)

ég(k|k) = eg(k — 1) + (igs (k) — igs(k — 1)). (35)
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4.2. The estimator based on a Luenberger Observer

The dynamics of the unmeasured part of the state vector defined by Eq. (22) is described as:
Xp (k + 1) = KQsz (k) + Kleu (k) + §2U0¢ﬁ51 (36)

where the last two terms are known and can be considered as an input for the X;, dynamics.
The X, part may be expressed as:

Xa(k +1) — A1 Xa (k) — B1Uyps = A1pXj (k). (37)

Note that Eq. (37) represents a relationship between a measured quantity on the left and the
unknown state vector on the right. Assuming this, Eq. (36) can be rewritten as follows:

Xb(k + 1) = (Kzz — K1X12)Xb(k) + K[Y(k + 1)+
(A21 — KjA11)Y(k) + (Ba — K;B)Uyps (k), (38)

where K; is the Luenberger gain matrix. Therefore, Egs. (37) and (38) describe the dynamics
of the reduced-order estimators for Luenberger observer [27].

4.3. The Estimator Based on a Kalman Filter

Considering uncorrelated process and measurement of Gaussian noises, Eq. (22) can be also
written as follows:

X(k +1]k) = AX(k) + BU(k) + Ho(k),

Y(k) = CX(K) + v (k), (39)

where H is the noise weight matrix, @ (k) is the noise matrix of the system model (process
noise), and v (k) is the matrix noise of measurement. The covariance matrices R, and R, of
these noises are defined as:

Rp = cov(@) =E {a) . cDT},
(40)
Ry =cov(v) = E {v~vT},

where E {.} denotes the expected value. Thus, the dynamics of the reduced-order estimator
equations are:

Xp(k+1[k) = (Ap — K(A)X,
(A21 — KiAq1)Y(k) + (B — KiBy ) Uyps (k), (41)
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where K represents the KF gain matrix that is calculated at each sampling time in a recursive
manner from the covariance of the noises as:

Ki (k) =T(k)-CTR, 1, (42)

where T is the covariance of the new estimation, as a function of the old covariance estimation
(¢) as follows:

T(k) = (k) — @(k) - CT(C- (k) - CT+R,) - C- (k). (43)

From the state equation, which includes the process noise, it is possible to obtain a correction
of the covariance of the estimated state as:

¢(k+1) = AT (k) - AT + HR, - HT; (44)

this completes the required relations for the optimal state estimation. Thus, K provides the
minimum estimation errors, given a knowledge of the process noise magnitude (Rp), the
measurement noise magnitude (R,), and the covariance initial condition (¢(0)) [28].

4.4. Cost function

The cost function should include all aspects to be optimized. In the current predictive control
applied to the asymmetrical six-phase induction motor, the most important features to be
optimized are the tracking errors of the stator currents in the (« — B) subspace for a next
sampling time, since these variables are related to the electromechanical conversion. To
minimize the prediction errors at each sampling time k, it is enough to utilize a simple term
as:

Cins (K +1[k) = i%,(k +1) — igs (k + 1]k),
=|| Gias (k+ 1K) [|* + || &5 (k + L]k) [|4> § 1 o 2 45
where || . || denotes the vector modulus, 7} is a vector containing the reference for the stator

currents, and is(k + 1[k) is the prediction of the stator currents calculated from measured
and estimated states and the voltage vector Uygs (k). Figure 10 (a) shows all projections of the
stator current predictions calculated from the prediction model. The current control selects
the control vector that minimizes the cost function at each sampling time. Figure 10 (b)
shows the selection of the optimal vector based on a minimization of prediction errors.

More complicated cost functions can be devised, for instance, to minimize harmonic content,
VSI switching losses, torque and flux, and/or active and reactive power. Also, in multiphase
drives, stator current can be decomposed in subspaces in different ways. An appropriate
decomposition allows to put more emphasis on harmonic reduction as will be shown in the
case study for a six-phase motor drive [29,30]. The most relevant cost functions are shown in
Table 3. The superscript (*) denotes the reference value, and the terms involved in each cost
function are detailed in Table 4.
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Controlled variables

Cost functions (J)

Currents («-B) and harmonic (x — y)

Active and reactive power
Torque and flux
Currents (a-p) and voltage balance

Currents («-pB) and VSI switching losses

iz —ial + \iﬁ—iﬁ\|2+/\||i§ — x| + |iy —iy]|
|Qinl + [ P;;, — Pinl
|y — Te| + A3 | — |ws]|

|li

|lia

—do| + [ig —ig| + A[Ve = Vio
— i 17} — igl| + AN

Table 3. Possible cost functions in function to the controlled variables

Variable description

in Measured « current
ig Measured f current
iy Measured x current
iy Measured y current
Qin Reactive power

b; Active power

T, Torque

Ps Flux of the stator

A Weighting factor
Ve1, Voo Voltages on each capacitor (VSI balanced)
Ng Number of switches

Table 4. Description of the terms involved in each cost function of Table 3

4.5. Optimizer

The optimization is done by exhaustive search over all possible realizations of the control
actions. However, for electrical machines, some combinations of gating signals produce the
same stator voltages, as shown in Figure 2. This means that, for prediction purposes, they
are equivalent. This reduces the effective number of gating combinations to ¢ = 29 —r, r
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being the number of redundant configurations and ¢ the phase numbers of the machine. For
the particular case of the SpIM, assuming the previous consideration, the search space for
the optimal solution are 49 different vectors (48 active and 1 null). For a generic multiphase
machine, the optimization algorithm produces the optimum gating signal combination (S°/")
using the estimator based on the state variables as follows:

Algorithm 1 Optimization algorithm for state variable method

Jo:=o00,i:=1.
whilei < e do
S; Si,jVj =1,..,¢.
comment: Compute stator voltages. Eq. (3).
comment: Compute the prediction of the states. Eq. (22).
comment: Compute the cost function. Eq. (45).
if ] < J, then
Jo < ], S°Pt — 8,
end if
ir=1+1
end while

Algorithms 2 and 3 show the pseudocode for the particular case of the proposed estimation
methods, the Luenberger observer and Kalman filter, respectively.

Algorithm 2 Proposed algorithm for Luenberger observer method

comment: Optimization algorithm.
Jo:=00,i:=1
while i < e do
S; + Sz,]v] = 1,...,4)
Compute stator voltages. Eq. (3).
Compute the prediction of the measurement states. Egs. (36)-(37) assuming null initial
conditions X;(0) = 0.
Compute the cost function. Eq. (45).
if | < J, then
Jo < ], S°Pt S,
end if
i=i+1
end while
Compute the prediction for X, (k + 1) by using Eq. (38).

5. Simulation results and discussion

A MatLab/Simulink simulation environment has been designed to analyze the efficiency
of the proposed reduced-order observer applied to the model-based predictive current
control of the SpIM considering the electrical and mechanical parameters that are shown in
Table 1. Numerical integration using fourth-order Runge-Kutta algorithm has been applied
to compute the evolution of the state variables step by step in the time domain. A detailed
block diagram of the proposed predictive current control technique is provided in Figure 9.
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Algorithm 3 Proposed algorithm for Kalman Filter method

Compute the covariance matrix. Eq. (43).
Compute the Kalman Filter gain matrix. Eq. (42).
comment: Optimization algorithm.
Joi=o00,i:=1
while i < ¢ do
S; + SZJV] = 1,...,f
Compute stator voltages. Eq. (3).
Compute the prediction of the measurement state. Eq. (39).
Compute the cost function. Eq. (45).
if ] < J, then
Jo < ], S°Pt S,
end if
ir=i+1
end while
Compute the correction for the covariance matrix. Eq. (44).

The reduced-order observer efficiency has been analyzed by performing parametric
simulations considering a 10 kHz of sampling frequency and non-ideal conditions assuming
that the control system has measurement (R;) and process (Ry) noises. Figure 11 (a) (top)
shows the obtained parametric simulation results for the particular case of the estimator
based on the SV technique when are considered a constant frequency reference of 50 Hz
with 15 A of reference current in stationary reference frame (iys) and different levels of
measurement and process noises (from 0 to 0.16) under varying load torque conditions
(from 0 to 20 N-m). It can be seen in this figure the evolution of the MSE (measured
between the reference and simulated currents) when the load torque and the measurement
and process noises simultaneously increase. This behavior is associated with uncertainties in
the estimation of the stator current due to the method based on the state variables. It can be
observed that the MSE increases in direct proportion under varying load torque conditions
(from 0.25 to 0.65 A). Figure 11 (a) (middle) shows the stator current tracking characteristic,
where the following parameters are considered: R, = Ry = 0.08 and T = 10 N-m. The
references and simulated and prediction currents are represented in red, black, and green
colors, respectively. According to Table 5, under these operating conditions, the performance
of the MBPC based on the SV method in terms of MSEi,s and THDi,s can be quantified
in 0.69 A and 6 %, respectively. On the other hand, Figure 11 (a) (bottom) shows the
rotor current evolution, calculated according to the SV methods under the same conditions
described above.

Moreover, Figure 11 (b) (top) and Figure 11 (c) (top) show the parametric simulation of the
MBPC technique for cases based on the LO and KF estimators, respectively. It can be noted in
these graphs that the proposed MBPC methods based on the LO and KF estimators introduce
improvements quantified with respect to the MSE, mainly when these control algorithms are
compared with the MBPC method based on state variables. It can be concluded from these
graphs that the MBPC based on the LO and KF estimators exhibits low sensitivity (in terms of
MSE) to change of the load torque, and the performance is related with the measurement and
process noise levels. Under the same test conditions considered above, the MSE measured
between the reference and simulated currents in alpha axis are 0.47 A and 0.48 A for
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Figure 11. Performance analysis considering a 15 A and 50 Hz of reference current
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Figure 12. Performance analysis considering a 15 A of reference current and Ty = 0

Figure 11 (b) (middle) and Figure 11 (c) (middle), respectively. Figure 11 (b) (bottom) and
Figure 11 (c) (bottom) show the rotor current estimated, for the cases based on the LO and
KF estimators, respectively.
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The performance of the MBPC based on reduced-order estimators has been evaluated
considering a 15 A of reference current with no-load condition and different levels of
measurement and process noises (from 0 to 0.16) under varying reference frequencies (from
30 to 50 Hz). Figure 12 (top) shows the performance analysis in terms of MSE, where it is
possible to observe from the parametric simulation that the three control methods evaluated
has low sensitivity to the frequency variation when are considered no-load conditions. It can
be seen that the efficiency strongly depends on the measurement and process noise levels,
as in the previous case. Figure 12 (middle) shows the stator current tracking characteristic,
where the following parameters are considered: R, = Ry = 0.12 and 45 Hz of reference
frequency. Finally, Figure 12 (bottom) shows the rotor current estimated, for the case of
study.

Figure 11 analysis

State variables 0.6965 0.6571 6.00% 6.06%
Luenberger observer  0.4799 0.4971 4.39% 4.62%
Kalman filter 0.4802 0.5084 4.29% 4.37%
Figure 12 analysis

MSEis MSEigs THDi s THDigs
State variables 0.7798 0.7702 7.44% 7.17%
Luenberger observer 0.5622 0.5951 5.13% 5.18%
Kalman filter 0.5897 0.5208 5.10% 5.20%

Table 5. Performance analysis

A similar analysis was performed for the case of beta current component, obtaining similar
results as shown in Table 5. These simulation results substantiate the expected performance
of the proposed algorithms based on reduced-order observers.

6. Conclusion

In this chapter, an efficiency analysis of two reduced-order observers for rotor current
estimator applied to the model-based predictive current control of the SpIM has been
presented. The electrical and mechanical parameters of the SpIM have been measured
and validated experimentally using an experimental setup. Real 15 kW SpIM parameters
have been used to perform simulations using a MatLab/Simulink simulation environment.
The simulation results obtained by different operation points under no-load and full-load
conditions as well as different measurement and process noises have shown an increase
in the efficiency of the proposed current control methods (based on the Kalman filter and
Luenberger observer) measured with respect to the mean squared error of the stator currents
in stationary reference frame, especially when they are compared with the control method
based on state variables. Furthermore, the optimal estimator based on the Kalman filter
achieves better performance than the Luenberger observer in terms of THD, mainly because
it takes into account the effects of the noises in the control structure, recalculating the state
feedback matrix at each sampling time recursively given the covariance of the new estimation
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as a function of the old covariance estimation. These results show that the experimental
implementation of these control techniques are feasible and can be applied to the SpIM to
increase the efficiency of the MBPC technique.
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AC motors play a major role in modern industrial applications. Squirrel-cage induction
motors (SCIMs) are probably the most frequently used when compared to other AC
motors because of their low cost, ruggedness, and low maintenance. The material
presented in this book is organized into four sections, covering the applications and
structural properties of induction motors (IMs), fault detection and diagnostics,
control strategies, and the more recently developed topology based on the multiphase
(more than three phases) induction motors. This material should be of specific
interest to engineers and researchers who are engaged in the modeling, design, and
implementation of control algorithms applied to induction motors and, more generally,
to readers broadly interested in nonlinear control, health condition monitoring, and
fault diagnosis.
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