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Preface

Modern electrical drive systems are composed principally of; motors, power electron-
ics components, transformers, analog/digital controllers and sensors or observers. The
improvements and the enormous advances in the field of power electronic (semicon-
ductor components), converters technology and software/implementation technology
have enabled advanced and complex control techniques. With these advances and ro-
bust control algorithms improved, considerable research effort is devoted for develop-
ing optimal techniques of speed and torque control for induction machines.

Also, torque control has been, for a long time, a remarkable field for industrial and
academic research. Different speed and torque control techniques were developed for
many types of induction machines and for various applications. As it can be confirmed
from the increasing number of conferences and journals on speed and torque control
of induction motors, it is certain that the optimal and robust torque control are a sig-
nificant guidance for technology development especially for applications based speed
variators.

This book is the result of inspirations and contributions from many researchers (a col-
lection of 9 works) which are, in majority, focalised around the Direct Torque Con-
trol and may be comprised of three sections: different techniques for the control of
asynchronous motors and double feed or double star induction machines, oriented
approach of recent developments relating to the control of the Permanent Magnet Syn-
chronous Motors, and special controller design and torque control of switched reluc-
tance machine.

In the first section, composed on chapters 1 to 5, the recent developments of the induc-
tion machines control are widely developed: after presentation of the machine model
(asynchronous, doubly fed or double star), and control method adopted (specially Field
Oriented Control, Direct Torque Control or their association) some ideas for improved
performance are provided. In this object, the impact study, of different structures of
static power converters (Current Source Inverter, Multi-level inverter), on the dynamic
and system performance is exploited. In addition, the contributions made by the use
of artificial intelligence techniques either for the design of the controllers or in the
development of switching tables, in the case of the Direct Torque Control, are amply
explained. Furthermore the study of special phenomena (flux weakening phase) or
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other types of machines for specific applications (Double feed or Double star induction
machines) is presented.

The second section, composed of two chapters, is on behaviour of Permanent Magnet
machine controlled by direct torque control method. Different techniques are used to
improve torque ripple reduction and harmonic noises in PMSM. Also, as an improve-
ment approach, different filters types are discussed and a RLC low pass is tested in
order to eliminate the harmonics.

The last section includes two research articles on development of reluctance motors.
The investigations are focused on the controller design and the implementation of
sensorless reluctance drive with direct torque control and also on the torque ripple
which can be minimized through magnetic circuit design or switched reluctance mo-
tors control.

Finally, in my capacity, as the Editor of this book, I would like to thank and appreciate
the chapter authors, who ensured the quality of their best works submitted. Most of
the results presented in the book have already been presented on many international
conferences and will make this book useful for students and researchers who will con-
tribute to further development of the existing technology.

I'hope all will enjoy the book.

February 10, 2011

Pr. M.T. Lamchich

Department of Physic

Laboratory of Electronic and Instrumentation
Faculty of Sciences Semlalia - University Cadi Ayyad
Marrakech - Morocco
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Double Star Induction Machines






Torque Control of CSl Fed
Induction Motor Drives

Aleksandar Nikolic
Electrical Engineering Institute “Nikola Tesla”, Belgrade
Serbia

1. Introduction

An electric drive is an industrial system which performs the conversion of electrical energy
to mechanical energy (in motoring) or vice versa (in generator braking) for running various
processes such as: production plants, transportation of people or goods, home appliances,
pumps, air compressors, computer disc drives, robots, music or image players etc. About
50% of electrical energy produced is used in electric drives today.

Electric drives may run at constant speed or at variable speed. Nowadays, most important
are variable speed drives, especially in Europe where according to the Ecodesign for
Energy-Using Products Directive (2005/32/EC) (the "EuP Directive") and its regulation
regarding electric motors (Regulation 640/2009/EC) on 1 January 2015 - motors with a rated
output of 7.5-375kW must meet higher energy efficiency standards, or meet the 2011 levels
and be equipped with a variable speed drive.

The first motor used in variable speed applications was DC motor drive, since it is easily
controllable due to the fact that commutator and stator windings are mechanically
decoupled.

The cage rotor induction motor became of particular interest as it is robust, reliable and
maintenance free. It has lower cost, weight and inertia compared to commutator DC motor
of the same power rating. Furthermore, induction motors can work in dirty and explosive
environments. However, the relative simplicity of the induction motor mechanical design is
contrasted by a complex dynamic structure (multivariable, nonlinear, important quantities
not observable).

In the last two decades of the 20t century, the technological improvements in power
semiconductor and microprocessor technology have made possible rapid application of
advanced control techniques for induction motor drive systems. Nowadays, torque control
of induction motor is possible and has many advantages over DC motor control, including
the same system response and even faster response in case of the latest control algorithms.
Two most spread industrial control schemes employs vector or field-oriented control (FOC)
and direct torque control (DTC).

Current source inverters (CSI) are still viable converter topology in high voltage high power
electrical drives. Further advances in power electronics and usage of new components like
SGCT (Symmetric Gate Commutated Thyristor), gives the new possibilities for this type of
converter in medium voltage applications. Power regeneration during braking, what is a
one of main built-in feature of CSI drives, is also merit for high power drives. Despite the
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above advantages, the configuration based on a thyristor front-end rectifier presents a poor
and variable overall input power factor (PF) since the current is not sinusoidal, but
trapezoidal waveform. Also, the implementation of CSI drive systems with on-line control
capabilities is more complex than for voltage source inverters (VSI), due to the CSI gating
requirements. Regarding mentioned disadvantages, CSI drives are of interest for research in
the field of torque control algorithms, such as vector control (or FOC) and direct torque
control (DTC). This chapter will present basic FOC and DTC algorithms for CSI drives and
show all features and disadvantages of those control schemes (sluggish response, phase
error, large torque ripples, need for adaptive control, etc.). Using recent analysis tools like
powerful computer simulation software and experiments on developed laboratory
prototype two new FOC and DTC solutions will be presented in the chapter. The proposed
FOC enables CSI drive to overcome mentioned inconveniences with better dynamic
performances. This enhancement relies on fast changes of the motor current, without phase
error, similar to the control of current regulated voltage source PWM inverter. The realized
CSI drive has more precise control, accomplished by the implemented correction of the
reference current. This correction reduces the problem of the incorrect motor current
components produced by the non-sinusoidal CSI current waveform. On the other side,
proposed DTC algorithm is completely new in the literature and the only such a control
scheme intended for CSI induction motor drives. Presented DTC is based on the constant
switching frequency, absence of coordinate transformation and speed sensor on the motor
shaft. Furthermore, since flux estimator is based only on DC link measurements, there is not
necessity for any sensor on the motor side which is one of main drive advantages. In this
case, by combination of vector control and basic DTC, a robust algorithm is developed that
has a faster torque response and it is simpler for implementation.

2. Characteristics of current source inverters

The most prevailing industrial drive configuration in low voltage range is based on IGBT
transistors as power switches and voltage-source inverter (VSI) topology. On the other side,
the induction motor drives with thyristor type current-source inverter (CSI, also known as
auto sequentially commutated inverter, Fig. 1) possess some advantages over voltage-source
inverter drive, but it has a larger torque ripples since the current wave-form is not
sinusoidal. Furthermore, due to the nature of the CSI operation, the dynamic performance
that exists in VSI PWM drives could not be achieved. But, CSI permits easy power
regeneration to the supply network under the breaking conditions, what is favorable in
large-power induction motor drives. At low voltage range (up to 1kV) this type of inverter is
very rare and abandoned, but this configuration is still usable at high power high voltage
range up to 10kV and several MW. In traction applications bipolar thyristor structure is
replaced with gate turn-off thyristor (GTO). Nowadays, current source inverters are very
popular in medium-voltage applications, where symmetric gate-commutated thyristor
(SGCT) is utilized as a new switching device with advantages in PWM-CSI drives (Wu,
2006). New developments in the field of microprocessor control and application in electrical
drives gives possibility for employment of very complex and powerful control algorithms.
Torque control of CSI fed induction motor drives becomes also viable and promising
solution, since some of CSI control disadvantages could be overcome using improved
mathematical models and calculations.
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Fig. 1. Basic CSI topology using thyristors as power switches

Two most important torque control schemes are presented, namely FOC and DTC. Both
control schemes will be shown with all variations known from literature, including those
proposed by previous research work of author. All presented torque control algorithms,
basic and proposed by author, are analyzed and verified by simulations and experiments.

3. Vector control

In the past, DC motors were used extensively in areas where variable-speed operation was
required, since their flux and torque could be controlled easily by the field and armature
current. However, DC motors have certain disadvantages, which are due to the existence of
the commutator and brushes. On the other side, induction motors have less size for the same
power level, has no brushes and commutator so they are almost maintenance free, but still
has disadvantages. The control structure of an induction motor is complicated since the
stator field is revolving. Further complications arise due to the fact that the rotor currents or
rotor flux of a squirrel-cage induction motor cannot be directly monitored.

The mechanism of torque production in an AC and DC machine is similar. Unfortunately,
that similarity was not emphasized before 1971, when the first paper on field-oriented
control (FOC) for induction motors was presented (Blaschke, 1971). Since that time, the
technique was completely developed and today is mature from the industrial point of view.
Today field oriented controlled drives are an industrial reality and are available on the
market by several producers and with different solutions and performance.

3.1 Basic vector control of CSI drives

Many strategies have been proposed for controlling the motion of CSI fed induction motor
drives (Bose, 1986; Novotny & Lipo, 1988; Wu et al., 1988; Deng & Lipo, 1990; Vas, 1990).
The vector control has emerged as one of the most effective techniques in designing high-
performance CSI fed induction motor drives. Compared to the PWM VSI drives CSI has
advantage in the reversible drives, but it has a larger torque ripples since the current wave-
form is not sinusoidal. Furthermore, due to the nature of the CSI operation, the dynamic
performance that exists in PWM drives are not achieved with the existing vector control
algorithms.

The well-known ("basic") structure of a CSI fed induction motor drive with indirect vector
control is shown in Fig. 2 (Bose, 1986; Vas, 1990).



6 Torque Control

supply E %
5
el

PI controll
»
»
A
»

) resolver

slip
calculator

\ 4

Fig. 2. Indirect vector control of a CSI fed induction machine

This method makes use of the fact that satisfying the slip relation is a necessary and sufficient
condition to produce field orientation, i.e. if the slip relation is satisfied (denoted as slip
calculator in Fig. 2), current d component will be aligned with the rotor flux. Current commands
are converted to amplitude and phase commands using resolver (rectangular to polar
coordinate transformation). The current amplitude command is directly employed as the
reference for the current PI controller intended for controlling the input converter (three phase
full wave bridge rectifier). The phase command is passed through a lead circuit such that phase
changes are added into the inverter frequency channel, since these instantaneous phase changes
are not contained in the slip frequency command signal coming from the slip calculator.

3.2 Proposed vector control of CSl drives

In the vector controlled CSI drives found in (Bose, 1986; Wu et al., 1988; Deng & Lipo, 1990;
Vas, 1990; Novotny & Lipo, 1996) and shown in previous chapter, the problems of the speed
response are reported. This is influenced by the instantaneous phase error and, as a result,
these configurations have slower torque response compared to the current regulated PWM
drives. In addition to the phase error, the commutation delay and the non-sinusoidal supply
that is inhered in CSI operation must be generally compensated for, to achieve acceptable
vector control. To overcome these disadvantages the phase error elimination and the
reference current correction should be performed.

In this chapter, the vector control algorithm that eliminates the two drawbacks is shown
(Nikolic & Jeftenic, 2006). The suggested algorithm produces the performance of the CSI
drive that exists in the PWM vector controlled drives. That enables this simple and robust
configuration to be used in applications where reversible operation is a merit.

The necessity for the phase error elimination can be explained with the help of the following
phasor diagram:

» »
L] Ll

Fig. 3. Phasor diagram with shown phase error
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When the torque command is stepped from ig* to is2* (with a constant is*), the current
vector should instantaneously change from is* to i;*. The slip frequency should also change
immediately. The resolver does give the correct amplitude and the new slip frequency will
be obtained by the slip calculator. However, although the phase change A® is added by a
lead circuit as shown in Fig. 2, since the instant phase changes are not contained in the slip
frequency command signal coming from the slip calculator (Bose, 1986; Deng & Lipo, 1990;
Novotny & Lipo, 1996), the stator current command will correspond to the vector i* in
Fig. 3, and there will be a phase error in the vector control system. This would result in an
instantaneous loss of the field-orientation that produces a very sluggish response of both
flux and torque. This problem could be overcome by the proposed algorithm, which unifies
features of both PWM and CSI converter. The resolver is still used to calculate the rectifier
reference current, but for the inverter thyristors control, a method used in the current
controlled PWM inverter is implemented. Instead of a lead circuit (shown in Fig. 2), the new
algorithm includes a synchronous to stator transformation (T!) to transfer the d-q
commands to the three-phase system. This is essential for achieving a fast torque response,
since the torque value is determined by the fundamental harmonic of the stator current.

For correct firing of the thyristors in the inverter, the switching times should be properly
determined to ensure that the phase angle of the motor current matches the phase angle of
the reference currents in a-b-c system. The reference sinusoidal currents obtained as a result
of transformation T+ are divided by the value obtained on the resolver output to produce
currents of unity amplitudes. Introduction of these currents into the comparator with trigger
level equal to 0.5 gives the proper thyristor conduction time of 120 degrees. This is
illustrated in Fig. 4, where i,* is unity sinusoidal current, i, is scaled CSI output current and
iz is fundamental stator current.

Currents [p.u.]

-1.5 t t t t t
0 60 120 180 240 300 360
phase angle [degrees]

Fig. 4. Waveforms of the reference current and fundamental stator current

The algorithm possesses the additional advantage regarding the practical realization. In
digital control system the lead circuit divides the difference of the two succeeding samples
with the sampling time. Since the sampling time is small, this operation produces the
computational error. The phasor diagram from Fig. 3 with removed phase error is presented
in Fig. 5.

Without the phase error (A® = 0), the step of the torque command produces the new stator
current command (i = i»*). Due to non-sinusoidal currents of the CSI, the average values of
the motor d-q currents is; » and is; s and the resulting stator current vector is greater than the
corresponding references shown in Fig. 5. To improve proposed algorithm and avoid
improper resultant d-q motor currents, the rectifier reference current correction is performed.



8 Torque Control

Fig. 5. Phasor diagram without phase error

In the vector controlled induction motor drive fed by a CSI a problem of incorrect copying
of the d-q references to the motor exist. As stated earlier, the reason is non-sinusoidal
current waveform produced by a CSI The ideal CSI current is a quasi-square waveform
(shown in Fig. 4). The Fourier analysis of this waveform gives the expression:

i, = & 1, -(sin(a)t) - lsin(Soot) - lsir1(7a)t) +-- J )

z 5 7

The previous relation shows that the fundamental component of AC output current has the
amplitude 10 percent greater than the value of DC link current. For correct reproduction of
the d-q references and satisfactory vector control it is not sufficient to adjust only the phase
of the fundamental motor current and the phase angle of the generated commands. The fine-
tuning of the motor currents in d-q frame is required.
To avoid supplementary hardware and software, a procedure that relies only on the values
calculated off-line is proposed. The corresponding relation between the mean values of the
motor currents in d-q frame and the commanded d-q currents is calculated. For proposed
correction it is not sufficient to use the difference between currents of 10% from (1), because
the correction depends on the phase angle of the d-q components and the inverter
commutation process. At lower speed, the commutation process could be neglected since it
is much shorter than the motor current cycle. Taking all this in consideration, the rectifier
reference current is corrected concerning the reference amplitude, the phase angle and the
commutation duration. The rectifier reference current formed in that manner is now
introduced to the current controller to obtain suitable motor d-q currents and achieve
desired vector control.
The calculation starts from the fundamental reference current from the resolver:

iy =) + (15 %)

and the phase angle (also obtained from the resolver):

D= arctan(i:d /i:q) ®)

Since the inverter commutation process is not neglected, the waveform of the inverter
output current is represented by a trapezoidal approximation analyzed in (Cavalini et al.,
1994) with adequate precision. Trapezoidal waveform is very near to the real current cosine
waveform due to the short commutation period, as explained in (Bose, 1986). This
approximation assumes that during the commutation period the inverter current rises with
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a constant rate of change. For rated rectifier current I; the current rate of change during the
commutation is equal to 14/ t., where f. is corresponding commutation time calculated from
the values of the commutation circuit components. The adequate commutation angle p
could be obtained as a product of the inverter frequency ®. and particular commutation
time. This time interval is determined from the current rate of change I;/t. and the reference
value of the DC link current i;*, therefore the commutation angle is:

/u:a)e'L'is (4)

Since the inverter current is periodical, the trapezoidal waveform in all three phases could
be represented on a shorter angle interval with the following equations:

0 o<o-Z
3
wleed]
—| 0-O+— O<d——+pu
Y7 3
L O.u®) =11 0<% ®)
Id T
1;—=|0-0——| 0<D+—+u
Y2 3
0 O<rm
. . 2
lb(gnuaq)):la(e_Ta/uaq)) (6)
. . Ar
lc(g,ﬂ,q)):la(@—?’ﬂaq)) )

where 6 ranges from 0 to w, p is the commutation angle and ® is the phase angle obtained
from (3). The instantaneous values of d-q currents are solved by a three phase to d-q frame
transformation T:

i (6, 1,®
isd(ea/'laq)) 2 ,a( a )
‘ 2Ty (0, 1,0) | =
lsq(ea,u’q)) 3 X
i (0, 1, 0) ®)
[ (6, 1,®
2 [sin(@) sin(@—-27/3) sin(@—47/3) l_“ge # <1>;
= R s My
3 | cos(8) cos(@-27/3) cos(@—dr/3)| | H
i.(0, 1, @)

The average values of the currents in d and q axis obtained from (8) on the range from 0
to 7 be:

7
isdfav(;uaq)): : Iisd(e,ﬂ,q))dg )
0

1
V3
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. 17
lsqiav(;u’q)):;' (.[)lSq(H’/u’q))de

(10)

The amplitude of the motor current vector in polar coordinates could be determined using
the average values obtained from (9) and (10):

iy (1. 0) = 121 (D)%) (1 D) (11)
The difference between reference amplitude calculated from (2) and the resulting stator
amplitude obtained from (11) is shown in Fig. 4. To avoid this difference, the corresponding
correction factor f. is introduced as a ratio of the reference (2) and the actual motor current
(11):

K

l
.cor , @) =- > 12
Jeor D) is (u, D) 12

For simulation and practical realization purposes, the correction factor fr is computed from

(2) - (12), and placed in a look-up table with the following restrictions:
e i,%is constant,

is;* is changed only to its rated value with i,* limited to 1 p.u.
o

for given references, all possible values of ® and u are calculated using (3) and (4),
respectively.

The rectifier reference current that provides the correct values of motor current d-q
components is now:

iref =g * feor (14, D)

(13)
The interdependence between correction factor f.,,, commutation angle u and phase angle ®
is presented in Fig. 6 as a 3-D graph.

e
o

o [P

Correction factor, f

Fig. 6. Correction factor, commutation angle and phase angle interdependence
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The calculated results of the current correction in d-axis and g-axis are presented in Fig. 7a
and Fig. 7b respectively. The corrected currents are given along with references and motor
average d-q currents (values without correction). The flux command is held constant

(0.7 p.u.), while torque command is changed from -0.7 p.u. to 0.7 p.u.

1.0

Torque command,sq [p-u]

a)

Torque command,q

b)

; 1Al

— 08
2 < 06
[ 6 +
=08t =
E 2 044
< b
2 06T T 027
2 corrected * 2
; iy 2 00+
é 04l igq =igg [pul] 9:3
§ . not corrected 5 027 __ . corrected . *
5 <d [p.u.] ° o4l isq =isq [p-u]
° 027 % . not corrected
= S 06t iy [pul
0.0 : : : : : : ‘ 038 1 1 1 1 | | |
-08 -06 -04 -02 00 02 04 06 08 08 -06 -04 -02 00 02 04 06 08

Fig. 7. Calculated motor current corrected in d-axis and g-axis (a,b respectively)

From the previous analysis the new resolver with current correction is formed as shown in
Fig. 8. This structure is used both in the simulations and the experiments. The new resolver
is consisted of the block “Cartesian to polar” (the coordinate transformation) and the block
“Correction” that designates the interdependence given in Fig. 6. As stated before, this
interdependence is placed in a 3-D look-up table using (2)-(12).

. X . *
Isd Isqr=--=======mmmmmmmmmmmoommmmm ooy

Correction i;l

> @ >
LA

Cartesian
to polar

slip
calculator

A4

Fig. 8. New resolver with current correction

To analyze dynamic performances of the proposed CSI drive, the torque response of the
"basic" structure shown in Fig. 2 is compared to the response of the new vector control
algorithm. This is done by simulations of these two configurations' mathematical models in
Matlab/Simulink. The first model represents the drive with basic arrangement and the
second is the drive with new control algorithm. The simulation of both models is done with
several initial conditions. Magnetizing (d-axis) current for rated flux has been determined
from the motor parameters and its value (0.7p.u.) is constant during simulations. The rated
g-axis current has been determined from the magnetizing current and the rated full-load
current using (2). At first, simulations of both models are started with d-axis command set to
0.7p.u, no-load and all initial conditions equal to zero. When the rotor flux in d-axis
approaches to the steady state, the machine is excited. This value of d-axis flux is now initial
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for the subsequent simulations. For the second simulation the pulse is given as a torque
command, with the amplitude of 0.2p.u. and duration of 0.5s. With no-load, the motor will
be accelerated from zero speed to the new steady-state speed (0.2p.u.), which is the initial
condition for the next simulation. Finally, the square wave torque command is applied to
both models with equal positive and negative amplitudes (+0.2p.u) and the observed
dynamic torque response is extracted from the slope of the speed (Lorenz, 1986). The square
wave duty cycle (0.9s) is considerably greater than the rotor time constant (T, = 0.1s), hence
the rotor flux could be considered constant when the torque command is changed. Fig. 9
shows torque, speed and rotor flux responses of both models. It could be noticed that the
torque response of the basic structure is slightly slower (Fig.9a), while the proposed
algorithm gives almost instantaneous torque response (Fig. 9b). This statement could be
verified clearly from the speed response analysis. In both cases the torque command is the
same. In the new model this square wave torque command produces speed variations from
0.2p.u. to 0.6p.u. with identical slope of the speed. But, in the basic model at the end of the
first cycle the speed could not reach 0.6p.u. for the same torque command due to the fact
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Fig. 9. Torque, speed and rotor flux of the basic structure (a), (c) and of the proposed
algorithm (b), (d)
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that torque response is slower. Also, in the next cycle (negative torque command) the speed
does not return to 0.2p.u. for the same reason. From different slopes of the speed in these
two models it could be concluded that proposed algorithm produces quicker torque
response. The rotor g-axis flux disturbance in transient regime that exists in the basic model
(Fig. 9¢) is greatly reduced by the proposed algorithm in the new model (Fig. 9d). It could be
seen that some disturbances also exist in the case of d-axis flux, but they are almost
disappeared in the new model.

To illustrate the significance and facilitate the understanding of theoretical results obtained
in the previous section, a prototype of the drive is constructed. The prototype has a standard
thyristor type frequency converter digitally controled via Intel's 16-bit 80C196KC20
microcontroller. Induction motor used in laboratory is 4kW, 380V, 50Hz machine. The speed
control of the drive and a prototype photo are shown in Fig. 10. Simplicity of this block
diagram confirms that the realized control algorithm is easier for a practical actualization.
The proposed circuit for the phase error elimination is at first tested on the simulation
model. The simulation is performed in such a manner that C code for a microcontroller
could be directly written from the model. The values that are read from look-up tables in a
real system (cosine function, square root) are also presented in the model as tables to
properly emulate calculation in the microcontroller.

Fig. 11a shows waveforms of the unity sinusoidal references (i,;* and #*) while Fig. 11b
indicates inverter thyristors switching times with changed switching sequence when the phase
is changed (0.18s, marked with an arrow). On these diagrams it could be observed that
thyristors T; and T, are switched to ON state when unity references i,* and i,* reach 0.5 p.u.,
respectively. Fig. 11c,d represents the instant phase variation of the currents in 2 and b phases
after the reference current is altered. The corresponding currents without command changes
are displayed with a thin line for a clear observation of the instant when the phase is changed.
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Fig. 10. CSI fed induction motor drive with improved vector control algorithm: control block
diagram (left), laboratory prototype (right)
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Fig. 11. Results of the phase error elimination (a,b - simulation, c,d - experimental)

The effects of the reference current correction are given by the specific experiment. To
estimate d and q components, the motor currents in 2 and b phases and the angle 6, between

a-axis and d-axis are measured. This angle is obtained in the control algorithm (Fig. 10) as a
result of a digital integration:

6,(n)=0,(n-)+w, T, (14)

where 7 is a sample, T; is the sample time and . is excitation frequency. The integrator is
reset every time when 6, reaches 0 or 360 degrees. The easiest way for acquiring the value of
this angle is to change the state of the one microcontroller's digital output at the instants
when the integrator is reset. On the time range between two succeeding pulses the angle is
changed linearly from 0 to 360 degrees (for one rotating direction). Since only this time
range is needed for determine the currents in d and q axis, the reset signal from the digital
output is processed to the external synchronization input of the oscilloscope. In that way the
motor phase currents are measured only on the particular time (angle) range. The
corresponding currents in d-q axes are calculated from (8) using for 6. i, and i
experimentally determined values.

The experimental results are given in Fig. 12 with disabled speed controller.
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Fig. 12. Experimental results of the motor current correction in d-axis and g-axis (a,b
respectively)

The flux reference was maintained constant at 2.96A (0.7p.u.) and torque command was
changed from 1.5A (0.35p.u.) to 3.3A (0.78 p.u.). The inverter output frequency is retained
the same during experiment (*20Hz) by varying the DC motor armature current. From
Fig. 12 it could be seen that for the proposed algorithm average values of d-q components in
the p.u. system are almost equal to corresponding references. On the other side, in the
system without correction there is a difference up to 15%, which confirmed the results
obtained from calculations shown in Fig. 7. This difference produces steady state error, what
makes such a system unacceptable for vector control in high performance applications.

On the Fig. 13 the motor speed and rotating direction changes are shown with enabled
speed controller. The reference speed is swapped from -200min-! to +200min-1.
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Fig. 13. The motor speed reversal

In Fig. 14 the influence of the load changes to the speed controller is presented. As a load,
DC machine (6kW, 230VDC, controlled by a direct change of the armature current via 3-
phase rectifier) is used. At first, the induction motor works unloaded in a motor region (M)
with the reference speed of -200min-! that produces the torque command current is;* = -
1.57A. After that, the DC machine is started with its torque in the same direction with
rotating direction of the induction motor. That starts the breaking of the induction motor
and it goes to the generator region (G). In this operating region the power from DC link
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returns to the supply network. The reference torque command current changes its value and
sign (is;2* = 1.72A). When DC machine is switched off, the induction motor goes to the motor
region (M) and the reference torque command current is now is;s* = -1.48A.
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Fig. 14. The load changes at motor speed of -200min-!

4. Direct torque control

The direct torque control (DTC) is one of the actively researched control schemes of
induction machines, which is based on the decoupled control of flux and torque. DTC
provides a very quick and precise torque response without the complex field-orientation
block and the inner current regulation loop (Takahashi & Noguchi, 1986; Depenbrok, 1988).
DTC is the latest AC motor control method (Tiitinen et al., 1995), developed with the goal of
combining the implementation of the V/f-based induction motor drives with the
performance of those based on vector control. It is not intended to vary amplitude and
frequency of voltage supply or to emulate a DC motor, but to exploit the flux and torque
producing capabilities of an induction motor when fed by an inverter (Buja et al., 1998).

4.1 Direct torque control concepts

In its early stage of development, direct torque control is developed mainly for voltage
source inverters (Takahashi & Noguchi, 1986; Tiitinen et al., 1995; Buja, 1998). Voltage space
vector that should be applied to the motor is chosen according to the output of hysteresis
controllers that uses difference between flux and torque references and their estimates.
Depending on the way of selecting voltage vector, the flux trajectory could be a circle
(Takahashi & Noguchi, 1986) or a hexagon (Depenbrok, 1988) and that strategy, known as
Direct Self Control (DSC), is mostly used in high-power drives where switching frequency is
need to be reduced.

Controllers based on direct torque control do not require a complex coordinate transform.
The decoupling of the nonlinear AC motor structure is obtained by the use of on/off control,
which can be related to the on/off operation of the inverter power switches. Similarly to
direct vector control, the flux and the torque are either measured or mostly estimated and
used as feedback signals for the controller. However, as opposed to vector control, the states
of the power switches are determined directly by the estimated and the reference torque and
flux signals. This is achieved by means of a switching table, the inputs of which are the
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torque error, the stator flux error and the stator flux angle quantized into six sections of 60°.
The outputs of the switching table are the settings for the switching devices of the inverter.
The error signal of the stator flux is quantized into two levels by means of a hysteresis
comparator. The error signal of the torque is quantized into three levels by means of a three
stage hysteresis comparator (Fig. 15).
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Fig. 15. Basic concept of direct torque control

The equation for the developed torque may be expressed in terms of rotor and stator flux:

Te=a Wil ] sin@) (15)
where Jy is the angle between the stator and the rotor flux linkage space phasors. For
constant stator and rotor flux, the angle dy may be used to control the torque of the motor.
For a stator fixed reference frame (w. = 0) and R = 0 it may be obtained that:

11‘
Vs T_(j)

(16)
The stator voltage space phasor may assume only six different non zero states and two zero
states, as shown in Fig. 16. The change of the stator flux vector per switching instant is
therefore determined by equation (16) and Fig. 16. The zero vectors Vo and V7 halt the
rotation of the stator flux vector and slightly decrease its magnitude. The rotor flux vector,
however, continues to rotate with almost synchronous frequency, and thus the angle Jy
changes and the torque changes accordingly as per (15). The complex stator flux plane may
be divided into six sections and a suitable set of switching vectors identified as shown in
Table 1, where d¥ and dT. are stator flux and torque errors, respectively, while Sy, ¢ are
sectors of 60° where stator flux resides.

Further researches in the field of DTC are mostly based on reducing torque ripples and
improvement of estimation process. This yields to development of sophisticated control
algorithms, constant switching schemes based on space-vector modulation (Casadei et al.,
2003), hysteresis controllers with adaptive bandwidth, PI or fuzzy controllers instead of
hysteresis comparators, just to name a few.
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Fig. 16. Voltage vectors of three phase VSI inverter

S1 Sz 53 S4 55 S6
d¥ | dT. | -n/6, /6, n/2, 2rn/3, | -2n/3, | -n/2,
/6 /2 2n/3 | 2n/3 | -w/2 -n/6
1 Vz V3 V4 V5 V6 VI
1 0 Vo V; Vo V; Vo V7
-1 Vs Vi V V3 Vy Vs
1 Vs Vs Vs Vs Vi %
0 0 V; Vo V; Vo % Vo
-1 V5 Vg V1 Vz V3 V4

Table 1. Optimal switching vectors in VSI DTC drive

4.2 Standard DTC of CSI drives

Although the traditional DTC is developed for VSI, for synchronous motor drives the CSI is
proposed (Vas, 1998; Boldea, 2000). This type of converter can be also applied to DTC
induction motor drive (Vas, 1998), and in the chapter such an arrangement is presented. The
induction motor drives with thyristor type CSI (also known as auto sequentially
commutated inverter) possess some advantages over voltage-source inverter drive. CSI
permits easy power regeneration to the supply network under the breaking conditions,
what is favorable in large-power induction motor drives. In traction applications bipolar
thyristor structure is replaced with gate turn-off thyristor (GTO). Nowadays, current source
inverters are popular in medium-voltage applications (Wu, 2006), where symmetric gate-
commutated thyristor (SGCT) is utilized as a new switching device (Zargari et al., 2001) with
advantages in PWM-CSI drives.

DTC of a CSl-fed induction motor involves the direct control of the rotor flux linkage and
the electromagnetic torque by applying the optimum current switching vectors.
Furthermore, it is possible to control directly the modulus of the rotor flux linkage space
vector through the rectifier voltage and the electromagnetic torque by the supply frequency
of CSI. Basic CSI DTC strategy (Vas, 1998) is shown in Fig. 17.
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Fig. 17. DTC of CSI drive based on hysteresis control

The stator flux value, needed for DTC control loop, is not convenient to measure directly.
Instead of that, the motor flux estimation is performed. In the voltage-based estimation
method, the motor flux can be obtained by integrating its back electromotive force (EMF).
The EMF is calculated from the motor voltage and current (17) and the only motor
parameter required is the stator winding resistance. In practice, this simple integration is
replaced by more sophisticated closed-loop estimators using filtering techniques, adaptive
integration or even observers and Extended Kalman filters (Holtz, 2003).

t - p—
V75S = .[(ﬁss _Rs 'iss }]t + V/SSO (17)
0

For DTC of CSI fed induction motor drive, the appropriate optimal inverter current-
switching vectors (Fig. 18) are produced by using an optimal current-switching table
similarly to the table given for VSI drive (Table 2). The main difference is that in CSI exist
only one hysteresis comparator for torque and only one zero switching current vector.

Fig. 18. Current vectors in CSI
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S Sy Ss Sy Ss Se
dT. 0, n/3, 2n/3, -T, 2n/3, | -n/3,
/3 2n/3 b 2n/3 | -n/3 0

1 iz 13 i4 15 is i1
0 io iy io io io ip
-1 i i i i3 iy is

Table 2. Optimal switching vectors in CSI DTC drive

4.3 Proposed DTC of CSl drives

In DTC schemes, the presence of hysteresis controllers for flux and torque determines
variable-switching-frequency operation for the inverter. Furthermore, using DTC schemes a
fast torque response over a wide speed range can be achieved only using different switching
tables at low and high speed. The problem of variable switching frequency can be overcome
by different methods (Vas, 1998; Casadei et al., 2003). In (Casadei et al., 2003), a solution
based on a stator flux vector control (SFVC) scheme has been proposed. This scheme may be
considered as a development of the basic DTC scheme with the aim of improving the drive
performance. The input commands are the torque and the rotor flux, whereas the control
variables are the stator flux components. The principle of operation is based on driving the
stator flux vector toward the corresponding reference vector defined by the input
commands. This action is carried out by the space-vector modulation (SVM) technique,
which applies a suitable voltage vector to the machine in order to compensate the stator flux
vector error. In this way it is possible to operate the induction motor drive with a constant
switching frequency.

In proposed DTC CSI drive shown in Fig. 19 the inputs are rotor flux and torque as in VSI
presented in (Casadei et al., 2003), but now as a control variable the stator flux angle o is
used (Nikolic & Jeftenic, 2008).
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Fig. 19. Proposed constant-switching DTC strategy in CSI fed induction motor drive
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Although this configuration could remind on field-oriented control, the main difference is
absence of coordinate transformation since it is not necessary to use coordinate
transformation to achieve correct firing angle as in vector control of the same drive (Nikolic
& Jeftenic, 2006). Identical result would be obtained when phase angle ®s between d-q
current references and rotor flux vector angle 6.=arctan(¥.5/¥:,) are summed and
resulting angle o, is than used to determine sector of 60 degrees where resides rotor flux
vector. In that way, phase angle ®s acts as a torque control command. When reference
torque is changed, i5;* is momentary changed. Phase angle ®; “moves” stator current vector
is in direction determined by the sign of torque reference and its value accelerate or
decelerate flux vector movement according to the value of the reference torque (Fig. 20).

Is refl

12 (1)
i1 (0s)

i (0s2)

Fig. 20. Selecting proper current vector in proposed DTC algorithm

This modification implies somewhere different switching table for activating inverter
switches from that shown in Table 2. Now a5 (angle between referent o-axis and reference
current vector is) determines which current vector should be chosen: i, for torque increase, i
for torque decrease or i; for keeping torque at the current value.

Current vector | Angle range (degrees)
i1 as > 0° and o, < 60°
i2 as > 60° and o, < 120°
i3 os > 120° and o, < 180°
iy as > 180° or a < -120°
is as > -120° and o, < -60°
is os > -60° and o < 0°

Table 3. Optimal switching table in proposed DTC

It is necessary to emphasize the importance of zero space vectors. In VSI there are two zero
voltage vectors: Vy denotes case when all three switches from the one half of inverter are
switched ON while V; represent state when switches are OFF. Contrary, in CSI (using analogy
to the VSI) zero current vector ip represent case when all thyristors are OFF. That could lead to
both torque and motor speed decrease. Due to the nature of commutation in CSI, it is
convenient to keep the selected current vector at instants when zero current vector is chosen.
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The voltage and the current of CSI fed induction motor, necessary for stator flux calculation,
can be reconstructed from the DC link quantities knowing the states of the conducting
inverter switches. In one duty cycle of the output current CSI has six commutations. In that
case six intervals of 60 degrees can be defined in which the current and the voltage changes
its values. In every interval the current from DC link flows through two inverter legs and
two motor phase windings. The motor line voltage is equal to the DC voltage on the inverter
input reduced for the voltage drop on the active semiconductors, i.e. serial connection of the
thyristor and diode in each inverter leg (Fig. 1). This voltage drop is forward voltage and for
diodes it is about 0.7V-0.8V and for thyristors it is about 1V-1.5V. In this algorithm the
average value of the overall forward voltage is used (2V), but for the practical realization it
is chosen from the semiconductors datasheets or determined experimentally. It can be
generally concluded that the voltage drop on the corresponding thyristor-diode par could
have the following values in dependence of the conducting thyristor Ty, where x=1,...,6:

- V= Vg, when Ty is conducting,

- Vrpx =0.5:-Upc, when conducts thyristor from the same half-bridge where Tx is,

- Vmx = Upc - V5, when conducts thyristor from the same inverter leg where Ty is.

These results are used for the voltage calculation in all conducting intervals, and they are
summarized in Table 4. Prior to the flux estimation, the currents and voltages given in the
Table 4 should be converted to a-f stationary frame.

The resistance of the stator windings, needed for stator flux calculation, can be easily
determined from the simple experiment when the motor is in the standstill. When only
thyristors T; and T conducts, the DC current will flow through motor phases a and b. Since
the motor is in the standstill, the only voltage drop is on the stator resistance R;:

Uy =2-R,-i, (18)

when the windings are Y-connected. Generally, for the motor voltage value calculated from
Table 4 and any type of the motor winding connection, the stator resistance is:

R Ya _Upc=2-Vp

’ ks “lg ks “Ipc (19)

where k; = 1 for Delta connection and ks =2 for Y connection. Relation (19) can be easily
implemented in the control software if the thyristors T; and Ts are switched ON prior the
motor start and the stator resistance is determined from the measured DC link current and
voltage and the knowing voltage drop on the thyristor-diode par using Table 4.

Active . .
Thyristors fa v Har e
1 T1,T6 Ipc 0 Upc-2-Vg -0.5-Upc+ Vg
21 T1,12 Ipc | -Ipc | 0.5:Upc-Vr | 0.5-Upc- Vr
3 T3, T2 0 -Ipc | -0.5-Upc + Vr Upc-2-Vg
4 T3,T4 -Ipc 0 -Upc+2-Vg 0.5-Upc - Vr
5 T5,T4 -Ipc Ipc | -0.5-Upc+ V| -0.5-Upc+ Vr
6 T5,T6 0 Ipc | 0.5:Upc-Vr | -Upc+2-Vr

Table 4. Motor current and voltage determined only by DC link measurements
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The main feedback signals in DTC algorithm are the estimated flux and torque. They are
obtained as outputs of the estimator operating in stator reference frame. This estimator at
first performs electro-motive force (EMF) integration (17) to determine the stator flux vector
and than calculates the flux amplitude and find the sector of 60 degrees in o-§ plane where
flux vector resides, according to the partition shown in Fig. 20. After the stator current and
voltage are determined by previously explained reconstruction of stator voltages and
currents, pure integrator in (17) yields flux vector, which components are subsequently
limited in amplitude to the magnitude values of the stator flux references. The trajectory of
flux vector is not circular in the presence of DC offset. Since its undisturbed radius equals
¥, the offset components tend to drive the entire trajectory toward one of the +¥¢*
boundaries. A contribution to the EMF offset vector can be estimated from the displacement
of the flux trajectory (Holtz, 2003), as:

1
EMFL =Yg, + Ve, 0)
where the maximum and minimum values in (20) are those of the respective components
¥, and ¥4 and At is the time difference that defines a fundamental period. The signal
EMF,is fed back to the input of the integrator so as to cancel the offset component in EMF.
The input of the integrator then tends toward zero in a quasi-steady state, which makes the
estimated offset voltage vector equal the existing offset Wy in (17). The trajectory of ¥; is
now exactly circular, which ensures a precise tracking of the EMF offset vector. Since offset
drift is mainly a thermal effect that changes the DC offset very slowly, the response time of
the offset estimator is not at all critical. It is important to note that the dynamics of stator
flux estimation do not depend on the response of the offset estimator (Holtz, 2003).

The estimated rotor flux is calculated from the stator flux estimate using motor parameters
and reconstructed stator current:

R L-L —1%
W, 05 = T

sap L sap 21)
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and its position in a- reference frame is determined by:

b4
g,= arctan[—rﬂj (22)
lIII"(Z

Finally, from the estimated stator flux and reconstructed current vector the motor torque is:

3 ) .
Te = E P (lsﬂ\ljsa - lsalysﬂ) (23)

where the stator flux and current vectors are given in stationary o-f frame, and p denotes
the number of poles.

The simulation model is developed in Matlab/SIMULINK, using SimPowerSystems block
library that allows a very real representation of the power section (rectifier, DC link, inverter
and induction motor). All electrical parameters (inductance of DC link, motor parameters)
are the same as in real laboratory prototype, also used for testing previosly explained FOC
algorithm. Rated flux is 0.8Wb and rated torque is 14Nm. Rectifier reference current is
limited to 12A and reference torque is limited to 150% of rated torque (20Nm).
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Comparison between the basic and proposed DTC of CSI induction motor drive are shown
in Fig. 21, using the same mathematical model of CSI drive as used for FOC algorithm.
Proposed DTC shows much better torque response from motor standstill.
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Fig. 21. Torque response for basic (left) and proposed (right) DTC algorithm

Dynamical performances of DTC algorithm are analyzed at first with rated flux and zero
torque reference, than drive is accelerated up to 1000rpm. The speed is controlled in closed-
loop via digital PI controller (proportional gain: Kp = 5, integral gain: Ky = 0.5, torque limit =
20Nm, controller sampling time: Ts = 4ms). The speed reference is set using succeeding
scheme: +1000rpm at t = 0.25s, than -1000rpm at t = 0.6s. As could be seen from Fig. 22, a
fast torque response is achieved with correct torque reference tracking and slow rotor flux
ripple around the reference value (<1.5%).

For experimental purposes, the same laboratory prototype of CSI drive is used as explained
before. The CSI feeds a 4kW induction motor and, as a mechanical load, the 6kW DC
machine with controlled armature current is used (Nikolic & Jeftenic, 2008). The presented
algorithm is not dependent on the motor power or the type of switching devices and it
could be applied to any current source converter topology. The low-power induction motor
and standard type thyristors are used just for the simplicity of the laboratory tests.

The torque response is analyzed both with direct torque demand and under the closed-loop
speed control. Speed controller is implemented with soft start on its input and sample time
of 20ms. Torque limit on the controller output is +5Nm and is determined in such a way that
under the maximum torque value slip is equal to maximal slip for current control:

1
max = a)— =0,0405 (24)

e r

where @, is synchronous frequency (314rad/s) and T, is rotor time constant (78.7ms).

Since rotor flux is not measured but determined by estimation, its value is checked with that
obtained from simulation. The comparison between simulated and estimated rotor flux
whith zero speed (torque) reference and rated flux reference are given in Fig. 23 (a). Good
performance of the flux estimator, necessary for proper direct torque control, could be
observed from Fig. 23 (b), where flux trajectory is shown starting from zero to its rated
value. Almost circular flux trajectory with equal amplitudes in both o and [ axes assures
correct offset compensation.

N
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Fig. 22. Simulation results for the proposed DTC method
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Fig. 23. Rotor flux response (a) and its trajectory (b) during motor start-up
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Motor speed and torque response when the speed control loop is closed is shown in Fig. 24.
Response tests are performed during motor accelerating from Orpm to 300rpm, than from
300rpm to 500rpm and back to 300rpm and Orpm.
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Fig. 24. Motor speed (a) and torque (b) response under different speed references

5. Conclusions

In this chapter two main torque control algorithms used in CSI fed induction motor drives
are presented, namely FOC and DTC. The first one is precise vector control (FOC)
algorithm. The explained inconveniences of the vector controlled induction motor drives fed
by a CSI could be overcome with the new vector control algorithm. The main advantage of
the suggested algorithm compared to that known from the literature is better dynamic
performances of the proposed CSI drive. This enhancement relies on the fast changes of the
motor current, without phase error, similar to the control of current regulated voltage source
PWM inverter. The realized CSI drive has more precise control, accomplished by the
implemented correction of the reference current. This correction reduces the problem of the
incorrect motor d-q currents values produced by the non-sinusoidal CSI current waveform.

Next, the two different methods of direct torque control in CSI fed induction motor drive are
presented. Contrary to the well-known hysteresis control derived from VSI drive, new DTC
algorithm based on the constant switching frequency is proposed. Merit of such a solution
in comparison to the vector control of the same drive is absence of coordinate
transformation and speed sensor on the motor shaft. Furthermore, since flux estimator is
based only on DC link measurements, there is not necessity for any sensor on the motor side
which is one of main drive advantages. In this case, by combination of vector control and
basic DTC, a robust algorithm is developed that has a faster torque response and it is
simpler for implementation. Moreover, algorithm is less sensitive to the parameter variation
than standard FOC on the same drive. Contrary to the slip calculation using rotor time
constant, proposed algorithm uses stator resistance for flux calculation and its value could
be checked every time when motor is stopped using explained method for reconstruction
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based only on DC link measurements. Other motor parameters (windings and mutual
inductances) are used only when flux reference is changed and their values have no
influence on the performance of the flux estimator due to the offset compensation. The
validity of all presented torque control algorithms was proven by simulations and
experimental results on developed laboratory prototype of CSI drive.
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1. Introduction

With the enormous advances in converters technology and the development of complex and
robust control algorithms, considerable research effort is devoted for developing optimal
techniques of speed control for induction machines (IM). Also, induction motor control has
traditionally been achieved using field oriented control (FOC). This method involves the
transformation of the stator currents into a synchronously rotating dq reference frame that is
aligned with one of the stator fluxes, typically the rotor flux. In this reference frame, the
torque and flux producing components of the stator currents are decoupled, such that the d-
axis component of the stator current controls the rotor flux magnitude and the g-axis
component controls the output torque.

The implementation of this system however is complicated and furthermore FOC, in
particularly indirect method, which is widely used, is well known to be highly sensitive to
parameters variations due to the feed-forward structure of its control system.

Another induction motor control technique known as a Direct Torque Control (DTC) was
introduced in the mid 1980s, by Takahachi and Noguchi, for low and medium power
applications; also Direct Self Control (DSC) was proposed by Depenbrock for high power
applications.

DTC has a relatively simple control structure yet performs at least as good as the FOC
technique. It is also known that DTC drive is less sensitive to parameters de-tuning (only
stator resistor is used to estimate the stator flux) and provides a high dynamic performances
than the classical vector control (fastest response of torque and flux).

This method allows a decoupled control of flux and torque without using speed or position
sensors, coordinate transformation, Pulse Width Modulation (PWM) technique and current
regulators. This type of command involves nonlinear controller type hysteresis, for both
stator flux magnitude and electromagnetic torque, which introduces limitations such as a
high and uncontrollable switching frequency. This controller produces a variable switching
frequency and consequently large torque and flux ripples and high currents distortion.

The DTC is mostly used in the objective to improve the reduction of the undulations or the
flux’s distortion, and to have good dynamic performances. It's essentially based on a
localization table which allows selecting the vector tension to apply to the inverter according
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to the position of the stator flux vector and of the direct control of the stator flux and the
electromagnetic torque.

The general structure of the asynchronous motor with DTC and speed regulation and using
multilevel inverter is represented by the following figure.
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Fig. 1. General structure of the asynchronous motor with DTC and speed regulation

Also, the use of multi-level inverters and artificial techniques contribute to the performances

amelioration of the induction machine control. In fact, the use of three level inverter (or

multi-level inverter) associated with DTC control can contribute to more reducing

harmonics and the ripple torque and to have a high level of output voltage.

Also, in last years, much interest has focused on the use of artificial intelligence techniques

(neural networks, fuzzy logic, genetic algorithmes,...) in identification and non linear control

systems. This is mainly due to their ability learning and generalisation.

It become a number of papers appeared in literature interest to improving the performance

of DTC applied to induction motor drive.

Among the different control strategies that were applied to achieve improved performance

include:

e The switching frequency is maintained constant by associating the DTC to the space
vector modulation;

e  The space voltage is divided into twelve sectors instead of six with the classic DTC, and
used some changes of the switching table.

Many researches have been performed using the multi-level inverter and, for example, some

articles described a novel DTC algorithm suited for a three level inverter, and proposed a

very simple voltage balancing algorithm for the DTC scheme.
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Also, different other strategies using the artificial intelligence techniques were introduced,

in order to achieve the objective that improving the performance of DTC:

e  The direct torque control using a fuzzy logic controller to replace the torque and stator
flux linkage hysteresis loop controller, space vector modulation, and fuzzy stator
resistance estimator is more developed;

e  The artificial neural network replacing the convectional switching table in the DTC of
induction motor is also widely detailed.

In this chapter, all these points will be deeply developed and some simulation results, using
Matlab/Simulink environment and showing the advantages of these approaches, will be
presented. In the 1st section, we present the description of DTC method applied to the
induction motor, as well as the simulation results will be illustrate the effectiveness of this
method. In 2nd section, in the objective to improve the performance of DTC, the technique of
multi-level inverter fed induction motor has been analyzed and simulation results show the
performance of this approach. In 3d section, we present the fuzzy logic direct torque control
with two approaches: pulse width modulation and space vector modulation, also a model of
artificial neural network is applied in DTC.

In the latest sections, the association of three-level inverter with fuzzy/Neural speed

corrector for direct torque control of induction motor is developed.

2. Direct flux-torque control fundamentals

The direct torque control is principally a non-linear control in which the inverter switching
states are imposed through a separate control of stator flux and electromagnetic torque of
the motor. The inverter command is instantaneous and it replaces then the decoupling
through the vectorial transformation. One of the most important characteristics of the DTC
is the non-linear regulation of stator flux and electromagnetic torque with variables
structures or by hysteresis.

The flux regulation is imperative for an efficient control of the induction machine torque and
in the DTG, the stator flux regulation is chosen because it’s easier to estimate, and partly it has
a faster dynamics than the rotor flux. By adjusting the stator flux, we also adjust the rotor flux.
As in the other control methods, which use a direct regulation of the flux, the flux nominal
value is imposed as a constant reference, for speeds lower than the nominal value. For
higher speeds, a flux reference value, decreasing proportionally with speed; is imposed. On
the other hand, the quality of rotation speed, and/or position, control of the modern
actuators depends directly on the toque control.

2.1 Stator flux control
The IM equations, in a stator reference frame, are defined by:

U, 0-R T+ %% 55 1)
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where R; and R, are the stator and rotor resistances.

L, and L, are the mutual stator and rotor inductances.

The stator flux is estimated from the measure of stator current and voltage and their
transformation in the ¢ subspace. So:

t

t
o, = [')-(VSOZ - Rslsa)dt (Ds/j - '(I;(Vsﬂ - Rslsﬂ)dt (2)

The stator flux module and the linkage phase are given by:

Os = /D2 + CDfﬂ o, = arctg(zs—ﬁ) 3)

sa

On a sampling period T,, and by neglecting the term (R,I,) in equation of stator flux, valid

hypothesis for high speeds, the evolution of this last one is given by the vector Vs during
Te:

AD s = CD.V _(DSO = VSTE (4)

®,, is the initial stator flux at the instant ¢, .

So, the variation of the stator flux is directly proportional to the stator voltage, thus the
control is carried out by varying the stator flux vector by selecting a suitable voltage vector
with the inverter.

A two level hysteresis comparator could be used for the control of the stator flux. So, we can
easily control and maintain the flux vector @, in hysteresis bound as shown in Figure.2.
The output of this corrector is represented by a Boolean variable cflx which indicates
directly if the amplitude of flux must be increased (¢fix =1) or decreased (¢fIx = 0) so as to
maintain: ‘(CDS),ef — CDS‘ <AD,, with (@;),. the flux reference value and A®, the width of the
hysteresis corrector.

Fig. 2. Flux hysteresis corrector

2.2 Torque control
The electromagnetic torque expression is defined as follws, where y represents the angle
between the rotor and stator flux vectors:
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T = p =0, [0, Jsin ) ©)
oL,L, "

where p is the number of pole pair
L mutual inductance
o: leakage coefficient (Blondel coefficient)
We deduct that the torque depends on the amplitude and the position of stator and rotor
flux vectors.
On the other hand, the differential equation linking the stator flux and the rotor flux of
motor is given by:
dd

1 L
i (— - jo)D, = (6)
dt (arr j®, or, L, °

rs

From this equation, the flux @, tracks the variations of the flux ®_, with a time constant
oT, .
In controlling perfectly the stator flux vector, from the vector V,, in module and in position,
we can control the amplitude and the relative position of the rotor flux vector and
consequently the electromagnetic torque. This is possible only if the command period T, of
the voltage V, is very lower to time constant oz, .

The expression of the electromagnetic torque is only obtained from the stator flux

components @, , @, and currents I, , I

sa’ sa’

sp :
1—‘elm = p(¢sa isﬁ - ¢sﬁ isa) (7)

For the control of the electromagnetic torque, we can use a three level hysteresis comparator
which permits to have the two senses of motor rotation. The output of this corrector is
represented by a Boolean variable Ccpl indicating directly if the amplitude of the torque
must be increased, decreased or maintained constant (¢cpl =1,-1,0) .

A

- _\l ) Y “El‘e.tw= [ l-' N l ;‘.""-‘

' 3

Fig. 3. Three level hysteresis comparator

2.3 Control strategy of DTC based two-level voltage inverter

Direct Torque Control of IM is directly established through the selection of the appropriate
stator vector to be applied by the inverter. To do that, in first state, the estimated values of
stator flux and torque are compared to the respective references, and the errors are used
through hysteresis controller.

The phase plane is divided, when the IM is fed by two-level voltage inverter with eight
sequences of the output voltage vector, into six sectors.
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Fig. 4. Stator vectors of tensions delivered by a two level voltage inverter

When the flux is in a sector (i), the control of flux and torque can be ensured by the
appropriate vector tension, which depends on the flux position in the reference frame, the
variation desired for the module of flux and torque and the direction of flux rotation:

®s increase, [eim
increase

®s increase, [Neim
decrease

Os decrease,
Ieim increase

®s decrease, Leim
decrease

Vector tension
selected

Vi

Vie

Via

Table 1. Selection of vector tension
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Fig. 5. Selection of vector tension

__________________

The null vectors (Vo, V7) could be selected to maintain unchanged the stator flux.
According to the table 2, the appropriate control voltage vector (imposed by the choice of

the switching state) is generated:
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Cflx CCpI 51 82 S3 54 S5 86
1 Vz V3 V4 V5 V6 Vl
1 0 V7 Vo V7 Vo \% Vo
-1 ' Vi Va Vs \Z! Vs
V3 V4 V5 Vs V1 V2
O 0 Vo V7 Vo V7 VO V7
-1 Vs Ve Vi Vs V3 \Z!

Table 2. Voltage vector selected (for each sector S;)

The following figure shows the selected voltage vector for each sector to maintain the stator
flux in the hysteresis bound.

rotation
sens of
$g

Fig. 6. Selection of vector tension

2.4 Simulation results

Simulations were performed to show the behavior of the asynchronous motor fed by two-

level inverter and controlled by Direct Torque Control.

The torque reference value is deduced from the regulation of the IM speed using a PI

corrector. We have chosen to present the results corresponding to the rotation speed

evolution, the electromagnetic torque, the flux evolution in the af subspace and the stator

currents.

The obtained simulation results show that:

e trajectory of the stator flux, represented by its two components in the aff phase plane, is
in a circular reference (Figure 7)

e phase current obtained by this strategy is quasi-sinusoidal (Figure 7)

e speed track its reference with good performance (Figure 8)

e overshoot on torque is limited by saturation on the reference value (Figure 8)
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3. DTC of Induction motor fed by multilevel inverter
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Multilevel inverter present a big interest in the field of the high voltages and the high
powers of the fact that they introduce less distortion and weak losses with relatively low

switching frequency.
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Three level inverter (or multilevel) can be used in the command DTC, what allows to reduce
advantage the harmonics, to have a high level of output voltage and can contribute to more
reducing harmonics and the ripple torque. In that case, the space of voltages is subdivided
into twelve sectors (instead of six with the classic DTC) and by considering the method of
the virtual vectors, three sections with small, medium and large vectors can be exploited.

We can also subdivide the space of voltages into only six sectors by adopting a technique
which employs only twelve active voltage space vectors, corresponding to the small and
large vectors and consequently without using the null or the medium space vectors.

3.1 Vectors tensions and phase level sequences of a three level inverter
The structure of the so called diode clamped three level inverter associated with the
asynchronous motor is shown by figure 9.
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To analyze the potential generated by this three states inverter, every arm is schematized by
three switches which permit to independently connect the stator inputs to the source
potentials (represented by E/2, 0 and -E/2).

The interrupters (IGBTs) are switched in pairs consisting of (Ci1, Ci2), (Ci2, Cq7) and
(Cq1,Cqp). When, as example, the upper pair (Cy1, Cro) is turned, the output is connected to
the positive rail of the DC bus.

By making a transformation into ¢ (or dq) subspace, a resulting voltage vector is defined
and associated to the spatial position of the stator flux. Then, the different states number of
this vector is 19, since some of the 27 possible combinations produce the same voltage
vector. There are three different inverter states that will produce the zero voltage vector and
two states for each of the six inner voltage vectors (called small vector).

The figure 10 shows the various discreet positions, in the aff subspace, of the tension vector
generated by a three level inverter.

Fig. 9. Three level inverter structure

Fig. 10. Tension vectors generated by a three level inverter
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3.2 Selection of voltages vectors for the control of the stator flux amplitude

As noted previously, the space evolution of the stator flux vector could be divided into

twelve sectors i (Figure 11), instead of six with the classical DTC, with i= [1, 12] of 30° each,

or into six sectors without using the medium vectors.

When the stator flux vector is in a sector i, the control of the flux and the torque can be

assured by selecting one of 27 possible voltages vectors.

The difference between each of the inverter states that generate the same voltage vectors is

in the way the load is connected to the DC bus. The analysis of the inverter states show that:

e the large vectors, such as Va4 (+--), correspond to only the positive and negative rails of
the DC bus are used and consequently have no effect on the neutral point potential;

e in the case of the medium vectors, the load is connected to the positive rail, neutral
point and negative rail. The affect on the neutral point depends on the load current;

e there are two possible states of each of the small voltage vectors which can be used to
control the neutral point voltage. As an example, small vector V2 (+00) causes capacitor
C; to discharge and C; to charge and as a result the voltage of the neutral point starts to
rise.

Depending on the stator flux position (sector) and the values of the outputs of torque and

flux controllers, &4, and é&r,;, respectively, the optimal vector is selected, from all available

vectors. The first sector could be chosen between -15° and 15° or 0° and 30°. Figure 11

present the space plane for the second case.

Fig. 11. Selection of vectors tensions Vs corresponding to the control of the magnitude @,
for a three level inverter.

3.3 Elaboration of the control switching table

The elaboration of the command structure is based on the hysteresis controller output
relating to the variable flux (Cflx) and the variable torque (Ccpl) and the sector N
corresponding to the stator flux vector position.

The exploitation of the first degree of freedom of the inverter, is made by the choice of
vectors apply to the machine among 19 possibilities, during a sampling period. For the
rebalancing of the capacitive middle point, the phase level sequence is chosen among all the
possibilities associated with every voltage vector adopted. This establishes the second
degree of freedom which must be necessarily used.
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The switching table is elaborated depending on the technique adopted for the switching
states choice.

3.3.1 Switching table based on a natural extension of classical DTC

This control scheme, which uses only twelve active voltage space vectors corresponding to
the sections with small and large vectors and without using the null and medium space
vectors, is a natural extension of classical DTC for a two level inverter.

We can consider the case where stator flux is achieved by using two-level hysteresis
comparator and electromagnetic torque by using 4-level hysteresis. The inverter state is
considered as high if the output of torque comparator is high or equal to two and otherwise,
the state is low.

We can note that the choice of one of the two same states corresponding to the level low is
relating to the capacitor voltage balancing.

Table 3 represents, in this case, the switching table.

®; | Ieim S1 S S3 Sy Ss Se

Vst | Vel | vt | Vet st vy

Table 3. Switching table with twelve active voltage space vectors

As shown by figure 10, the high vectors vit, vit vl vH vHand vflare represented

respectively by the configuration states of the inverter (+--),(++-),(-+-),(--+),(-++) and (+-+).

3.3.2 Switching table with twelve sectors
The space voltage vector diagram, for the three-level inverter, is divided into twelve sectors

by using the diagonal between the adjacent medium and long vector.

According to the errors of torque and the stator flux linkage, the optimal vector is selected,
from all 19 different available vectors (figure 12). The first sector is then chosen between -15°
and 15°.
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Fig. 12. Space voltage vector diagram (case of twelve sectors).

In analysing the effect of each available voltage vector, it can be seen that the vector affects
the torque and flux linkage with the variation of the module and direction of the selected
vector. For example, to increase the torque and flux V3, V4 and Vs can be selected, but the
action on the increasing torque and flux respectively of Vs and of V3 is the biggest.

Table 4 represents one of the solutions adapted to choice the optimal selected voltage vector
for each sector. In this case, stator flux and torque are achieved by using respectively three
levels and four levels hysteresis comparator. This technique doesn’t use the null voltage

vector for dynamics raisons.

@ | Tem | S1 S Ss S | S5 Se S7 | Ss | So | Swo | Suu | Si2
2 Vs | Vs Vs Vo | Vin | Vio | Vig | Vis | Viz | Vig | V2 | V3
’ 1 Vi | Vs Ve Ve | Vo | Viu | Vio | Vig | Vis | Vag | Vig | V2
1| Vis | Vs Vs | Ve | Vg | Vo | Vi1 | Vi | Viu | V35 | Vi7
2 | Vaiz | Vis | Vo | V3 | V5 | Ve | Vg | Vg | Viu | Vi | Vig | Vi5
2 Vz | V7 | Vio | Vio | Vis | Vis | Vie | Vie | Vi | Vi | V4 | V4
0 1 Vi | V4 % Vz | Vio | Vio | Vis | Viz | Vis | Vie | Vi | Vi
1| Ve | V1 Vi Vi | Vo | V7 | V7 | Vio | Vo | Vizs | Viz | Vie
2 | Vi | Vie | Vig | Vi | Vi | Vo | Vo | V7 | V7 | Vi | Vi | Vi3
2 | Vg | Vo | Viu | Vio | Vig | Vis | Viz | Vig | Vo | V3 | V5 | Ve
1 1 Vo | Vi | Vio | Vig | Vis | Vig | Vis | Vo | V3 | V5 | Ve | Vs
1| Vio | Vo | Vis | Vig | Vig | Vo | V3 | V5 | Vg | Vg | Vo | Vi
2 | Vig | Vis | Vig | Vig | Vo | V3 | V5 | Vg | Vg | Vo | Vi | Vi,

Table 4. Switching table with twelve sectors
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This approach and others, for establishing of the optimal switching table and taking into
account all the factors such as the capacitors balance, system dynamic and system reliability,
must be deeply analysed and tested. Also, it’s difficult, in this case, to select the optimal
voltage vectors; however, the use of artificial intelligence techniques will add their
superiority to some extent.

4. Direct torque control based fuzzy / neural network

By analyzing the structure of the switching table, we can notice that it can be translated in
the form of fuzzy rules. Consequently, we can replace the switching table and the hysteresis
comparator by a fuzzy system. The fuzzy character of this system allows flexibility in the
choice of the fuzzy sets of the input and the capacity to introduce knowledge of the human
expert there.

Also, as the DTC uses algorithms to select a large number of statements inverter switches,
neural networks can accomplish this task after a learning phase. The neural network selector
inputs will be proposed as the position of the flux stator vector, the error between its estimated
value and the reference one, and the difference between the estimated and reference values of
electromagnetic torque. The next figure shows an example of this structure.

Fuzzy f AN
reaulator o Irwerter

dac |dd |a

Fluz and torogque
il ] estirnation

+1
. L%

dac

+a
IT ot

Fig. 13. Switching table based Fuzzy / ANN technique

4.1 Direct torque control based fuzzy logic

The principle of fuzzy direct torque control (FDTC) consists to replace, in conventional DTC,
the torque and stator flux hysteresis controllers and the switching table by a fuzzy system.
In this case, two approaches can be presented to illustrate the strategy of FDTC of the
induction motor fed by two-level inverter.

We can consider three variables input fuzzy logic controllers; the stator flux error,
electromagnetic torque error and angle of stator flux, however, the choice of the output
deferred according to the approach utilized. The output could be the voltage space vector,
for FDTC based PWM, or the magnitude and argument of voltage vector for space vector
modulation.

4.1.1 FDTC based Pulse Width Modulation (PWM)
The fuzzy logic controller blocks using PWM inverter is shown in the following figure.
These blocks are composed of two main parts: fuzzification and fuzzy rules base, since no
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defuzzification is needed because, in this case, the output of fuzzy controller is the actual
PWM voltage vector sequence and these states are directly the results of fuzzy rules.

Al'elm »
Ads | Fuzzy logic controller &
0

—>

Fig. 14. Fuzzy logic controller based PWM
4.1.1.1 Fuzification

Based on the switching table of the conventional DTC, the universe of discourse for each
three inputs of the fuzzy logic controller has been divided into: two fuzzy sets (NP), for
stator flux error, three fuzzy sets (NZP), for electromagnetic torque error, and seven fuzzy

sets (6, , 6, ..., 6, ) for angle of flux stator.
These fuzzy sets are defined by the delta and trapezoidal membership functions and are
presented by the following figure.

Fig. 15. Membership functions
4.1.1.2 Fuzzy rules base

The table can be expressed by fuzzy rules given by:

The ith rule R; : if A® is A; and AT is B; and 6 is C; then n is N;.

Aj, Bi and C; are the fuzzy sets of the variables A®;, AT'e;m and 0

n is the inverter switching state.

The inference method used is Mamdani’s procedure based on min-max decision.
These rules are resumed by the following table.

61 0> 03 04 05 06 07

P N P N P N P N P N P N P N

P Vs Ve Ve Vi Vi1 V> Vs V3 Vs V4 V4 Vs Vs Ve
Z Vo | Vz | Vz | Vo | Vo | Vz | Vz | Vo | Vo | Vz | Vz ]| Vo | Vo | Vy
N V3 Vz V4 V3 V5 V4 V6 V5 Vl V6 VZ Vl V3 VZ

Table 5. Fuzzy rules
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4.1.2 FDTC based Space Vector Modulation (SVM)

Using space vector modulation permit, in addition to the advantages obtained by the fuzzy
logic controller (reduction of the torque, stator flux and current ripples and to get a fast
torque response), to maintain constant the switching frequency. With this strategy two
fuzzy controller of Mamdani could be used to control the magnitude and argument of
voltage vector reference. For this technique, two controllers (next figure) are used
concerning the variables magnitude and argument of vector tension.

A 4

AT eim Magnitude |Vl >
d/dt » controller
» Argument | A8 Arg(V)
A, »( controller

0

Fig. 16. Fuzzy logic controller based SVM

In the following figure, the membership functions of the variables A®s and Alm are
presented.

Dec 1 Inc ™o t P
\ / \

/I\ /W \

—al —a2? 0 a2 al _al _a? 0 al al

-

Fig. 17. Membership functions for A®s and Al eim

We consider, in this case, two fuzzy sets functions (D: Decrease, I: Increase) for the stator
flux and electromagnetic torque errors and three membership functions (N: Negative, Z:
Zero, P: Positive) for the variation of the electromagnetic torque error.

The fuzzy rules of the argument fuzzy controller are presented in the following table.

AD,
AB

Dec Inc
Dec | u(-2n/3) | p(n/3)
Inc | p@r/3) | nix/3)

Table 6. Fuzzy rules of argument controller

Al—‘elm
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u(0) is the membership function for the output variable of argument fuzzy controller
defined as represented by the following figure.

A n(8)

4

Fig. 18. Membership function for output argument controller

The voltage vectors in conventional DTC have constant amplitude in opposite with FDTC
based space vector modulation where this amplitude is modified versus the torque and its
derivative. Then, the fuzzy rules of the amplitude fuzzy controlled take form:

If Aleim decrease and d(Al'em)/ dt is negative then magnitude vector is small.

Consequently, these different rules are resumed in the following table, where the fuzzy sets
used are, N: Negative, M: Medium, Z: Zero, P: Positive, S: Small and L: Large.

d(Arelm )
\Y% dt
N Z P
Dec S S M
AT’ elm
Inc M L L

Table 7. Fuzzy rules of amplitude fuzzy controller

Finally, the fuzzy sets of output magnitude fuzzy controller are defined by delta and
trapezoidal membership functions as shown by this figure.

'y

0 V1 V2 Vi V4

Fig. 19. Membership function for output magnitude controller

4.2 Direct torque control based artificial neural networks
Among the other intelligence techniques can improving the performance of system control
and are recently showing good promise for applications in power electronics and motion
control system, the use of Artificial Neural Network (ANN).
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Different techniques based ANN are exploited for the control of IM; particularly, in the field
of the IM Direct Torque Control, many types of these techniques are adopted. The most
popular of ANN, used in DTC, is the multilayer feed forward network, trained by the back
propagation algorithm, which is composed on the input layer, output layer, and several
hidden layers.

Also, as the switching table has an important role in the DTC, for increasing the execution
speed of the system, ANN is applied to emulate the classical switching table of the DTC
obtaining the optimal switching patterns.

The switching table has as inputs the electromagnetic torque error, the stator flux error and
the angle of the flux, and as output the voltage space vector to be generated by the inverter.
Since this switching lookup table only depends on these inputs and not on the parameters of
the IM, it can be trained off-line. Therefore, the inputs of switching table will be converted to
digital signals, for reducing the training patterns and increasing the execution speed of the
training process. Thus, one bit (1 or 0) represents the flux error, two bits (11 for state 1, 00
for state 0 or 01 for state -1) the torque error and three bits the region of stator flux.

The structure of the ANN as a part of DTC is presented by figure 20, which has six inputs
nodes corresponding to the digital variables (three for angle flux, one for flux error and two
for torque error), six neurons in the first hidden layer, five neurons in the second hidden
layer and three neurons in the output layer.

—» 51
Position —>
% > % > % »—» S,
Flux —»
—> Sigmoid Sigmoid Sigmoid
. g g S
orque { neuron neuron neuron ’
layer layer 1 layer 2

Fig. 20. Structure of the ANN

After completion of the training procedure, the network performance off-line with an
arbitrary input pattern will be tested to ensure successful training. After that, the weights
and biases are down-loaded to the prototype network substituting the traditional switching
lookup table as a part of DTC.

An example of the ANN combined with Fuzzy inference system for the control of the IM
speed will be presented in the next section.

5. Control of asynchronous motor speed based on a fuzzy / neural corrector

These last years, a most interest concerned the use of the artificial intelligence techniques
(neural networks, fuzzy logic, genetic algorithms) which have the potential to provide an
improved method of deriving non-linear models, have self adapting capabilities which
make them well suitable to handle non-linearities, uncertainties and parameter variations.
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The simplest of these methods are based on the learning of an already existing conventional
controller; others methods operate a learning off-line of the process inverse model or of a
reference model either completely on-line.

5.1 Description of the technique adopted for IM Speed control

As example, we have chosen to develop the case where a conventional neural controller
(CNC) associated with a reference model (MRAS) for the learning phase is used to control
the IM speed.

The parameters of the CNC are adjusted by minimising the error (e=u’-u) between the
outputs of the MRAS and CNC as shown in the following figure.

MEAS u’

.4

Nﬁj n Frocess —
=

L

Fig. 21. Neural corrector for the IM speed control

Once the learning phase is carried out, the weights obtained are used for the neural
controller, in the second phase, without the reference model.
Neural network, coupled with the fuzzy logic, speed control will be so efficient and robust.
In this case, the reference model is represented by a fuzzy logic corrector (FLC) with two
inputs: the error and the derivative of the error (next figure).

——%(g) c|
0.4 '
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> ANN

Delay T /
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Fig. 22. IM Speed control based Fuzzy / neural corrector
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The neural corrector architecture, shown by figure 23, presents 4 inputs, 3 neurons for the
hidden coat with activation function type sigmoid and one output with linear activation
function.

Fig. 23. Architecture of neural corrector

As it has been noted, a corrector type PI (Proportional Integral), for the reference model,
which parameters are adapted by a fuzzy inference system, is used (Figure 24).

ﬂ*@——-{ PIc:uz‘txPner |—rp-
ey N

| FLC
I

dt

Fig. 24. Controller with PI structure adapted by fuzzy inference system

The PI parameters (Kp, Ki) are calculated by using the intermediate values (K'p and K'i)
given by the fuzzy controller as follows:

K, = (K, = Panin

Ki = (Kimax - Kimin )K; + Kimin

K, )K,+K
Prin /7P
®)

where the gains values are defined by using the Ziegler-Nichols method.
Both parameters (K'p, K'i), corresponding to the output of the system based on fuzzy logic,
are meanwhile normalised in the range [0 1].

5.2 Simulation results

Simulations were performed to show the performances of the technique used in this section
and based on fuzzy / neural corrector for the control of the IM speed. The following figure
presents the model structure tested in the Matlab / Simulink environment.

We have chosen to present the results corresponding to the rotation speed evolution, the
electromagnetic torque, the flux evolution in ¢/ phase plane and the stator current temporal
evolution.
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Fig. 25. Stator flux in the af phase plane and stator current time evolution
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Fig. 26. Stator flux in the (( phase plane and stator current time evolution
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Fig. 27. Time evolution of speed and electromagnetic torque
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We can note that mechanical speed track the reference values imposed and corresponding to
two senses of the motor rotation (Figure 27). Also the currents are sinusoidal with acceptable
value of total harmonic distortion and the flux components trajectory is circular and limited
to the reference value in the hysteresis bound.

6. Conclusion

The Direct Torque Control (DTC) is an important alternative method for the induction
motor drive, with its high performance and simplicity. The DTC applied to induction
machine fed by a 3-level diode clamped inverter presents good performance and
undulations reduction. In this case, some techniques were developed in order to replace the
conventional DTC switching table adapted for a NPC inverter.

Another issue is concerned with the application of artificial intelligence techniques (fuzzy
system, and neural network) to the induction motor control with DTC. Particularly, the
application of these techniques for the selection of optimal voltage vectors is presented.
Also, the control of the speed induction motor is realized by the technique of the artificial
neural networks (ANN) with reference model. A controller based PI adapted by a fuzzy
inference is used as reference model. Attention is focused on the dynamic performance of
ANN speed control. The effectiveness of the proposed scheme control is demonstrated by
simulation using the blocks PSB of Matlab / Simulink.

Finally, in this chapter, we can conclude that the DTC method applied to an induction motor
fed by a three level NPC inverter and based artificial intelligence techniques present most
interest and contribute to improvement of system response performances.

The first investigations, presented here, of the induction machine control prove its
effectiveness and its high dynamics. It will be completed in a future work by considering
others control techniques.
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1. Introduction

During the last decade, a lot of modifications in classic Direct Torque Control scheme
(Takahashi & Noguchi, 1986) have been made (Casadei et al., 2000), (Reddy et al., 2006),
(Chen et al., 2005), (Grabowski et al., 2005), (Romeral et al., 2003), (Ortega et al., 2005). The
objective of these modifications was to improve the start up of the motor, the operation in
overload conditions and low speed region. The modifications also aimed to reduce the
torque and current ripple, the noise level and to avoid the variable switching frequency by
using switching methods with constant switching frequency.

The basic disadvantages of DTC scheme using hysteresis controllers are the variable
switching frequency, the current and torque ripple. The movement of stator flux vector
during the changes of cyclic sectors is responsible for creating notable edge oscillations of
electromagnetic torque. Another great issue is the implementation of hysteresis controllers
which requires a high sampling frequency. When an hysteresis controller is implemented
using a digital signal processor (DSP) its operation is quite different to the analogue one.

In the analogue operation the value of the electromagnetic torque and the magnitude of the
stator flux are limited in the exact desirable hysteresis band. That means, the inverter can
change state each time the torque or the flux magnitude are throwing the specified limits.
On the other way, the digital implementation uses specific sample time on which the
magnitudes of torque and flux are checked to be in the desirable limits. That means, very
often, torque and flux can be out of the desirable limits until the next sampling period. For
this reason, an undesirable torque and flux ripple is occurred.

Many researchers are oriented to combine the principles of DTC with a constant switching
frequency method for driving the inverter by using space vector modulation. This requires
the calculation in the control schemes of the reference voltage vector which must be
modulated in the inverter output. Therefore, the Direct Torque Control with Space Vector
Modulation method (DTC-SVM) is applied (Koutsogiannis & Adamidis 2007). Since we
know the reference voltage vector it is easy to perform the modulation by applying specific
switching pattern to the inverter (Koutsogiannis & Adamidis 2006). In the DTC scheme a
speed estimation and a torque control are applied using fuzzy logic (Koutsogiannis &
Adamidis 2006). An improvement of DTC with a parallel control FOC is observed (Casadei
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et al., 2002). The use of the rotor flux magnitude instead of the stator flux magnitude,
improves the overload ability of the motor. This control is sensitive to the machine’s
parameters during transient operations.

Also, the DTC-SVM can be applied using closed loop torque control, for minimization of
torque ripple (Wei et. al., 2004). In this case estimation of stator and rotor flux is required.
Therefore, all the parameters of the induction motor must be known (Reddy et al., 2006). A
new method was developed that allows sensorless field-oriented control of machines with
multiple non-separable or single saliencies without the introduction of an additional sensor
(Zatocil, 2008). In this paper, the closed loop torque control method is applied which
improves the torque response during dynamic and steady state performance. A lot of papers
for the speed control of electrical drives, which uses different strategies based on artificial
intelligence like neural network and fuzzy logic controller, have presented. For the fuzzy PI
speed controller its robustness and disturbance rejection ability Gadou et. Al., 2009) is
demonstrated. In this paper fuzzy logic for the speed estimation of the motor and the
method DTC-SVM with closed loop torque control will be applied. This paper is further
extended through a further improvement of the system control by controlling the
magnitudes of torque and flux using closed loop control. The simulation results were
validated by experimental results.

2. Overview of the classic DTC scheme

The classic DTC scheme is shown in figure 1.

5 gll;l!
Computation

Fig. 1. Classic DTC scheme.

DTC based drives require only the knowledge of the stator resistance R;. Measuring the
stator voltage and current, stator flux vector can be estimated by the following equation:

lps :J.(Vs _sts)dt (1)

the stator flux magnitude is given by,
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where the indicators a,f indicates the a-f stationary reference frame. The stator flux angle is
given by,

Y
6, =sin"" _fe 3)
®.
and the electromagnetic torque T, is calculated by,
3(P . .
Te = E[E](Taslﬂs - ‘Pﬁslas) (4)

where P is the number of machine poles.

In the DTC scheme the electromagnetic torque and stator flux error signals are delivered to
two hysteresis controllers as shown in figure 1. The stator flux controller imposes the time
duration of the active voltage vectors, which move the stator flux along the reference
trajectory, and the torque controller determinates the time duration of the zero voltage
vectors, which keep the motor torque in the defined-by-hysteresis tolerance band. The
corresponding output variables Hr,, Hy and the stator flux position sector y, are used to
select the appropriate voltage vector from a switching table scheme (Takahashi & Noguchi,
1986), which generates pulses to control the power switches in the inverter. At every
sampling time the voltage vector selection block chooses the inverter switching state, which
reduces the instantaneous flux and torque errors.

In practice the hysteresis controllers are digitally implemented. This means that they
function within discrete time Ts. Consequently, the control of whether the torque or the flux
is within the tolerance limits, often delays depending on the duration of the sampling
period. This results in large ripples in the torque and the current of the motor. In conclusion,
the abrupt and undesirable ripples in the electromagnetic quantities appear when the
control of the values of the torque and the flux takes place at times when their values are
near the allowed limits. This means that a voltage vector will be chosen which will continue
to modify these quantities in a time Ts, even though these limits have been practically
achieved. Accordingly, in the next control which will be carried out after time Ts, these
quantities will be quite different from the desirable values. Another reason why the
electromagnetic torque of the motor presents undesirable ripples is the position of the 7, in
each of the six sectors of its transition. In general, an undesired ripple of the torque is
observed when the 17, moves towards the limits of the cyclic sectors and generally during
the sectors’ change. Furthermore, the torque ripple does not depend solely on the systems
conditions but on the position of y, in the sector as well. Therefore, we can establish that
there are more control parameters which could affect the result of the motor’s behavior.

3. DTC-SVM with closed-loop torque control

In this section, the DTC-SVM scheme will be presented which uses a closed loop torque
control. The block diagram of this scheme is shown in figure 2.

The objective of the DTC-SVM scheme, and the main difference between the classic DTC, is
to estimate a reference stator voltage vector Vs in order to drive the power gates of the
inerter with a constant switching frequency. Although, the basic principle of the DTC is that
the electromagnetic torque of the motor can be adjusted by controlling the angle oy between
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Fig. 2. DTC-SVM with closed-loop torque control

the stator and rotor magnetic flux vectors. Generally, the torque of an asynchronous motor
can be calculated by the following equation.

3(P)L
T = m' ¥ ||¥ |sing. 5
‘ Z(ZJLrLJ r” S|sm v ©

Where L, =L, -2, . The change in torque can be given by the following formula,

T, -3( £ | Lo
2 2 LI’LS

where the change in the stator flux vector, if we neglect the voltage drop in the stator
resistance, can be given by the following equation,

P+ AP,

sinAg, (6)

AP, =V At )

S

where At=Ts, is the sampling period.

Generally, the classic DTC employs a specific switching pattern by using a standard
switching table. That means the changes in the stator flux vector and consequently the
changes in torque would be quite standard because of the discrete states of the inverter. That
happens because the inverter produces standard voltage vectors.

The objective of the DTC-SVM scheme, and the main difference between the classic DTC, is
to estimate a reference stator voltage vector Vs and modulate it by SVM technique, in order
to drive the power gates of the inerter with a constant switching frequency. Now, in every
sampling time, inverter can produce a voltage vector of any direction and magnitude. That
means the changes in stator flux would be of any direction and magnitude and consequently
the changes in torque would be smoother.

According to above observations, and bearing in mind figure 2, we can see that torque
controller produces a desirable change in angle Ady between stator and rotor flux vectors.
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Fig. 3. Principle of Space Vector Modulation (SVPWM)
(a)reference stator vector

(b) modulation of space vector during one switching period which is equal to sampling time
of the DTC-SVM method.

The change in angle Adw is added in the actual angle of stator flux vector, so we can estimate
the reference stator flux vector by using the following formula, in stationary reference
frame.

*

Vs =

*
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Applying a phasor abstraction between the reference and the actual stator flux vector we
can estimate the desirable change in stator flux A¥s. Having the desirable change in stator
flux, it is easy to estimate the reference stator voltage vector:

ANELES ©)
TS




56 Torque Control

If the reference stator voltage vector is available, it is easy to drive the inverter by using the
SV-PWM technique. So, it is possible to produce any stator voltage space vector (figure 3).
As it mentioned before, in the classic DTC scheme, the direction of stator flux vector changes
Ayg are discrete and are almost in the same direction with the discrete state vectors of the
inverter. Consequently, in DTC-SVM, stator flux vector changes Ayg can be of any
direction, which means the oscillations of 173 would be more smoother.

4. Simulation results of DTC and DTC-SVM

The DTC schemes, that are presented so far, are designed and simulated using
Matlab/Simulink (figure 4). The proposed scheme is simulated and compared to the classic
one. The dynamic and also the steady state behavior is examined in a wide range of motor
speed and operating points.

DC IGBT Inverter Measurements
voltage

P+ AfPA P{A
Speed b B
Controller - m
- Bf—piB C plC
m

»lw classic DTC
.

Te* Te* s T
/ —
Speed wr_est Te Pulses P puises cg—PpC Vs
command Psi s
= ——
Flux & Torque
estimation

Asynchronous Maotor

A 4
y

Psi s
Vs
wr_estimator Te Load
command
Psi_r_alpha Psi_r_alpha
L—fwr est Is
Psi_r_beta Psi_r_beta
(@)
Dc IGBT Inverter Measurements Asynchranous Motor
voltage
.
Speed . + 1Y e a A
Coniroller Torque ] {5
w Canitroller - _ m
D _ = OTC - SUM - g PC
- -
- P wr_est Dy Oy 5 T
Speed - e :
command P{Peis  Puses P pulses cf—Mc v
I6
Psl s v Load
) - b command
wr_estimator 3
Pel_r_alpna Ps_r_alpha
—— wr_est 5
Psl_r_beta jaf PsLr_beta
Flux & Torque
estimation

Fig. 4. Simulink models of (a) classic DTC and (b) DTC-SVM.
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For simulation purposes, an asynchronous motor is used and its datasheets are shown in the
following table I. The nominal values of the asynchronous motor in the simulation system
are the same with the nominal values of the asynchronous motor in the experimental
electrical system.

P =4 (2 pair of poles), f=50Hz Rs= 2,81Q Ls=84mH
230V/ 400V R:=2,78Q L. =84mH
P=22kW, N;=1420rpm Ln=222,6 mH

J =0.0131 kgm?

Table I. Nominal values of motor.

For the simulations a particular sampling period Ts pyc for torque and flux was chosen as
well as the proper limits HB,, and HBy, for the hysteresis controllers, in order to achieve an
average switching frequency which shall be the same with the constant switching frequency
produced by the DTC-SVM control. During the simulation, the dynamic behavior of the
system has been studied using both the DTC and the DTC-SVM method.

4.1 Steady state operation of the system

The results of the simulations are presented in the figure 5, where the electromechanical
magnitudes of the drive system are shown, for both control schemes in various operation
points. In more detail, in figure 5 the operation of the system for low speed and low load is
shown and figure 6 shows the motor operation in normal mode. All the electromechanical
quantities are referred to one electrical period based on the output frequency of the inverter.
The average number of switching for the semiconducting components of the inverter during
the classic DTC is almost the same with the number of switching of the DTC-SVM method
where the switching frequency is constant. In fact, for the classic DTC flux variation of the
hysteresis band equal to HBy=0.015 was chosen, which is almost 2% of the nominal flux and
for the torque the hysteresis band controller was chosen to be HBr.=0,65, which means 3% of
the nominal torque. These adjustments led to an average switching number of inverter states
equal to 17540 per second, for the classic DTC, while for the DTC-SVM a switching
frequency equal to 2.5kHz was chosen, namely 15000 switching states per second.

The classic DTC has some disadvantages, mainly in the low speed region with low
mechanical load in the shaft, where the current ripple is very high, compared to DTC-SVM
(figure 5). Also, the classic DTC has variable switching frequency, where it is observed that
the switching frequency is high in low speed area and low in high speeds. In practice, it is
not easy to change the sampling period of the hysteresis controllers with respect to the
operation point of the drive system. For this reason, a value of the sampling period is chosen
from the beginning, which shall satisfy the system operation in the complete speed range.
The high ripple observed in the classic DTC electrical magnitudes during the operation in
low speed area, is due to the fact that many times, instead of choosing the zero voltage
vector for the inverter state, in order to reduce the torque, the backwards voltage vector is
chosen, which changes the torque value more rapidly.

Figure 6 shows the motor operation in normal mode. The switching frequency is also at the
same value in order to have a right comparison. Current ripple has also a notable reduction in
DTC-SVM compared to classic DTC. Also, at this operating point it can be seen that in classic
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DTC the torque ripple of the electromagnetic torque which is resulted by the cyclic sector
changes of stator flux vector and produces sharp edges, is now eliminated by using DTC-SVM.
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Fig. 5. Steady state of the motor in an operation point where the motor has the 10% of the
nominal speed and 10% of nominal load, with HB,, =+0.015, HBy, =10.65

(a) Classic DTC with hysteresis band controllers and Ts ppc =12usec the sampling time for

discrete implementation. Inverter produces 16780 states/ sec.
(b) DTC with space vector modulation. Switching frequency is equal to 2.5kH and inverter
produces 15000 states/sec.
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Fig. 6. Steady state of the motor in an operation point where the motor has the 100% of the
nominal speed and 100% of nominal load, with HB,V =+0.015, HB;, =+0.65 for,

(a) Classic DTC. (b) DTC with space vector modulation.

4.2 Dynamic performance of the system

In figure 7 the simulation results are presented for the dynamic case where the mechanical
load is changing while the reference speed must remain constant. The case of this simulation
is very rare and extreme where the motor suddenly loses the 80% of its load (from 100% to
20%) while the speed must remain constant.
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Fig. 7. Load change: (a) Classic DTC, (b) DTC-SVM.

Figure 8 shows the dynamic performance of the drive system due to the reference speed
step commands operation. During the transient operation of the drive system, in both cases,
the ripple in electromechanical magnitudes is shown. It must be noted at this point that the
speed controller, which is used for the simulations, is a fuzzy PI controller. As it is shown in
figure 8 the ripple of the electromechanical magnitudes is higher in the classic DTC method
in comparison to the DTC-SVM method.
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5. Experimental results

The implementation of the system is carried out with the development system dSPACE and
the control panel R&D DS 1104 and the software package Matlab/Simulink. Also the
experimental model, consists of one AC motor feed controlled converter and one DC motor
feed converter which operates as a load for the system. In table II the datasheet of the
experimental system kit is shown.

In figures 9a and 9b the oscillograms of the speed, torque, flux and the current components
igand iy of the machine are shown for reference speed variation, for both cases of control
method classic DTC and DTC-SVM. In figures 10a and 10b we see the oscillograms of the
electromechanical quantities of the system during load loss with classic DTC method and
DTC-SVM method respectively. Where wmegaM is the actual value, wref is the reference
value and the wmega estim is the estimated value of the angular frequency of the motor.
Also the Torque is the actual value of the torque and the Torque calc is the calculated value
of the electromagnetic torque. In figure 10 the Ia ref is the reference and Ia is the actual
value of the DC motor’s current, which is performed as a load in the experimental model.
From the oscillograms it is shown that the control has more advantages in case of DTC-SVM
method compared to the classic DTC.

Asynchronous Motor DC-Motor Converter
Nominal Power Pn=22kW Pn=42KkW Pn=4kW
Nominal Voltage Un =400V Uan=420V INn=7A
Nominal Current IN=485A Ian=125A
Nominal Speed ny = 1420 min? ny = 2370 min?
Nominal power factor cosgn = 0,82
Number of poles p=4
Stator ohmic resistance R1=2,82Q
Rotor ohmic resistance R =278Q
Stator inductance Ls=84mH
Rotor  inductance of | L'=8.4mH
stator
Excitation voltage Upn=310V
Excitation Current Ien=0,93 A
Nominal Frequency fn=4kHz

Table II. Datasheets of the asynchronous motor, DC-motor and converter during the

implementation
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Fig. 9. Electromechanical quantities in transient operation of the system using, a) classic
DTC, b) DTC-SVPWM.
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Fig. 10. Electromechanical quantities in transient operation of the system using,
a) classic DTC, b) DTC-SVPWM.
6. Speed regulation using a fuzzy logic controller

So far, two methods were described for controlling the electromagnetic torque of an
asynchronous motor drive. When we need to regulate the speed of such a drive a speed
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controller is needed. The speed controller takes the error signal between the reference and
the actual speed and produces the appropriate reference torque value. That means, the drive
changes mode from torque control to speed control. So, now the mechanical load on motor
shaft defines the electromagnetic torque of the motor. In torque control mode the
mechanical load on motor shaft defines the rotor speed. In figure 11 we can see the block
diagram of the proposed drive, in speed control mode. A reference speed signal @, or, in
other words, the speed command is given. The actual speed @, is estimated or measured
with a speed encoder. This depends on the precision requirements of each application. The
speed is estimated directly from state equations. The dynamic a-b frame state equations of a
machine can be operated to compute speed signal directly [2], [4]. Consequently, the speed
computation is given by:

1 d d L, . .
" _ZH‘/’ a Vo Vi E'//ar) B Tr(‘/’ s =V prias) 10

Where: T, =L, /R,

This method of speed computation requires the knowledge of the machine parametersL, ,
L,, and R, which are the rotor inductance, the magnetizing inductance and rotor
resistance respectively.

The speed controller can be a classic PI controller or a fuzzy PI controller. In
[Koutsogiannis], a detailed presentation and comparison of the two controllers is presented

and operates with a classic DTC drive. In this paper the fuzzy PI controller is also used for
the comparison between the classic DTC and DTC-SVM.
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Fig. 11. Speed regulation using a speed controller.

As it will be described in the next section, the error between the estimated speed @, and the
reference command speed @, is delivered to the speed controller, which calculates the
reference electromagnetic torque T, .
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The corresponding output variables Hr,, H, and the stator flux position sector 6, are
used to select the appropriate voltage vector from a switching table, which generates pulses
to control the power switches in the inverter. At every sampling time the voltage vector
selection block chooses the inverter switching state, which reduces the instantaneous flux
and torque errors.

6.1 Classic PI controller

A classic Proportional plus Integral (PI) controller is suitable enough to adjust the reference
torque value T, . Nevertheless, its response depends on the gains K, and K;, which are
responsible for the sensitivity of speed error and for the speed error in steady state. During
computer analysis we use a controller in a discrete system in order to simulate a digital
signal processor (DSP) drive system. Its block diagram is shown in Fig.12, where T is the
sampling time of the controller.

Z-1

Fig. 12. Block diagram of a discrete classic PI speed controller.

The response of the PI speed controller, in a wide range area of motor speed, is very
sensitive to gains Kp and Ki and it needs good tuning for optimal performance. High values
of the PI gains are needed for speeding-up the motor and for rapid load disturbance
rejection. This results to an undesired overshoot of motor speed. A solution is to use a
variable gain PI speed controller [Giuseppe]. However, in the case of using a variable gain
PI speed controller, it is also necessary to know the behaviour of the motor during start up
and during load disturbance rejection in several operation points, in order to determine the
appropriate time functions for PI gains. This method is also time-consuming and depends
on the control system philosophy every time. To overcome this problem, we propose the use
of a fuzzy logic PI controller.

6.2 Fuzzy PI controller

Fuzzy control is basically an adaptive and nonlinear control, which gives robust
performance for a linear or nonlinear plant with parameter variation. The fuzzy PI speed
controller has almost the same operation principles with the classic PI controller. The basic
difference of the two controllers is that the output of the fuzzy PI controller gives the change
in the reference torque value dT, , which has to be summed or intergraded, to give the T,
value (Fig.13). The FL controller has two inputs, the speed error E =, — @, and the change
in the speed error CE, which is related to the derivative dE/dt of error. In a discrete system,
assuming dt =T , where T is the constant sampling time of the controller, CE = AE . Fuzzy
controller computes, for a specific input condition of the variables, the output signal.
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Fig. 13. Basic block diagram of a fuzzy PI speed controller.

All in all, the fuzzy controller is an input/output static nonlinear system which maps the
pair values of E and CE according to fuzzy rules (Table III) and gives the following form:

K,E+K,CE=dT, (11)

Where, K; and K, are nonlinear gain factors.

The analytical block diagram of the fuzzy PI controller is shown in Fig. 14. The input
variables E and CE are expressed in per unit values. This is achieved by dividing the
variables by specific scale factors. The output will also be expressed in per unit values. The
advantage of fuzzy control in terms of per unit variables is that the same control algorithm
can be applied to all the plants of the same family. Generally, the scale factors can be
constant or programmable. Programmable scale factors control the sensitivity of operation
in different regions of control.

The fuzzy rules of the controller are based in linguistic expressions from the physical
operation of the system. As mentioned before, the output of the controller is the change in
the reference torque value dT, . The fuzzy sets of linguistic expressions of the variables and
the membership functions (MFs) of these variables are shown in Fig.15 (a),(b). As mentioned
before, the output of the controller is the change in the reference torque value dT.". The MFs
of the output variable in per unit values are shown in Fig.15(c). The definition of the MFs
depends on the system behavior. All the MFs are asymmetrical because near the origin
(steady state), the signals require more precision.

The next step in the analysis of fuzzy speed controller is the definition of fuzzy rules. The
fuzzy rules for the speed controller are shown in Table III. We can see that the top row and
the left column of the matrix indicate the fuzzy sets of the variables e and ce, respectively,
and the MFs of the output variable dT, (pu) are shown in the body of the matrix. There may
be 7 x 7 = 49 possible rules in the matrix, where a typical rule reads as:

IF e(pu)=PS, AND ce(pu)=NM , THEN AT;(pu) =NVS (12)
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Fig. 14. An analytical discrete block diagram of the fuzzy PI controller.
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Fig. 15. Membership functions of the input variables (a) speed error e(pu) (b) change in
speed error ce(pu) and of the output variable (c) change in reference torque value ATe* of
the fuzzy PI speed controller.

e(pu) | NB NM NS Z PS PM PB
ce (pu
NB NB NB NB NM NS NVS Z
NM NB NB NM NS NVS Z PVS
NS NB NM NS NVS Z PVS PS
Z NM NS NVS Z PVS PS PM
PS NS NVS 4 PVS PS PM PB
PM NVS Z PVS PS PM PB PB
PB Z PVS PS PB PB PB

where, PB = Positive Big, PM = Positive Medium, PS = Positive Small, PVS = Positive Very Small, Z =
Zero, NVS = Negative Very Small, NS = Negative Small, NM = Negative Medium, NB = Negative Big.

Table III. Fuzzy Rules
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The implication method that we used in simulations is the Mamdani type. There are many
types of fuzzy logic controllers, but now the classical structure of Mamdani type is used.

Swicthing I
Y.* Eus Hy| table

Va, Vb. V;_—I ia.ib;ic

sector

W, Torque and
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e ‘1 Fuzzy ~ W | Rotorspeed
Controller E . estimation
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Fig. 16. DTC block diagram with fuzzy logic controller.

The rule matrix and MF description of the variables are based on the knowledge of the
system. Summing up, the setting of the fuzzy controller depends on the system
requirements for optimal performance. When the fuzzy speed controller is well tuned its
performance is excellent in a wide range of motor speed. Fig 16 shows the block diagram of
Direct Torque Control Induction Motor Drive using a Fuzzy Speed Controller.

6.3 Simulation results
In this paragraph, the simulation results of a system using the classic PI speed controller
(Fig.17.I) and the fuzzy Pl speed controller (Fig.17.Il) are presented. For the needs of
simulation, we used an 160kW, 400V, 50Hz, 1487rpm, R, =0.01379Q induction motor
which is fed by a VS inverter using the DTC method. In more detail the parameters of motor
are shown in Table IV,

P=4(2 pair of poles), =50 Hz R,=0,0137 Q L,=0,007705 H
230V/400V R, =0.00728Q Ls=0,007705 H
P=160kW, N, =1487 rpm L,=0,00769 H

J=0.02 Kgm* F=0,05658 Nms

Where | is the machine's inertia, and F is the friction factor.
Table IV. Induction Machine Parameters

To simulate the drive we used Matllab/Simulink software. The DTC sampling time was
30ps and the speed controller sampling time was 3ms. The reference stator flux magnitude
was constant at 1.02 Wb. Fig.17(I) shows the dynamic performance of the DTC-SVM drive
using a classic PI speed controller. The results of Fig.17 show that the startup of the motor,
until it reaches the command speed value 600 rpm, is made with 400 Nm initial load torque.
When the motor runs at 600 rpm/400Nm steady state operation, a step speed command of
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1200 rpm is given to the drive and the motor reaches again another operation point
(1200rpm/400Nm). Finally, the controllers are tested to step load torque disturbance. It is
easy, therefore, to come to the conclusion that fuzzy speed controller has a remarkably
better response than the classic PI speed controller.

The system was also investigated during the starting period and its control under different
commutative periods. In this fig. 17 it is shown that the torque of the motor has lower ripple
when the speed estimation is being carried out using a fuzzy PI controller.
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Fig. 17. Motor control response with steps of speed command and load torque. (a)
Electromagnetic torque T, , speed controller output T, , load torque TL, (b) actual motor
speed o, , reference speed @, ,(c) stator current iy, in phase a (d) stator flux magnitude ¥,
and reference value ¥, .

Fig. 18 shows, in more detail, the comparison of the motor speed response using the two
different speed controllers, during steps of speed command ®;" and load torque. To
investigate the system for the classic PI controller more than one pairs of values Kp and Ki
have been used. The two controllers were tested in a wide range of engine speed. Extending,
namely, from a very low speed to a very high speed of the motor. It was observed, that the
fuzzy PI controller has better performance than the classic PI controller.

In fig. 19 we observe that the acceleration of the motor using the classic PI speed controller is
almost the same, independently of command step, and generally a linearity is observed,
which depends only on the load on the axis of motor. In other words we have the maximum
acceleration of the motor under these conditions. This means that when we have a small
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Fig. 20. Simulation results of the speed controller response in various speed step commands.
(1) Classic PI controller, (2) Fuzzy PI controller. (a) 30%, (b) 20%

load in the shaft of the motor and the step is small, then an overshoot in the speed of the
motor is observed. On the contrary, with the fuzzy PI of controller, we observe an
acceleration that depends on the step of command and the load on the shaft. In fig. 20 an
analytical comparison of the dynamic performance of the control system is presented. The
system behavior can be studied when the motor speed increases, while the load torque in
the motor shaft remains constant at 50% of the nominal load. In more detail, the dynamic
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performance of the two speed controllers, classic PI and fuzzy PI, is presented during
increase of the motor speed by 30%, 20% and 10% step commands of the nominal speed
respectively. In this figure, the improvement in motor acceleration and the change in motor
torque using the fuzzy PI controller can be seen. Classic PI controller shows an undesirable
overshoot of the actual speed. On the other hand, fuzzy PI controller has a smoother
response. The output of each controller is the value of the reference electromagnetic torque
T, . The change in motor speed is the result of applying the produced reference torque to
the DTC scheme.

7. Direct torque control for three level inverters

7.1 Control strategy of DTC three-level inverter

The applications of inverter three or multiple level inverters have the advantage of reducing
the voltage at the ends of semiconductor that mean the inverters can supply engines with
higher voltage at the terminals of the stator. Also, the three level inverters show a bigger
number of switching states. A three level inverter shows 33=27 switching states. This means
an improvement in the higher harmonics in the output voltage of the inverter and hence
fewer casualties on the side of the load and less variation of electromagnetic torque. In
direct torque control for a two-level inverter there is no difference between large and small
errors of torque and flux. The switching states selected by the dynamics of drive system
with the corresponding change of desired torque and flux reference is the same as those
chosen during the operation in steady state. For the three-level voltage inverter is a
quantification of the input variables. In this case, increasing the torque on the control points
of the hysteresis comparators in five (Figure 21) and the three magnetic flux (Figure 22).
Also divided the cycle recorded by electromagnetic flow of the stator in a rotating, in 12
areas of 30° as shown in Figure 23. This combined with the increased number of operational
situations, for three-level inverter is 27 and is expressed in 19 different voltage vectors can
be achieved better results. Figure 24a shows the 19 voltage vectors for the three level voltage
source inverter of figure 25, and the vector of magnetic flux of the stator Ws. It should be
noted that in Figure 24a vectors V1, V2, V3, V4, V5, V6 shown each for two different
operating conditions and the zero vector VO for three different situations. The angle the
vector i in relation to the axis a is less than 30°. The possible changes in magnetic flux stator
which can be achieved using the voltage vectors of operating conditions shown in 24b.

From Figures 24.a and 24b seems to change the value of stator flux Ws in a new value
should be selected the following voltage vectors. If an increase in the flow can be achieved
by applying one of the voltage vectors V9, V2, V8, V1, V7, because in this case, the new
vector of stator flux will be correspondingly Ws+AW9, Ws+AW2, Ws+AWS, Ws+AW1,
Ws+AW7. By the same token if we can achieve a reduction of magnetic flux should
implement one of the voltage vectors V14, V5, V15, since in this case the new vector of
stator flux is eivar Ws+AW14, Ws+W5, Ws+AW15, which is less than the original Ws. Also
for the electromagnetic torque, taking into account the equation 6, if is necessary very sharp
increase in torque, then we can apply one from the voltage vectors V11, V3, V12 because it
will grow along with the flow and the angle between the vectors & of stator flux and the
rotor. If a reduction of the torque is needed we can apply one from the voltage vectors V6,
V17, V18. By the same token if is required large increase in flow and a slight increase in
torque can do a combination of the above and apply the vector V8 or if stator magnetic flux
is constant and requires a small reduction of the torque is needed can be chosen one from
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(b)
Fig. 24. a) voltage vectors of 3 level voltage b) changes of the stator’s flux with the vector of
each switching state.
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Fig. 25. Three- level voltage source inverter

zero voltage vectors V0. Of course the number of vectors that can bring the desired change
in magnetic flux in stator and electromagnetic torque varies to the angle the vector of
magnetic flux on the axis A. As is natural in such cases there are other suitable candidate
voltage vectors. The correct choice of the vectors, depending on the desired change in the
flow and torque that we want to do, depending on the sector in which the vector of the flow,
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it is the biggest challenge to build such a table in direct torque control for drive systems
powered by three-level voltage inverters. So the inverter three-level table is not widely
accepted for pulsing as in the case of two-level inverters.

Based on the above logic while taking into account the intersection of Figure 3 in which may
be in the vector of the stator magnetic flux, it became the table L.

Flux(ys) | Torque(T,) | S1 | s2 | s3 [ s4 | s5 [ s6 | 57| s8 | s9 [s10]s11|s12

-2 VO | VO] VO] VO] VO|VO|VO|VO|VO|VO] V0] VO
-1 V3| V4| Ve[ V5| V5] Ve ]| Ve[| V1| Vl|V2]|V2] V3
-1 0 V3| V4| Ve[ V5 ]| V5] Ve ]| Ve[|Vl |Vl |V2]|V2] V3

V11| V12 (V13 (V14| V15| V16| V17| V18| V7 | V8| V9 (V10
V11| V12 (V13 (V14| V15| V16| V17| V18| V7 | V8| V9 (V10

-2 VOo| VO] VO|[VO]VO]| VO] VO] V0| V0O]|VO]VO]| VO
-1 V2 | V3| V3| V4| V4| V5| V5] V6| Ve |Vl]Vl| V2
0 V2 | V3| V3| V4| V4| V5| V5] Ve |[Ve|Vl]Vl| V2

V10| V11 |V12| V13| V14| V15| V16| V17| V18| V7 | V8 | V9
V10| V11 (V12| V13| V14| V15| V16| V17| V18| V7 | V8 | V9

-2 VOo| VO] VO|[VO]VO]| VO] VO] V0| V0O]|V0O] V0| VO
-1 V2 | V3| V3| V4| V4| V5| V5] Ve | Ve |Vl]Vl| V2
1 V2| V3| V3| V4 ]| V4| V5| V5] V6| Ve|Vl]Vl| V2

V9 | V11| V11| V13| V13| V15| V15| V17 (V17| V7 | V7 | V9
V9 | V11| V11| V13| V13| V15| V15| V17 (V17| V7 | V7 | V9

Table I

7.2 Simulation of the system in the computer

The drive system considered consists of three-phase asynchronous motor, three phase three
level voltage inverter and control circuit with hysteresis comparators electromagnetic torque
and flux of Figures 21 and 22 respectively. The system design was done by computer
simulation with Matlab / Simuling. Figure 26 shows the general block diagram of the
simulation.

By simulating the drive system on the computer can pick up traces of electromechanical
sizes in both permanent and transition state in the system. From the curves can be drawn for
the behavior of both the load response and the response speed. Details of the induction
motor and inverter with three levels that will make computer simulations are shown in
Tables II and III respectively.

7.3 Simulation resuls

In this text we will present the waveforms of electromechanical changes in the size of the
load. To investigate the behavior of the electric drive system in response to load change
incrementally load of 25 Nm to 30Nm, then by 30Nm to 25 Nm, maintaining the engine
speed steady at 1000 rpm. Figure 27 shown the electromagnetic torque and Figure 8, the
engine speed according to the time when the transition state in which they affect the load.
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Fig. 26. Block diagram DTC Three-level Inverter in the Simulink with speed estimator.

I\

Nominal power P = 4000W
Stator phase voltage V=460V
Ohmic resistance of stator Rs =1.405Q
Ohmic resistance of rotor R: =1.395 Q

Main magnetic induction

Ln =172.2x103 H

Stator leakage inductance

Lis =5.84x103 H

Motor leakage inductance

Ly =5.84x10° H

Leakage torque

J =0.0131 Kg.m2

Coefficient of friction

F =0.002985 Nms

Number of poles

P =4 (two pairs of poles)

Table II. Nominal details of induction motor

Semiconductor

IGBT with antiparallel diodes

Ohmic resistance Snubber

R =1000 Q

Capacitance Snubber C; = infinite
Internal resistance semiconductor Ron =0.001 Q
IGBT voltage crossing Ve=08V
Diode voltage crossing V=08V

Table III. Nominal details of inverter
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Fig. 29. Electromagnetic stator flow versus time.

By changing the load observed a slight, temporary change of speed. Figure 9 shows the
change of the stator flux versus time and Figure 30 is the change of magnetic flux in the
stator three-axis system that is a, system versus time. Figure 31 shows the change of the
vector current in the stator system. In this figure shows the change of the modulus of vector
power to change the load. When the torque load is reduced and the measure of the vector
current and increase the vector of power when the load increases.

0.3~

Stator Fluo g (We) ) Sintor Flux o[VWE)

Fig. 30. Electromagnetic flow in the stator v a,} system is a function of time
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8. Conclusion

This paper has presented a modified Direct Torque Control method for PWM-Inverter fed
asynchronous motor drive using constant switching frequency. Constant-switching-
frequency is achieved by using space vector modulation and finally, an SVM based DTC
system, compared to the classic DTC scheme for torque control. DTC-SVM schemes improve
considerably the drive performance in terms of reducing torque and flux pulsations, reliable
startup and low-speed operation, well-defined harmonic spectrum, and radiated noise.
Therefore, DTC-SVM is an excellent solution for general-purpose asynchronous motor
drives. On the contrary, the short sampling time required by the classic DTC schemes makes
them suited to very fast torque- and flux-controlled drives because of the simplicity of the
control algorithm. When a speed control mode instead of torque control is needed, a speed
controller is necessary for producing the reference electromagnetic torque value. For this
purpose a fuzzy logic based speed controller is used. Fuzzy PI speed controller has a more
robust response, compared to the classic PI controller, in a wide range area of motor speed.
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Induction Motor Vector and Direct Torque
Control Improvement during the
Flux Weakening Phase

Kasmieh Tarek
Higher Institute for Applied Sciences and Technology
Syria

1. Introduction

Some industrial applications, such as spindle, traction, and electric vehicles, need a high
speed for the fixed rating power, Fig. 1. To achieve this goal a suitable control method based
on the flux weakening is usually applied. This gives an economic solution for the power
converter and the motor (Grotstollen, H. & Wiesing, ], 1995).

Togue

Fixed torque
Rated togue

Fixed rated power

Speed

Rated speed Maximum speed

Fig. 1. Motor torque according to speed range

For the induction motor, its magnetic state changes during the flux weakening phase. It goes
from the saturation to the linear region, since the rating magnetic point is at the knee of the
magnetizing curve of the iron. Therefore, the change of the magnetic state of the motor
should be taken into account in the control law.

Field Oriented Control (FOC) and Direct Torque Control (DTC) are based on a linear two-
phase model of the induction motor (Vas, P. & Alakula, M. 1990). This model considers that
the magnetic state of the motor is fixed, and all control parameters are calculated according
to this state. When decreasing the flux level, the motor inductances increase. The change of
real inductances values of the motor influences the desired current and speed dynamics.

In this chapter, the linear two-phase model of the induction motor is re-examined, and a
new non linear two-phase model of the induction motor is developed. This model takes into
account the variation of the saturation level (Kasmieh, T. & Lefevre, Y, 1998). The calculation
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of this model needs the motor inductances values at each calculation step. The inductances
curves, as functions of the magnetic state of the motor, can be obtained using a finite
elements calculation program.

Unlike many models developed for the induction motor that take into account the variation
of the saturation level (Vas, P, 1981), the model presented in this chapter does not introduce
the inductances time derivatives. This leads to an easy computation algorithm, using
iteration method at each calculation step. The derived model is validated by comparing its
dynamic behavior to the dynamic behavior of a finite elements model.

Based on the new model, a complete sensitivity study of the classical FOC and DTC techniques
is presented. The FOC is highly dependent on the motor parameters. During the flux
weakening phase, the inductances values increase. This influences the dynamic behavior fixed
by the controllers, which is calculated for the rating inductances values. To overcome this
problem an adaptive FOC is introduced. At each sampling period, the magnetic state of the
motor is calculated by iteration, and then the controllers are tuned to this new magnetic state.
Concerning the DTC, this control law is less sensitive to the variation of the saturation level
(Kasmieh, T, 2008). The DTC is based on applying the good voltage stator vector in order to
achieve the desired stator fluxes and torque variations. The main problem of the DTC lies in is
the accuracy of the stator fluxes calculation at each sampling period. Usually, this calculation is
easily done by using the stator electric equation. The performance of this estimator is highly
dependent on the value of the stator winding resistor, which varies with the motor
temperature. A more complicated flux estimator can be derived from the rotor electric
equation (Kasmieh, T, 2008). This estimator is less sensitive to the variation of the rotor
resistor, but more sensitive to the variation of the saturation level. To overcome this problem,
an adaptive flux estimator is presented in this chapter. The estimator parameters are tuned
according to the saturation level of the motor. This new estimation method increases the
computation time of the DTC, but it remains smaller than the computation time of the FOC.

2. Magnetic state study of the induction motor using finite elements
calculation program

The goal is to determine the main variable that influences the magnetic state of the induction
motor, and to establish new flux-current relationships in the two-phase reference that take
into account the influence of the magnetic saturation level variation. The study is done for a
two pole pairs (p=2) 45(KW) induction motor using a finite elements calculation program.
Fig. 2 shows the cross section of the studied 45(KW) induction motor. The motor has two
cages of 40 bars each.

\

Fig. 2. Cross section of the studied 45(KW) induction motor
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The induction motor is modeled as a magnetic circuit of 3 stator phases and m rotor phases,
(m=10 in the case of the 45(KW) induction motor), Fig. 3.

SC

sh

Fig. 3 Axes of multi-phase model of an induction motor

The flux-current relationships can be written as follows:

[Lalis  MLO,,

1\/Irs(e)]m,3 [er]m,m '[I]m+3 (1)

[¢]m+3 = [

The elements of the vector [(1)]m3 are the stator and rotor fluxes, the elements of the vector
[1],.., are the stator and rotor currents, [L_], , is the stator inductance matrix, [L,] is the
rotor inductance matrix, [Msr(@)]&m is the stator to rotor mutual inductance matrix,
[M,(8)], ,is the rotor to stator mutual inductance matrix and [L,] = is the rotor
inductance matrix.

For the non-linear case where the magnetic saturation effect is taken into account, the stator
and rotor fluxes are functions of the motor angle 8, the stator and the rotor currents.

[¢]m+3 = [¢]m+3 (e/[I]m+3) )

In this case, it is difficult to find the fluxes analytically, but they can be calculated using a
finite elements calculation program, in which the magnetic characteristics of the motor
material can be introduced, Fig. 4. The calculation of the fluxes as functions of the motor
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T
1.255
100
075
0.503

0.25-]

0.00-

1 T —
5000 10000 15000 20000
H(A.turnsim)

Fig. 4. Iron magnetic characteristics of the 45(KW) motor
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angle 0 and the currents is possible using the concept of equivalent saturated inductances
deduced from the saturation curve of the motor material.

A finite elements calculation program is used to determine the main variable that influences
the magnetic state of the induction motor in a two-phase reference related to the rotor, Fig. 5.

rd £d y

sh
Fig. 5. Two-phase reference related to the rotor

The currents are applied in the two-phase reference, and then the currents [I]m+3 are
calculated using the inversed Park transformation. These currents are injected in the motor
finite elements model, and the program calculates the fluxes[¢] .. The fluxes in the two-

phase reference are finally calculated by applying the Park transformation. The calculation
procedure is shown in Fig. 6.

i, P(ph) T Finite T, . P(p6) O
iy ___f_'_i;{[lxe)]ﬁ Elements {[m(e)]ﬂ____ji_f___ b
iy T [L(®)] Program [9.(0)] T Brg
i, e - 2 Orq

_ _ 1 0
1 0 COS(E) sin(ﬁ)
m
Where T,,= z —1 ﬁ , Tmzz,/g . . are the
’ 3 2 2 ’ m
1 3 ' ’
1B m
L 2 2 ] cos((m-1)—) sin((m-1)—)
m m’

cos(v)  sin(y)
—sin(y) cos(y)
The simulations show that the magnetic state of the induction motor depends on the
modulus of the magnetizing current vector |Im| :\/(isd +i,) +(iy +irq)2 . The magnetizing

Concordia matrices, and P(y) = { } is the rotation matrix.
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current vector can be written using complex representation as follows:
L, =4 +i4)+]j(iy +i,). Fig. 7 shows the magnetic state of the motor for different two-
phase currents that give the same value of ‘Im‘ .

(s, Ird, 1sq. Irg) = (S00A), 390(A), 25(A). 353A)) |Im] =100 (A)

(Isd, ird, isq, irq) = (35(A). 300(A), 40(A}, 450(A)) [Im| = 100 (A}

Fig. 7. Magnetic state of the motor for different two-phase currents of the same ‘E‘
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The flux-current relationship can then be written, in the two-phase reference, as follows:

o1 |LED 0 MED o

oo | 0 LD o M| o

ou| IM(T) 0 LT) o || =[o)=[M(p 0] ®)
U0 My o Lt

It is possible to obtain the cyclic inductances curves as functions of|K , by injecting one
two-phase current. Fig. 8 shows the cyclic inductances curves as function of this injected
current.
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Fig. 8. Cyclic inductances curves

From these curves, inductances lookup tables are established. The values of the injected
current can be associated to|I_| (Kasmieh, T. & Lefevre, Y. 1998).

It is important to mention that the saturation harmonics disappear from the two-phase
fluxes. This issue can be demonstrated taking into accounts the saturation third harmonics
of the fluxes:
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¢, = a.cos(pB) + b.cos(3p0)
¢, = a.cos(pb-— 2?“) +b.cos(3pH - 6—;)
b, = a.cos(pd- 4—;) +b.cos(3p0 - 12Tn)

Two-phase stator fluxes can be obtained by applying Park transformation of an angle p6:

ba] 2 cos(pb) Cos(pe—z—;) cos(pe—%) 9, |
o, |~ V3 | bs

—sin(pB) —sin(ph - 2—;) —sin(pf — 4_375) b

sc |

% La ; b (cos(2p0) + cos(2pH — %) +cos(2ph - 8?71)) i
{d) d} 2 g(cos(ﬁlpe) +cos(4p0 — 8?75) +cos(4p0 — 16771)) 3
NE =[\V2
g 3 b ; a (sin(2pO) + sin(2p6 — 4—;) +sin(2p6 — 8?71)) i 0
_g (sin(4p0) + sin(4p6 — %) + sin(4p6 — MTW))

The demonstration can be extended to the general expressions of the saturated fluxes.

The next paragraph presents a new dynamic model of the induction motor that takes into
account the variation of the saturation level. The resolution of the non-linear equations of
the model is done by iteration.

3. Establishment of a saturated two-phase model of the induction motor

Since the magnetic state of the induction motor depends on the modulus of the magnetizing
current vector, thus, the new equations that describe the dynamic behavior of a variable
saturation level motor in the two-phase reference are:

The electric equations:

. do, d
Vg = Rs'lsd +Td—d—\f.q)sq
do — _ _
v, =R, +u W g V=R + 3% v 5
4 4 dt dt or dt dt @
. do d(v -0 — _ do _ _
Oer'lrd'l'_rd_M'(qu 0=R.I +chr ]d(\lf pe)
dt dt T dt dt !
do _
0=R.i_+oom dW=pO) 4
1 dt dt

The flux-current relationships:

[0 = M(LD][1] or =~ =7 E )
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em T

The mechanical equation: jc(li—? =T -T

where

em rq " sd

T =@, AL =P (@~ i) ©
L, L,
is the electromagnetic torque and T, is the resistive torque. Rs and R; are the stator and the
rotor windings resistances. Vsq and Vg4 are the stator two-phase voltages and ] is the rotor
inertia.

The resistive torque is the sum of the viscosity resistive torque, and a resistive torque
T,: T =£Q+T,, where f is the viscosity factor. Usually, the variations of T, are considered
smaller than the variation of the velocity when controlling the motor. Note that the complex
quantity X = x, + jx, is used to represents the vectors in the D, Q reference.

The numeric resolution of the new saturated two-phase model equations is done avoiding
the complicated development of the equations as currents deferential equations. The
following differential equations can simply be written.

d[e]

o AL @]=[Y] )
R, 0 _ MR, 0
oL, oL,L,
0 R, 0 _ MR,
— oL, oL,L, | |—
A(L)) = MR, R diph) () ®)
oL.L, oL, dt
0 MR, d(p6) R,
L olL,L, dt oL, |

The matrix A is written for a two-phase reference related to the stator Y¥=0.
o=1-M?/(L,L,) is the dispersion factor which is never equal to zero because the leakage
inductances.

The new non-linear model of the induction motor is described by equations (3), (7) and the
expression of the electromagnetic torque. This model is called the saturated two-phase
model.

The numeric resolution procedure of these equations starts from an initial state. At each
calculation step equation (7) is solved using for example Runge-Kutta 4 (RK4) method. This
will give a new flux vector that describes a new magnetic state of the motor. Then, the
corresponding current vector must be determined by resolving equation (3). In fact,
equation (3) is a non-linear equation. The matrix M depends on the modulus magnetizing
current vector. The resolution of this equation can be done by a non-linear iterative
resolution method, like substitution method.

Equation (7) can be written as follows:
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d[@]
T = [F([(I)]t ’[I]t)] = [F]t (9)

where [F], is a function of the two-phase fluxes and currents.

The RK4 method gives an approximated numerical solution of equation (9). The fluxes at the
instant t+At are calculated using equation (10).

[@], =[®], + 3 b.AtF] (10)

where

(0], =[@], + 5 [F], =[0], + ZH{F],
(@], =[], + S1F], =[@], + T {F(@], [1],)]

[0}, =[], + S{F], =[], + T [F(@], [1})]

[0], =[], + SF], [0, + TRl [1])]

and blzé, bZ:%, b3:%, b4:g.

To be able to calculate [®] , the currents [I] must be calculated by solving the non-linear
equation [¢]. [M(|I | J . Finally, Fig. 9 shows the calculation procedure of the

saturated two-phase model of the induction motor.
The resolution of the non-linear equations of the flux-current relationships can be done
using a non-linear iterative resolution method. The substitution method searches the

intersection point between ([M(|K|)}[I])(t) and[¢] starting from the first iteration

[1] ) :[I]t. The next iteration is calculated from the previous iteration: [I]i+ . :[I]i +A[I],

where A[I]=| M(L,|) B M(T,, I] . In fact the Inductance matrix can be
i t+At

inversed, since the leakage inductances cannot be zero:

b o M
oL, olL.L,
0 L o M
— L, L.L |—
MED Ay, T LD
GL.L, oL,
0 M 0 L
| oL.L, oL, |

Fig. 10. shows the substitution calculation procedure for vectors dimension equal to one.
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Fig. 9. Calculation procedure of the saturated two-phase model of the induction motor
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Fig. 10. Substitution calculation procedure

The iteration procedure is stopped when achieving a suitable error of the modulus of the
flux vector.

The execution of the calculation procedure of the Fig. 9 gives the results shown in Fig. 11.
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Fig. 11. Dynamic behavior of the saturated two-phase model of the induction motor

The comparison between the saturated two-phase model and the finite elements model is
shown in Fig. 12. It is clear that it gives closer results to the finite elements model results
than the results of the linear model.

Jo0 300
E Cem(NM) Nuondinear model
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Fig. 12. Saturated two-phase model, linear model and finite element model results
comparison

4. Field oriented control law improvement during the flux weakening phase

The vector control law or field-oriented control (FOC) law of an induction motor has
become a powerful and frequently adopted technique world-wide. It is based on the two-
phase model, Park model. The aim of this control is to give the induction motor a dynamic
behavior like the dynamic behavior of a direct current motor. This can be done by
controlling separately the modulus and the phase angle of the flux (Blaschke, F. 1972).

Using this control technique, the electrical and mechanical dynamic responses of the
induction motor are determined by fixing the coefficients of the current loops controllers,
flux loop controller and the velocity loop controller. Usually, these coefficients are calculated
for the rating values of the cyclic inductances, which correspond to the rating saturation
level. In fact, this level is achieved by applying the rating flux value as a reference value to
the flux loop.

Some industrial applications require the induction motor to operate at a high speed over the
rating speed. The method used to reach this speed is to decrease the reference value of the
flux in order to work at the rating power. This decrease can cause a coupling between the
two-phase axes D and Q, so FOC does not work properly (Kasmieh, T. & Lefevre, Y. 1998).
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Many published papers have studied the effects of the variation of the saturation level on
FOC law (Vas, P. & Alakula, M. 1990) (Vas, P. 1981), but few attempts have been made to
develop a FOC law that takes into account this variation.

In this paragraph the sensitivity of the classical FOC law to the variation of saturation level
of an induction motor is studied. Then, a new indirect vector control law in accordance to
the rotor flux vector that takes into account this variation is developed. This law is based on
the saturated two-phase model found in the previous sections.

The simulations are done using an electromechanical simulation program called "A_MOS",
Asynchronous Motor Open Simulator, (Kasmieh, T. 2002), Fig. 13.
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Fig. 13. The main window of “A-MOS” Software

The resolution algorithm of the non-linear model is implemented in this programmed. The
user can write his own control algorithm.

4.1 Classical FOC law

The strategy of the FOC in accordance with the rotor flux vector is adopted. This strategy
leads to simpler equations than those obtained with the axis D aligned on the stator flux
vector or with the magnetizing flux vector (Vas, P. & Alakula, M. 1990).

The development of the FOC equations in accordance to the rotor flux vector can be done by
supposing ¢, = [d)rd g ]t = [¢r,0]‘ , Fig. 14. The expression of the motor torque is reduced to:

Tem = pLM'(Dr‘isd (11)

T

Since the rotor flux vector turns at the synchronized speed o, , the electric equations become:
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Fig. 14. Two-phase reference in accordance with the rotor flux vector

4.1.1 Stator voltages and stator fluxes equations
The stator voltages of equation (12), and the stator fluxes expressions can be written using

complex representation (Y =Xq )X, )

2 —_—
By adding and subtracting the term L—.Is in the stator flux vector expression, the

T

magnetizing rotor current vector is introduced I :

— - M* — L — - M —

O =cL I +—. (L+—=1)=cL I +—.(1,).

k T e

Since the rotor flux vector is aligned on the magnetizing rotor current vector:
® =0 =L I +MI =MI,_ , the stator flux vector can be written as a function of the stator

current vector and the rotor flux.

Mo,
L

r

O, =oL I + (13)

Substituting (13) in the expression of the stator voltage vector:



96 Torque Control

VS:RS.EHSL dl, +M o,

) . o D, 14
S dt Lr dt +](DS S ( )

4.1.2 Rotor voltages and rotor fluxes equations

. de, . . . .
The pulsation (o, — pa) is the rotor pulsation ©, , thus the rotor electric equations become:

0-R i, +3%
dt

(15)
0=R,i,+o.P

From the rotor fluxes expressions, the rotor currents are expressed as functions of the rotor
flux and the stator currents:

¢4=Li4+Migy ¢, =L, i, +Mi

b =L, i +Mig 0=L,i,+Mig
0. M.
i, =—t—-——1 16
rd Lr Lr sd ( )
M .
rq = —L—.lSq (17)

4.1.3 Transfer functions of the induction motor

In order to establish the FOC strategy, the transfer functions of the motor are developed.
The inputs of the transfer functions arev, and v, , and the outputs the variables that
determine the motor torque @ and i.

Transfer functions on D axis:

It is possible to control the rotor flux via the stator current on the D axis. This can be
demonstrated from the rotor electric equation on the D axis and from equation (16):

d(ir - —%.cpr " Rr.LM.isd (18)

Developing equation (14) on the axis D yields to:

%+M d(Dr

vy =R,i,+0oL.. % L at —o,.d

By substituting equation (17) in the expression of @, the following equation is obtained:

0 = Lodyg +Mi, =Ly ———dy =(L, -

s°7sq rq s*'sq L sq

The D stator voltage expression becomes:
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diy M do,

vy =R,i, +oL.. +—.
o S dt L, dt

-o.L .o (19)

By replacing (18) in (19), the stator voltage of the D axis can be written as follows:

dl sd

vy =R, i +GLS.d—;C+Ed (20)

s sd

2
M
where R_=R_ + Rr.[LMJ , and the electrical force E, = —I{r.F.(I)r -o,.L o, represents

T T

the coupling between the two axes D and Q.
Transfer functions on Q axis:

By developing equation (14) on the axis Q, the stator voltage of the same axis is obtained:

. di,
v, =R i +oL,. it +0,.D

From equation (13) the D stator flux is:®_, :cLs.isd+LM.¢)r. By replacing @ in the

previous expression, VSq becomes:

. i . M
v, =R.i, +ol,.—*+0,0L i, +0,—.0
q s"7sq S dt S S*7s El L

(21)

T
T

®_ can be written as a function of the stator current on the Q axis by substituting the
expression of irq, equation (17), in the rotor electric equation on the Q axis:

M (22)

By replacing (22) in (21) :

sq

2
di, o+o, (M
vy =Ry, +ol . —+a.oli, + Ll —1 R,i,
dt !

sq

Finally v_, can be written as follows:

. di,, . MY . di,,
Vg =R+ GLS.F +o,.0L, i, +o. T R i, =R, i, +oL,. it +E, (23)

The electrical force Eq represents the coupling between the two axes D and Q.

The equations (18), (20) and ( 23) describe the transfer functions of the induction motor if the

D axis is aligned on the rotor flux vector, Fig. 15.
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Fig. 15. Transfer functions of the induction motor (D axis is aligned on the rotor flux vector)

4.1.4 Establishment of the classical FOC law
It is important to mention that the transfer functions shown on Fig. 15 are valid if the axis D
is rotating with the rotor flux vector. Taking into account this hypothesis the control scheme
of Fig. 16 can be built.
The two axes D and Q are decoupled by estimating the electric forces Eq and E:
2
E{=-R,.—.®; -o;.L,.ci; and E =w].cL i} +wm.(Mj R, il . The index e is for the
r Lr r s s sq q s s°s: Lr T°tsq
estimated variables, and the index m is for the measured variables.
@ is calculated by solving numerically the equation ( 18). The value of ®; is also used as a

feedback for the rotor flux control closed loop.

. . M . .
o] is calculated from equation (18): ©f=0"+R .——il. 0" =pQ" =pd0/dtis the
electric speed of the motor that can be measured using a speed sensor, and p is the pole
pairs number.
For the induction motor, L, /R, is ten times bigger thanc.L, /R, so it is possible to do

poles separation by doing an inner closed loop for the current and an outer closed loop for
the rotor flux.

From Fig. 16, it is clear that the D axis closed loops are for controlling the amplitude of the
rotor flux, and the closed loop of the Q axis is for controlling the stator current, thus for
controlling the motor torque, equation (11).

In practice, the three phase currents are measured, and then the two phase currents are
calculated using Park transformation of an angle ‘¥. The angle ¥ is estimated by integrating

o) =0"+R.. iy . After calculating the control variables v, and v, , the three phase

e
reer

control variables v, v, and v, are found using the inversed Park transformation.

4.2 Sensitivity of the classical FOC law to the variation of the saturation level

the FOC algorithm is implemented in “A_MOS” program. The controller parameters are
fixed according to rating values of the induction motor cyclic inductances. The simulation
results of fig. 17 show that during the flux weakening phase, the rotor flux does not follow
its reference and the dynamic response of the speed is disturbed. This due to the fact that the
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Fig. 17. Simulation results of the dynamic behavior of the induction motor modeled by the
saturated two-phase model, and controlled by the classical FOC law

cyclic inductances values of the motor become different from the cyclic inductances values

introduced in the controllers.

In the next paragraph, the classical FOC law is developed in order to take into account the
variation of the saturation level. The new control law is called the saturated FOC law.

4.3 New saturated FOC law

To simplify the study, stator and rotor leakage inductances (L, and L, ), are supposed to be
constant. Only the mutual cyclic inductance M is considered to be variable with the
modulus of magnetizing current vector, where L, =M +L; andL =M +L,.
From expression (13), The derivative of the stator flux vector is:

— - B d)
do dl. M do, —d(oL)) L
+— +

> =oL.—2

+1 (O]

M

T

dt *dt L, dt 7 dt Todt

dI.
T dt

M do, —dM
+— +1,.—

L, dt ° dt {

L
LZ

a L,
Tdt 12

)+ D
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Finally the expression of the stator flux vector derivative is:

do, =0. q.dIS +M.dd)r +(I,.L, +d)r)L;f d—M (24)
dt “dt L, dt 12 dt
The stator voltage vector is then modified to:
V=R I+oL e MdP 7y o Le M L0 3 (25)
dt L, dt L, dt

As previous, the resistance R can be introduced. The stator voltages on the D and Q axes
are:

. . L, dM
—oL o, + (4L +|(I) f

12 dt

v, =R, i, +oL. d;id - Rr%ﬁ

)

T

R, +ol, Js
dt

sretsd

12, dM . , di,
d .¥+ oLl,o.i,=R_i_+oL.. dtq +E, (27)

sr*sq

di M
—R i sq
vy, =R, i +olL,. at + (;).L—r.|CI)r +ig. B

where Eq and E, are electrical forces and equal to:

M |— o L, dM
Ed = RrL_2r|CDr +G.Ls.0)s.lsq _(lsd'er +|q)r )L—ZrI,
M — .14 dM
Eq = —(D.L—r.|q)r —G.LS.(DS.ISd _1sq' Li F .

The obtained transfer functions are approximately the same as in the linear case. The main
difference is that the parameters of these transfer functions are time variant. Terms containing

L
dd—l\f appear in the expressions of Eq and Eq. Anyhow, this term can be neglected sinceR—‘ is

r

L
bigger than 10% for induction machines, so the expressions of Eq and Eq become:

s

E,~R M.ﬁ —oL,.o.d,.

Ty 2
Lr

+ol,.o.i,., E z—(;).M.|(ITr
s L

s*tsq / q

The idea of the saturated FOC is to tune the coefficients of the controllers according to the
value of|§| . At each sampling period|I,|is calculated, and the corresponding cyclic

inductances are found from look up tables to update the controller’s coefficients.

. T | a7 | . . 2 . . 2 . .
The expression of |Im| 1s|Im| —\/(15d +i4)" + (i +1,)" - isd and isq can be measured at each

sampling period. irq can be calculated from the first rotor equation ( 15), and irq from the
equation (17) using a non-linear resolution method as the substitution method.
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Fig. 18 shows the strategy of the new FOC law. The blocks with dashed lines are the blocks
necessary for calculating the modulus of magnetizing current vector. At each sampling
period the controller’s coefficients are updated according to the new values of the cyclic
inductances.
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Fig. 18. Saturated FOC law

Fig. 19 presents simulation results of the dynamic response of the 45KW induction motor
controlled by the new saturated FOC control. This simulation is done for the same inputs of
figure 5. It is clear that the performance of the machine is clearly improved.
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Fig. 20. Simulation results with saturated FOC

5. Stator flux estimation improvement during the flux weakening phase for
the Direct Torque Control Law

Thirteen years after developing the FOC law by F. Blaschke in 1971 (Blaschke, F. 1972), L.
Takahashi and M. Depenbrock presented a new technique for the induction motor torque
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control called Direct Torque Control (DTC), (Noguchi, T. & Takahashi, I. 1984), Depenbrock,
M. & Steimel A. 1990). DTC is based on applying the appropriate voltage space vector in
order to achieve the desired flux and torque variations.

DTC permits to have very fast dynamics without any intermediate current control loops.
The DTC is based on the fact that the variations of the stator flux vector are directly
controlled by the stator voltage vector for high speed:

do, do_

VS = RS.E+
dt dt

(28)

5.1 Direct Torque Control Law for an induction machine with a voltage source inverter
drive

A small variation of the stator flux vector is in fact the product of the stator voltage vector
and the sampling period AT :

A®_ = V_AT (29)

Usually, the motor is driven by a voltage source inverter. The stator voltage vector for such
an inverted has only 8 positions, Fig. 21. From Fig. 21 If the stator flux vector is in sector i,

then its magnitude is increased when applying V,, V.., or V,_, . To decrease ®_, the vector

i

V..,, V., or V,,; canbe applied.

1
+
- - Y induction
5 motor
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Fig. 21. Stator Voltage space vector for a voltage source inverter

In order to search what does the stator voltage space vector act on the motor torque, its
expression can be rewritten starting from equation ( 6) and taking into account the flux-
current relationships as follows:

T, =p®, Al (30)

M

M_ a5 -p—M
Ls.Lr—-M2

T =p—n . |@ |.sin® 31
em pLS'Lr—Mz S T T Sr ( )

S

o,

where 6, is the angle difference between ‘i and ()Tr .
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It is important to mention that the rotor flux vector time constant is bigger than the time
constant of the stator flux vector. This can be demonstrated by writing the transfer function
from the stator flux vector to the rotor flux vector. For a two-phase reference related to the

I

rotor: y =p0, the rotor electric equation becomes: 0= Rr.i+ . From the flux-current

. M
oL, oL,L,
equation, the following transfer function is obtained:

relationships: I, = @, . By substituting the expression of I, in the rotor electric

S|

T

& _ ML, (32)
@, l+or.p

where 1, =R, /L, is the rotor time constant. From equation (32), it is clear that the stator flux

vector changes slowly compared to the stator flux vector.
Going back to the expression of the motor torque, equation (31), if the stator flux vector
modulus is maintained constant, then the motor torque can be rapidly changed and

controlled by changing the angle 8, . Thus the tangential component of AD, = V_AT is for
controlling the torque, and its radial component is for controlling |as| .

For a stator flux vector existing in sector i, the following stator voltage vector can is applied
in order to have the desired variations of the stator flux vector modulus and the motor
torque.

V. Increase Decrease

s

|(Ds or Vi Via, Vipor Vi,

Tem Vi+1 or \]i+2 V; 1 Or Vi—Z

Table 1. Stator voltage vector for the desired variations of |dTS| and Tem

The vectors V, and V,,, are not considered for controlling the torque because they increase

the torque for the positive 30 degree half sector, and decrease it for the negative 30 degree
half sector. They can be used if 12 sectors are considered for dividing the total locus.

By analyzing Table 1, it is possible to do a decoupled control of |¢Ts and Tem. For all the six

sectors, Table 2 shows the good stator voltage vector that gives the desired variations of
|as and Tem.

Fig. 22 shows the scheme of the DTC.
There are two different loops for controlling the stator flux vector modulus and the motor

torque. The reference values of |CE| and Tem are compared with the estimated values. The

resulting errors are fed into the two-level and three-level hysteresis comparators
respectively. The outputs of the hysteresis comparators and the position of the stator flux
vector are used as inputs for the look up table (selection table of Table 2).
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‘Es Tem s1 ) s3 S4 S5 S6
TI \& Vi Vi Vs \ Vi
FI = Vi V, Vi v, Vi v,
D Ve Vi v, \A \/ Vs
TI Vs \A Vs Ve Vi v,
FD = v, Vi v, Vi \ Vi
TD v, Vi \A v, v, v,

Table 2. Stator voltage vector for the desired variations of ‘CITS‘ and Temin all sectors
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Fig. 22. Scheme of the DTC law

Usually, the estimation of the stator flux vector is done using the stator electric equation:

ae

B

=(V,-R,I,)

t.Atst\f (33)
The accuracy of this flux estimator is highly dependent on the value of the stator winding
resistor, which varies with the motor temperature.
This chapter proposes a new estimation technique that uses the rotor electric equation. It
shows that it is less sensitive to the variation of the rotor resistor, but more sensitive to the
variation of the saturation level. To overcome this problem, an adaptive estimator is
proposed, based on a previous saturation phenomenon study.
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5.2 Direct Torque Control Law for an induction machine for a fixed chopping
frequency voltage source inverter
It is possible to develop the expression of a continuous optimal stator voltage vector that

gives the desired variations of |¢TS| and Tem (C.A, Martins.; T.A, Meynard.; X, Roboam. &

AS, Carvalho2, 1999). The control voltages vei' and vgr' that give the desired ATDeS / At

—1Des
and A|D, At are searched.

The expression of the motor torque derivative is:

dT, ddy, . digg dDg, di
detm: ( dtSd 'lsq+ sd- dstq_ dtsq dsd = Psq- did) (34)

d

do
The expressions of d_ts A

do
and e can be found from the stator electric equations in the

fixed reference:

(35)

By writing the expressions of isq and isq from the flux-current relationships, the derivatives
of these currents versus time are:

digg 1 [dfbsd_Md@rd]

dt oLy dt  Lr dt
. (36)
digy 1 [ddy M do,,
dt oLg| dt Lr dt

The rotor electric equations give the expressions of the rotor fluxes derivatives versus time:

do,  d(pe) . d(po) R, ;
e P R =Sl e, (0 L)
o, d(pb) . d(pe) . R, .
a0 Re = =g O = (0 - L

(37)

The final expressions of the stator fluxes derivatives can be obtained by substituting @, and

@, by their expressions using stator variables:

do, d(pb) . d(p6) L, . R, .
Td = —T.Cl)rq _Rr'lrd = —T.M(q)sq — .Ls.lsq) —M.(q)sd _Ls'lsd)
d®,,  d(pd) d(p#) L, .. R .
d_tq = T.q)rd _Rr' 1q = Tﬁ(q)sd - G'Ls'lsd) _ﬁ'(q)sq _Ls'lsq)

(38)

By replacing (38) in (36), the stator currents derivatives become:
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di I (dbg M ( o) L R .
_Sd:_.[_s‘i__( i r((D —G.Ls.lsq)—ﬁr.(q)sd—Ls.lsd)J]

d oLg| dt Lr

di do (39)
sq _ 1 sq d(p6) L, R, ‘

? B G.LS [ dt Lr ( dt M (q)sd O. L 1Sd) ((Dsq - LS'lsq)

The motor torque derivative is finally obtained as a function of stator voltage, stator current
and stator flux components.

dT,

= = p(via Keq ~ Veg Ksa +K1) (40)
with
stziSd_ji’KquiSq_:Ls R, =R, +_SR \/7\/—and
R 3.p. j? 0 do
K=ol ™ 2L, 1% TP (Pt ™ Pala)=
R's . 3.p.i—? 0

do . .
+ p'E(q)sd‘(chd —0.Lgig) ~ Pyq(Pyq — 0. Lgidsq))

_S :\/%,/((Dsd)z +(CDSq)2 can be

olep " 20l

Using the stator electric equations, the derivative of

found:

‘ :

Z (@Sd.vsd + Dy Vg — Ry (Dygiigg + d)sq‘isq)) (41)

Finally, the optimal control v} and VOpt are obtained by replacing the desired variations

— D
D, ® /At in equations (40) and (41) instead of

during the sampling period ATDS

d|dg
the derivatives — and o
3 —— Des . . Des
SO AR /A K+ RUK (D + D isg) + (I)Sq.(( TD: /At) /p- Kl)
opt _ 42
Vsd ( )
chd .st + (Dsq.qu

At each sampling period the stator currents are measured and the stator fluxes are estimated

from the stator electric equations. Actual values of _s and Tem are then calculated. Using

the reference values for the motor torque and for the modulus of the stator flux vector, the
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desired variations during a period of At are calculated and used in equation (42) to find the

opt

optimal values of the control vy~ and vort

sq °
This control strategy can be implemented using a fixed chopping frequency source voltage
inverter.

5.3 Sensitivity study of the DTC stator flux estimator to the variation of the stator
resistor
The classical stator flux estimator used generally for the DTC is based on the stator electric

do
equation written in a fixed two-phase reference: ¥=0, V, =R] +T_S' It is clear that this

estimator is highly affected by the stator resistor variations, due to the motor temperature
variations, especially for low speed applications.

The DTC for fixed chopping frequency of the voltage source inverter is implemented in
A_MOS program. Fig. 23 shows simulation results of a 45(KW) induction machine
controlled by the DTC law with the previous estimator. A difference of 15% between the
motor stator resistor and its value implemented in the control estimator is considered.
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Fig. 23. Stator electric equation estimator results with 15% increase for the stator resistor

The difference may cause oscillations to the motor speed, and this problem is more
important for low speed.

6. New stator flux estimator for the DTC

If the motor speed is available, the stator fluxes can be calculated from the flux currents
relationships:



108

Torque Control

r (43)

At each sampling period the stator currents are measured and the rotor fluxes are calculated
using the rotor electric equations:

Aoy . dpd) . dy L. ) d(pd)
d_tr = _Rr’ll‘d - q)l‘q = —Rr. Vs _ﬁs'lsd - Tq)rq (44)
dq)rq . d(pe) qu L, . d(p@)

it = —Rl..qu + Tq)rd = _RI" ——S.lSq +Tq>rd

The calculation of the stator fluxes using equations ( 43) and ( 44) does not require the stator
resistor, thus any change in its value has no influence. In fact, the estimator uses the value of
the rotor resistor which determines the time constant of the rotor flux. It is obvious that the
accuracy in measuring the rotor resistor has no big effect on estimating the stator flux vector
using the two previous equations. This is due to the fact that the stator fluxes time constant
is smaller than the time constant of the rotor fluxes, as it was shown previously. Fig. 24
shows that for an increase of 15% in the rotor resistor value, the DTC with the new estimator
gives better results.

\ ol Hus

orodatzaarf

L 1,200 )

Fig. 24. New estimator results with 15% increase for the rotor resistor
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The new method of estimating the stator fluxes requires the knowledge of a greater number
of motor parameters. It is clear that the new estimator will be more sensitive to the variation
of the induction motor saturation level, since it uses the cyclic inductances.

Fig. 25 shows simulation results of the induction motor controlled by the DTC with the new
stator fluxes estimator. During the flux weakening phase a big difference between the
desired stator flux and the real one was obtained. This influences the dynamic behavior of
the speed when applying a load torque of 110(Nm) at 3(s).

| I weezkenng

Fig. 25. New estimator sensitivity to the variation of saturation level

It is possible to overcome this problem by tuning the new estimator parameters at each
sampling period according to the magnetizing current modulus that can be estimated as
described in the section of the saturated FOC.

The scheme of the DTC using this estimator is presented in Fig. 26.

Fig. 27 shows the improvement of dynamic behavior of the induction motor after
implementing the adaptive estimator of Fig. 26.
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It is possible to combine the two previous estimators. The first one can be used for high
speed, while the second estimator can be used for low speed range. In this case, there is no
need to program the adaptive estimator of the stator fluxes, since it will not work during the
flux weakening phase.

7. Conclusion

This chapter has presented a full study of the magnetic state variation of the induction
motor. Using a finite elements calculation program, it was possible to establish a two-phase
model that takes into account the variation of the saturation level. A very simple resolution
method of this new model was presented. The dynamic response of the new model was
validated by comparing it to the dynamic response of the induction motor given by the
finite element calculation program. After establishing the new model it was possible to
review the advanced control laws like the FOC and the DTC laws. A new saturated FOC law
was developed in order to enhance the dynamic behavior of the motor during the flux
weakening phase, because of the difference between the motor cyclic inductances values
and the values of the cyclic inductances introduced in the controllers. Concerning the DTC
law, it was shown that a small error in the stator resistor value will highly influence the
stator flux estimation, which is done using the stator electric equation. A new stator fluxes
estimator was developed using rotor electric equations. This estimator is less sensitive to the
motor temperature variation, but it is more sensitive to the variation of the saturation level.
An adaptive solution was proposed to tune the estimator parameters according to the
saturation level of the motor. Nevertheless the adaptive part added to the DTC algorithm,
its computation time remains very small comparing to the FOC algorithm that takes into
account the variation of the saturation level. It is important to mention that it is possible to
combine the classical estimator and the new estimator according to the speed range. The
classical estimator can be used at high speed, but at low speed, it is better to use the new
stator flux estimator.
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1. Introduction

DTC is an excellent solution for general-purpose induction drives in very wide range The
short sampling time required by the TC schemes makes them suited to a very fast torque
and flux controlled drives as well the simplicity of the control algorithm. DTC is inherently
a motion sensor less control method.

2. Objective of the work

This chapter describes the control of doubly fed induction machine (DFIM) and the control
of doubly star asynchronous machine (DSAM), using direct torque control (DTC).

3. Principe du control direct du couple

Direct torque control is based on the flux orientation, using the instantaneous values of
voltage vector.

An inverter provides eight voltage vectors, among which two are zeros (Roys & Courtine,
1995), (Carlos et al., 2005). This vector are chosen from a switching table according to the
flux and torque errors as well as the stator flux vector position. In this technique, we don’t
need the rotor position in order to choose the voltage vector. This particularity defines the
DTC as an adapted control technique of ac machines and is inherently a motion sensor less
control method (Casdei et al., 2001), (Kouang-kyun et al., 2000).

4. Double feed induction machine (DFIM)

In the training of high power as the rolling mill, there is a new and original solution using a
double feed induction motor (DFIM). The stator is feed by a fixed network while the rotor
by a variable supply which can be either a voltage or current source.

The three phase induction motor with wound rotor is doubly fed when, as well as the stator
windings being supplied with three phase power at an angular frequency w,, the rotor
windings are also fed with three phase power at a frequency @,, .
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Under synchronous operating conditions, as shown in (Prescott & Alii., 1958), (Petersson.,
2003) , the shaft turns at an angular velocity @, , such that:

0, =0, + 0,

The sign on the right hand side is (+) when the phase sequences of the three phase supplies
to the stator and rotor are in opposition and (-) when these supplies have the same phase
sequence. The rotational velocity of the shaft, ®,, is expressed in electric radians per second,

to normalize the number of poles.

4.1 Double feed induction machine modelling

Using the frequently adopted assumptions, like sinusoid ally distributed air-gap flux
density distribution and linear magnetic conditions and considering the stator voltages
(v , Usp) and rotor voltages (v, , v,5) as control inputs, the stator flux
(®y,, Dyp), and the rotor current (i,,, i) as state variables. In the referential axis fixed in
relation to the stator, the following electrical equations are deduced:

Vsa _ Rs 0 Isa d (Dsa )
s &)l »
Vra _ Rr 0 Ira d d)m 0 ) (Dra ,
{V'J{O RJLW}E{@M}{—” O}L)rﬂ} @

Expressions of fluxes are given by:

sa’

@, =11, +MI,
@5 =11,+Ml,, o
®,, =11, +MI,
®,5=11,5+MI,;

7

The mathematical model is written as a set of equations of state, both for the electrical and
mechanical parts:

X X_AX+BU )
dt
Where:
_Ira ] _Vsa_
1, v,
X= "7 ]aaU=|" 5)

®SIZ V}"a

_q)sﬂ_ _Vrﬂ_

The matrices A and B are given by:
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—1 -6 1-5
rs ' eMT. oM "
- 1-06 1-06
_a)) e _—a)r
4= o T. o6 0. | OMT (6)
2 - 0
T, T,
o M 0 _1
L Ts' Ts i
. .
_1-4 0 L 0
oM L&
B= - 7
o =0 4 1 @
SM Lo
1 0 0 0
0 1 0 |
dQ
— =Cem-C-KiQ. 8
I ¢ ®)

Where | is the moment of inertia of the revolving parts, K¢ is the coefficient of viscous
friction, arising from the bearings and the air flowing over the motor, and C; is the load
couple.

The equation of the electromagnetic torque is:

_3pM
Y

S

C

(cpsalrﬂ _chﬁIra) (9)

The block diagram for the direct torque and flux control applied to the double feed
induction motor is shown in figure 1.The stator flux Wy and the torque Cemrer magnitudes
are compared with respective estimated values and errors are processed through hysteresis-
band controllers.

Stator flux controller imposes the time duration of the active voltage vectors, which move
the stator flux along the reference trajectory, and torque controller determinates the time
duration of the zero voltage vectors, which keep the motor torque in the defined-by
hysteresis tolerance band (Kouang-kyun et al.,2000), ( Xu & Cheng.,1995). Finally, in every
sampling time the voltage vector selection block chooses the inverter switching state, which
reduces the instantaneous flux and torque errors (Presada et al., 1998).

5. Simulation results machine

Figure 2 refer in order, to the variation in magnitude of the following quantities, speed, flux
and electromagnetic torque obtained while starting up the induction motor initially under
no load then connecting the nominal load. During the starting up with no load the speed
reaches rapidly its reference value without overtaking, however when the nominal load is
applied a little overtaking is noticed and the command reject the disturbance. The excellent
dynamic performance of torque and flux control is evident.
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Fig. 1. DTC applied to double feed induction machine

6. Robust control of the IP regulator

a) Speed variation

Figure 3 shows the simulation results obtained for a speed variation for the values: (Qret =
157,100 and 157 rad/s), with the load of 3 N.m applied at t =0.8s. This results show that the
variation lead to the variation in flux and the torque. The response of the system is positive,
the speed follow its reference value while the torque return to its reference value with a little

error.

b) Speed reversal of rated value

The excellent dynamic performance of torque control is evident in figure 4, which shows
torque reversal for speed reversal of (157, -157 rad/s), with a load of 5N.m applied at t=1 s.
The speed and torque response follow perfectly their reference values with the same
response time. The reversal speed leads to a delay in the speed response, to a peak
oscillation the current as well as a fall in the flux magnitude which stabilise at its reference

value.
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Fig. 2. Simulation results obtained with an IP regulator
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Fig. 4. Robust control under reversal speed
¢) Robust control for load variation

The simulation results obtained for a load variation (C; = 3 N.m, 6 N.m) in figure 5, show
that the speed, the torque and the flux are inflated with this variation. Indeed the torque and
the speed follow their reference values.
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Fig. 5. Robust control under load variation
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d) Robust control of the regulator under stator resistance variation

In order to verified the robustess of the regulator under motor parameters variations we
carried out a test for a variation of 50% in the value of stator resistance at tile t= 1.5s. The
speed is fixed at 157 rad/s and a resistant torque of 5 N.m is applied at t= 1s. Figure 6 shows
the in order the torque response, the current, the stator flux and the speed. The results
indicate that the regulator is very sensitive to the resistance change which results in the
influence on the torque and the stator flux.
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Fig. 6. Robust control under stator resistance variation

7. Double star induction machine (DSIM)

For the last 20 years the induction machines with a double star have been used in many
applications for their performances in the power fields because of their reduced pulsation
when the torque is minimum (Kalantari et al.,2002).The double stator induction machine
needs a double three phase supply which has many advantages. It minimise the torque
pulsations and uses a power electronics components which allow a higher commutation
frequency compared to the simple machines. However the double stator induction machines
supplied by a source inverter generate harmonic which results in supplementary losses
(Hadiouche et al., 2000). The double star induction machine is not a simple system, because
a number of complicated phenomena’s appears in its function, as saturation and skin effects
(Hadiouche et al., 2000).

The double star induction machine is based on the principle of a double stators displaced by
a=300 and rotor at the same time. The stators are similar to the stator of a simple induction
machine and fed with a 3 phase alternating current and provide a rotating flux.

Each star is composed by three identical windings with their axes spaced by 2m/3 in the
space. Therefore, the orthogonality created between the two oriented fluxes, which must be
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strictly observed, leads to generate decoupled control with an optimal torque (Petersson.,
2003).

This is a maintenance free machine.

The machine studied is represented with two stars windings: A«B«Csi et AxoBoCs which
are displaced by a =30° and thee rotorical phases: A; B; C..

Fig. 7. Double star winding representation

8. Double star induction machine modeling

The mathematical model is written as a set of state equations, both for the electrical and
mechanical parts:

d
[Vabc sl] = [Rsl] [Iabc,sl:| + E[(Dabc,sl]'
d
abe,s2 | = |2 abe,s2 | T 57| Pabe,s2 |-
[Vires2]=[Rea] [Lase.2 ]+ [ Patec2] (1)

d
[Vubc,r:| = [Rr] [Iubc,r:| + E[q)ubc,r}

dQ
J E =Cem-Cr-Kr Q. (2)

Where:

J is the moment of inertia of the revolving parts.

K¢ is the coefficient of viscous friction, arising from the bearings and the air flowing over the
motor.

Cem is the electromagnetic torque.

The electrical state variables are the flux, transformed into vector [®] by the “dq”
transform, while the input are the “dq” transforms of the voltages, in vector [V].

L10]-[4] [0] +[8] {v] ®)
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(Ddsl
q)dsz Ugs1
D v
[©1=|q | V1=, @
q)qsz vl]sl
(Ddr ’0452
L Por
The equation of the electromagnetic torque is given by
Lm . ..
Cem= 1Y Lm+lr (chr (lqsl+1q52)‘q)qr (ldsl+1d52)) (5)
The flux equation is:
o -1 |Dasty Por , Par 6)
md — “a
L sl L s2 Lr
R ?
" ‘ L sl LsZ Lr

Given that the “dq”axes are fixed in the synchronous rotating coordinate system, we have:

A1 Ap M3 Ay 45 ye
Ay1 Ay fOp3 Oy x5 fy
[ A] _| %1 Gz 33 A3y O35 A3 ®)
gy Qg g3 Agq g5 Oy

51 Gsp 53 Osg fs5 Os
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1 0 00
0100
[B]— 0010 g
100 01 ©)
0 000
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R,L R
an= 2133:—5; a_ sl
le le
R,L
ap=az= —1-0

leSZ
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@, a13= ax4= - as1= - ap=
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Figure 8 shows the block diagram for the direct torque and flux control applied to the

double star induction motor shown in.
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Fig. 8. DTC applied to double star induction machine
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9. Simulation results

Figure 9 refer in order, to the variation in magnitude of the following quantities, speed,
electromagnetic torque, current and flux obtained while starting up the induction motor
initially under no load then connecting the nominal load. During the starting up with no
load the speed reaches rapidly its reference value without overtaking, however when the
nominal load is applied a little overtaking is noticed and the command reject the
disturbance. The excellent dynamic performance of torque and flux control is evident.
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Fig. 9. Simulation results obtained with an PI regulator

10. Control of the regulator

a) Speed variation

Figure.10 shows the simulation results obtained for a speed variation for the values: (Qret =
314 and 260 rad/s), with the load of 5 N.m applied at t=1.5s.

These results shows that the variation lead to the variation in flux and the torque. The
response of the system is positive, the speed follow its reference value while the torque
return to its reference value with a little error.

b) Robust control for load variation

Figure.11 shows the simulation results obtained for a load variation (C; = 5 N.m, 2.5 N.m).
As can be seen the speed, the torque, the flux and current are influenced by this variation.
The torque and the speed follow their reference values.

We can see that the control is robust from the point of view load variation.
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Fig. 11. Robust control under load variation
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¢) Robust control of the regulator under star resistance variation

In order to verified the robustess of the regulator under motor parameters variations we
carried out a test for a variation of 50% in the value of star resistance at time t= 1.5s. The
speed is fixed at 314 rad/s and a resistant torque of 5N.m is applied at t= 1s. Figure 6 shows
in order the torque response, the current, the stator flux and the speed. The results indicate
that the regulator is very sensitive to the resistance change which results in the influence on
the torque and the stator flux

Angular

speed (rad/s)
Electromagnetic
torque (N.m)

Stator flux( Wb)

Time (s)

Fig. 12. Robust control under stator resistance variation

11. Conclusion

This chapter presents a control strategy for a double feed induction machine and double star

induction machine based on the direct control torque (DTC) using a PI regulator. The

simulation results show that the DTC is an excellent solution for general-purpose induction

drives in a wide range of power.

The main features of DTC compared to the classical flux oriented control FOC can be

summarized as follows:

e DTC has a simple and a robust control structure.

e DTC operates with closed torque and flux loops but without current controllers.

e DTC needs stator flux and torque estimation and, therefore, is not sensitive to rotor
parameters.

e DTC s inherently a motion sensor less control method.

The simulation results show that the DTC is an excellent solution for general-purpose

induction drives in a very wide power range. The short sampling time required by the DTC

scheme makes it suited to very fast torque and flux controlled drives beside the simplicity of

the control algorithm.
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However the DTC presents two major problems:

e The absence of the harmonic of the couple restraint (electromagnetic compatibility,
audible noise, variation of the acoustic quality).

¢  The excitation of some mechanical resonant modes which lead to a serious ageing of the
system.

The DTC applies the same control effort to regulate flux as it does for the torque. Finally, we

believe that the DTC principle will continue to play a strategic role in the development of

high performance motion sensor less AC drives.
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1. Introduction

Modern electrical drive systems consist of, power electronics components, transformers,
analog/digital controllers and sensors or observers. The improvements in the
semiconductor power electronic components have enabled advanced control techniques
with high switching frequency and the high efficiency. Complex control algorithms have
been widely used and got simplified in drivers due to the developments in software
technology. DC, asynchronous and synchronous motors are frequently used motor types
with these driver systems. New kinds of motors are developed like linear motors, step
motors, switching reluctance motors, and permanent magnet synchronous motors.
Permanent magnet synchronous motors are used where in general high demands are made
with regard to speed stability and the synchronous operation of several interconnected
motors. They are suitable for applications where load-independent speeds or synchronous
operation are required under strict observance of defined speed relations within a large
frequency range.

As the technology gets improved, studies on PMSM such as direct torque control method
have been improved as well. DTC has many advantages such as faster torque control, high
torque at low speeds, and high speed sensitivity. The main idea in DTC is to use the motor
flux and torque as basic control variables, identical to the DC drives. In order to emulate the
magnetic operating conditions of a DC motor, the information regarding the rotor status is
required to perform the field orientation process of the flux-vector drive. This information
should be obtained by feeding the rotor speed and angular position back by using a pulse
encoder. Encoders are costly and they add more complexity to the overall system.

Several methods have been developed to obtain the rotor position and angular speed from
the electrical measurements and computations in order to eliminate the need for sensors.
The idea behind such methods is to manipulate the motor equations in order to express
motor position and speed as functions of the terminal quantities. In (Adreescu & Rabinovici,
2004) self tuning speed controller and Luenberger observer was proposed, however it is still
necessary to use an encoder for rotor position detection. Most of the methods; however,
work only when the rotor is anisotropic and if the dependence of the inductance on the rotor
position is accurately known; moreover, the speed is not estimated, thus the drive is not
completely without mechanical sensors (Yan et al, 2005). On the other hand, it can be
reported that the method in (Bolognani et al, 1999) can a viable solution for the online
determination of the rotor position and speed of a PMSM. In (Ichikawa et al, 2003) extended
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electromotive force model is used to estimate the rotor position. However, this method is
based on expert knowledge. Some researchers have proposed a combination of current and
flux linkage estimation (Rahman & Toliyat, 1996), (Toliyat et al, 2002) or methods including
Kalman filters, fuzzy logic, and neural network observers to obtain the rotor position angle
(Dan et al, 2004), (Grzesiak & Kazmierkowski, 2007). Recently, researchers have tried to
reduce the torque pulses and harmonics in PMSM. In addition, (Sozer et al, 2000) presented
an inverter output filter system for PWM derives to reduce the harmonics of surface
mounted permanent magnet synchronous motor (SPMSM), it shows some effectiveness in
reducing switching harmonics, but very large circulating current between inverter output
and filter elements is required to reshape the motor terminal voltage which may violate the
inverter's current limit.

Efficiency is important due to the energy scarcity of the world and higher performance is
needed for modern motion control applications. PMSM offer efficiency advantages over
induction machines when employed in variable speed drives. Since much of the excitation
in the PMSM is provided by the magnets, the PMSM will have smaller losses associated
with the magnetizing component of the stator current. The stator current may be almost
purely torque producing in a PMSM drive while in an induction machine drive there is
always a large magnetization current present. Due to the synchronous operation of the
PMSM, rotor losses are greatly reduced. The application of the PMSMs for low speed
operation in direct drives is an economic alternative for the induction motors with
gearboxes. Since the speed of the direct drive PMSMs is lower than the speed of the
induction motors with the gearboxes, the risk of torque harmonics appearing at the
mechanical resonances is increased in the speed range of normal operation. Permanent
magnet motors have been used for decades in low power applications such as servo drives
and domestic appliances. Recently, the PMSM drives have been developed further and are
used in industrial applications requiring high torque at low speed. PMSM drives are replacing
standard induction motors with gearboxes in, for example, paper and textile industry, special
applications for marine (Laurila, 2004). However, PM synchronous motors can not be fed
directly from the mains supply and need to be driven by the AC motor drives. Similar to the
induction machine, vector control method is employed for the PM synchronous motors to
obtain high bandwidth torque control performance. For vector control, the rotor flux angle
needs to be known by the AC motor drive. Therefore, sensors (e.g. an incremental encoder) on
the motor shaft are utilized to sense the rotor flux angle and AC motor drives use this angle
information for vector coordinate transformations. With vector coordinate transformations, the
AC motor in the control coordinates is converted to a DC motor where torque control is a
simple issue of current control to be achieved by the current regulator. Thus, the vector control
method enables high bandwidth torque control of an AC machine, which brings high
bandwidth of speed and position control (Geyer et al, 2010).

Although machine drives with modern control techniques have brought high performance
and robustness to the motion control area, research has continued for developments in the
AC motors and drives technology. The motivation is to improve the technology for high
efficiency and for high performance. The literature study regarding to the direct torque
control of the permanent magnet synchronous machines is presented in this chapter.

The theory of the direct torque control was developed by (Depenbrock, 1985) for the first
time for asynchronous motors.

(Takahashi and Noguchi, 1986) developed the direct torque control only using the torque
routines for asynchronous motors.
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(Depenbrock, 1988) presented the direct self control theory. According to this theory, the
variations in operation frequency are obtained by the algebraic calculations from the
Heyland-Ossanna circular diagram based on the torque demand feed-back.

(Pillay and Krishnan 1989) modeled the permanent magnet synchronous motor by state-
space variables and accomplished the torque analysis. This study was a very significant step
for the permanent magnet synchronous machine studies.

(Adnanes, 1990) developed the torque analysis of the permanent magnet synchronous
machine in per unit mode and obtained the detailed the mathematical relationship between
the flux and torque.

(Raymond and Lang, 1991) presented the real-time adaptive control of the PMSM by using
the Motorola 68020 microprocessor. The motor model was linearized for the proposed
controller and the nonlinear effects of the inverter and system dynamics that can not be
modeled were omitted. The mechanical parameters were estimated so that they could be
taken into account for the controller.

(Pelczewski et al., 1991) performed the optimal model tracking control of the PMSM. In
order to have the controller doing the computations, motor model and its linearization were
required.

(Matsui and Ohashi, 1992) proposed a DSP based adaptive controller for PMSM. Therefore,
they proved that the DSPs can be implemented in motor controls as well.

(Chern and Wu, 1993) presented the position control of the PMSM by using the variable
oriented controller. The controller instantaneously does the calculations depending on the
unknown load and motor parameters. The system model is required and the computations
require very long periods of time.

(Ogasawara and Akagi, 1996) realized the position estimation of the PM motors for zero and
low speed conditions according to the saliency.

(Zhong et al., 1997) completed one of the first academic studies in the field of direct torque
control of the permanent magnet synchronous machines.

(Zhong et al., 1999) proposed the direct torque control of the permanent magnet
synchronous motor using two level torque hysteresis controller.

(Rahman et al., 1999) achieved the direct torque control by using a method based on
obtaining the d and g-axis voltages using certain coefficients.

(Luukko, 2000) developed the switching table for the direct torque control by adding the
zero vectors to the vector selection algorithm.

(Vaez Zadeh, 2001) experimentally achieved the constant torque control on a vector
controller by using the TMS320C31 DSP. In this study, the torque did not respond well in
terms of the desired torque value and response time, since the DSP technology was not
sufficient to implement the dynamic behavior of the motor.

(Tan et al., 2001) and Martins et al. (2002) proposed to reduce the torque ripples and fix the
switching frequency in AC drive systems by using a multi-level inverter. These methods
result in better waveforms, reduce the distortions, and are capable of operating in lower
switching frequency. However, on the other hand, they require more number of switching
devices. Moreover, the control strategies of these methods are very complicated.

(Dariusz et al., 2002) implemented the space vector modulation by using a DSP and
achieved the direct torque control.

(Balazovic, 2003) published a technical guide that describes the torque control and vector
control of the permanent magnet synchronous motor. This publication has been referred in
many similar studies of the industry and academia.
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(Tang et al., 2004) used the space vector modulation in order to reduce the torque ripples
and they got good results. Developed control algorithm required two PI controllers and the
estimation of the reference voltage and the switching sequence of the selected vectors.

(Zhao et al., 2004) achieved the control of the very high speed (200000 rpm) permanent
magnet synchronous machine by using a DSP.

(Popescu et al., 2006) investigated the torque behavior of a single phase permanent magnet
synchronous motor.

(Jolly et al., 2006) performed the control of the permanent magnet synchronous machine in
constant power region.

(Luukko et al., 2007) presented the different rotor and load angle estimation methods for the
direct torque control. They directly calculated the load angle from the PMSM equations. In
these calculations, they used the tangent function. When the results of the DSP controlled
inverter and the motor test setup are investigated, it is seen that the rotor angle estimation
has oscillations. The error between the actual and estimated rotor angle variations get larger
in the periods when the oscillations are larger. It is revealed that PID coefficients should be
kept very high in order to compensate this error.

(Chen et al., 2007) designed an output filter for a direct torque controlled inverter. The filter
is composed of an RLC filter and an isolation transformer. This study is interesting since it
includes both the transformer design and the soft switching techniques in power electronics.
Furthermore, it is true that the transformer and RLC based filter will add significant cost to
the system instead as compared to the developments in the generation of inverter switching
signals in terms of controls.

(Noriega et al., 2007) designed a fuzzy logic controller for the DTC. They used the torque
error and the stator current for the fuzzy logic membership functions. In addition to the
simulation studies, they used an AC motor drive setup called Platform III by implementing
fuzzy logic functions to the software of this setup. Both simulation and the experimental
results show that the stator current is not in a wave form and it has some uncertain and
random shapes. As compared to the PI controlled DTC method, stator current is much more
distorted.

(Wang et al., 2007) developed the reference flux vector calculation in space vector
modulation for DTC. They extracted the voltage as a trigonometric function of the period
and using the frame transformations, they calculated the usage periods of the zero vectors
depending on the angular frequency of the current. However, this complicated control
structure has been implemented in simulations but not experimentally completed. In torque
graphs, there are long delay periods between the actual and calculated values.

(Zhao et al., 2007) developed a fourth order sliding mode observer for the surface mounted
permanent magnet synchronous motor. According to the motor parameters, it is seen that
the motor was a high power low speed motor. In simulations, the model available in
Matlab&Simulink library was implemented. The authors stated that fuzzy logic can be
employed to address the chattering issues commonly occur in sliding mode controls.
(Swierczynski et al., 2008) applied the DTC method onto a high power PMSM by using an
inverter that is driven by the space vector modulation method. In this study, they used
DSPACE 1103 control unit in which the Matlab Simulink simulation models can be directly
applied. In this study, it was not required to design a speed controller. This is mainly due to
the fact that the vehicle operator can control the speed according to the different driving
conditions.
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(Yutao et al., 2008) used the radial basis neural network functions to exploit the reference
torque in a rectangular step functions. They attempted to reduce the torque vibrations and
make it in a rectangular shape which is not in fact.

(Cui et al., 2008) researched on a high performance DTC system based on a DSP. They
performed simulation and experimental studies. However, in their studies, the controls
execution time completed in 130 ps.

(Li et al., 2008) used zero vectors in space vector modulation for DTC. Zero vectors are
theoretically used in asynchronous motor's direct torque control. They tried to increase the
application duration of the vectors that are used to enlarge the torque angles in low speed
operation of the PMSM applications. However, in low speeds, using zero vectors for long
period of time causes the fast changes in stator flux and the limit values are enforced.
Moreover, switching losses of this implementation will be higher since 8 vectors are used
instead of 6.

(Jilong et al., 2008) proposed an improved Kalman filter in order to sensor-less estimation of
the rotor's initial position in DTC. For this reason, they employed the high frequency signal
injection method. Since the high frequency signal is weak, it would not help the rotor's
motion. Therefore, rotor speed is assumed to be zero. The computation intensity is very high
due to the fact that the voltage and current quantities are obtained through differential
inequalities depending on the speed.

(Guo et al., 2009) applied the space-vector modulation in a matrix converter for DTC
application in naval vehicles. In this study, the signals for the matrix converter is generated
by a DSP where the dual space modulation method was used. However, it is seen that the
current drawn by the matrix converter has very high total harmonic distortion.

(Sanchez et al., 2009) achieved the direct torque control without using a speed sensor but
using only current and voltage senor in order to determine the stator voltage vectors. In
their results that they used a closed loop controller, they indicated that the calculated speed
data oscillates too much.

(Siahbalaee et al., 2009) studied the copper losses by flux optimization for their direct torque
controlled PMSP in order to reduce the torque and flux oscillations.

(Liu et al., 2009) tried to use the predictive control method in direct torque control. There are
limited number of studies in the literature using predictive control in direct torque control.
Experimental results were obtained by using a DSP. However, in the experimental results,
they implemented complicated trigonometric functions. In the experimental results, much
more flux drop can be observed as compared to their simulation results. They could apply
the proposed application by reducing the flux reference.

(Inoue et al., 2010) linearized the torque control system of a direct torque controlled buried
magnet synchronous motor and they acquired the torque response depending on a constant
gain coefficient. They calculated the PI coefficients that are updated according to the
estimated torque values by a new gain scheduling method.

(Geyer et al., 2010) achieved the direct torque control of the PMSM by implementing a
model predictive control algorithm that reduces the switching frequency and hence the
switching losses. The proposed algorithm could reduce the switching losses by 50% and the
THD by 25%.

2. Permanent magnet synchronous motor technology

Permanent magnet synchronous motors are different from the wound field synchronous
motors. However the stator structure of a permanent magnet synchronous motor is similar
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to the wound field synchronous motors, the difference is only between the rotor structures.
In the wound field synchronous motors, field is created on the rotor by separate excitation
through the brushes (slip rings), where the field of the permanent magnet synchronous
motors is created by the permanent magnets placed on the rotor. Therefore, permanent
magnet synchronous motors are brushless motors. Since they are brushless, they are more
robust than the DC motors; and since the field is created by permanent magnets and there
are not any rotor currents, they are more efficient than the induction motors, where the rotor
field currents cause rotor copper losses. However costs of PMSM are higher than DC and
induction motors because of the high permanent magnet and production costs. Also, the
reliability of these motors is questionable under certain circumstances such as magnetic
property loss due to high working temperatures etc. Nevertheless, such properties as high
efficiency, high torque, high power, small volume, and accurate speed control make
permanent magnet synchronous motors preferred for chemical fiber industry (spinning
pumps, godets, drive rollers), texturing plants (draw godets), rolling mills (roller table
motors), transport systems (conveyor belts), glass industry (transport belts), paper
machines, robotic automation, electrical household appliances, ship engines and escalators.
Permanent magnet synchronous motors are classified mainly into two groups with respect
to their rotor structures as; Surface Mount Permanent Magnet (SMPM) Synchronous Motors
and Interior Permanent Magnet (IPM) Synchronous Motors. SMPM motors have the
permanent magnets mounted on the outer surface the rotor, and IPM motors have the
permanent magnets buried in the rotor core. SMPM motors are also classified into two types
with respect to the stator winding as; concentrated winding and distributed winding.
Concentrated winding SMPM motor’s back-emf waveform is trapezoidal; distributed
winding SMPM motor’s back-emf waveform is sinusoidal. Concentrated winding SMPM
motors are called as Brushless DC (BLDC) motors and driven with trapezoidal signals. The
distributed winding SMPM motors are called as Permanent Magnet AC (PMAC) motors and
driven with sinusoidal signals. PMAC motors are also designated as servo motors or
brushless AC motors. PMAC motors are generally built with strong magnetic material
Samarium Cobalt (SmCos, Sm>Co17) and Neodymium Iron Boron (NdFeB). They have high
dynamic performance, high efficiency, robustness, high torque density and significantly
better short-time overload capability than induction motors (400% to 150%). PMAC motors
are mostly employed in high performance servo (robotics, machining, etc.) applications.
Some PMAC motors are built with low cost permanent magnet materials (Ferrites) to be
used in low cost (fan) applications. IPM motors are newly developed motors with high
torque density, high efficiency characteristics as the SMPM motors and additionally provide
field weakening operation, which is impossible with the SMPM motors. IPM motors are
preferred in the industrial applications such as adjustable speed drives as a replacement for
the squirrel cage induction motors, to improve the efficiency and the performance. In
contrast to the induction motors, IPM motors also have the advantage of providing position
control loop with accuracy, without a shaft encoder (Omer & Hava, 2010). Standard
induction motors, designed to run at 750-3000 rpm, are not particularly well suited for low
speed operation. Normally gearboxes are used to reduce the speed from, for example, 1500
rpm to 600 rpm. A gearless PMSM drive of 600 rpm replaces as a solution, in contrast to
conventional using of 1500 rpm induction motor. Because a gearbox takes up space and
needs maintenance as well as considerable quantities of oil. Eliminating the gearbox saves
space, installation costs and improved efficiency of the drive.



Direct Torque Control of Permanent Magnet Synchronous Motors 135

2.1 Permanent magnet synchronous motor design types

The location of the magnets on the rotor and their specifications determine the performance
of the motor therefore various designs are possible. The simple representations of the
frequently used designs are given below. Other designs are derived from these two.

1. Placing the magnets on the rotor surface (SMPM)

2. Placing the magnets inside the rotor (IPM)

2.1.1 Placing the magnets on the rotor surface (Surface mounted magnet rotor)
Magnets are mounted on the rotor in forms of strips or arcs. The rotor configuration shown
in Fig.1 adopts surface-mounted magnets which are often glued onto rotor surface. Since the
relative permeability of the magnets is almost the same as for air, such design possesses very
small rotor saliency and these are sometimes referred to as “nonsalient” designs. By filling
the gaps between the magnets partially with iron, a significant rotor saliency can be
achieved which offers the possibility to utilize the reluctance torque. The greatest drawback
of this common design is the low endurance of the magnets to the centrifugal forces.
Therefore these motors are preferred in low-speed applications to avoid detachment of the
magnets. These motors are commonly known as surface permanent magnet motors
(SMPM). A simple representation is shown in Fig.1.

Permanent
magnet
& rotor

Fig. 1. Magnets placed on the rotor surface

2.1.2 Placing the magnets inside the rotor

Air gap induction of the previous design is limited and the magnets being exposed to high
centrifugal forced under high speeds have lead to different designs. Here, the magnets are
placed in the cavities bored in the rotor. The magnets are surrounded by magnetic materials
instead of air.

The magnets now have a better resistance to centrifugal forces therefore they are more
suitable for high speed applications. The efficiency values of these motors are also higher
than other magnet motors. The main disadvantage is their high costs. Placement of the
magnets in the rotor is a high tech process that requires fine labour. These motors are
commonly known as interior permanent magnet synchronous motor (IPMSM). These
magnet motor designs are mainly in two types.

2.1.2.1 Radially placed interior magnet structure

As seen in Fig.2 magnets are placed around the rotor axis buried and radially magnetized.
These motors have small air gap, and low armature reaction. Flux density in the air gap can
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be higher than inside the magnet, thus the low-cost Ferrit magnets can be utilized for high
torque density. The surface where the magnets come in contact with the rotor is coated with
a non magnetic material to avoid magnetic short-circuit. However these materials have high
costs.

d axis

permanent
-— nagnet

Fig. 2. Radjially placed interior magnet structure
2.1.2.2 Symmetrically buried magnet structure

Permanent magnets are again buried in the rotor but are placed pointing the main axis. The
most important feature of this design is to constitute induction at the poles independent
from the working point of magnets. Through to this feature, air gap induction can be
increased to high levels. Since the magnets are buried in the rotor, they have a great
resistance to the centrifugal forces. Symmetrically buried magnet structure is shown in
Fig.3.

d axis

) a5

Fig. 3. Symmetrically buried magnet structure

When buried magnets are used, Ly # L, and the electromagnetic torque also contains a
reluctance torque. The fact that three-phase symmetrical sinusoidal quantities are
transformed into two DC components through the well known Park transformation has
made modelling of PMSM in the rotor-fixed dq reference frame used almost exclusively for
control purposes.
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2.2 Model of PMSM on the rotor reference frame and motor equation

For high dynamic performance, the current control is applied on rotor flux (dq) reference
system that is rotated at the synchronous speed. Stator magnetic flux vector y,and rotor
magnetic flux vector ) can be represented on rotor flux (dq), stator flux (xy) reference
system as shown in Fig.4. The angle between the stator and rotor magnetic flux (), is the load
angle that is constant for a certain load torque. In that case, both stator and rotor fluxes rotate
at synchronous speed. However under different loads, & angle varies. Here, by controlling the
stator current variation or the § angle variation, the increase of the torque can be controlled.

Fig. 4. Stator and rotor magnetic fluxes in different reference systems

The mathematical equations are given below (Vas, 1998). Stator current vector can be
represented on rotor flux (dq) reference system as (isa) (isq) and the electromagnetic torque is
related with these vectors.

VYsd = Lsdisd TYm (1)
Vsq = quisq (2)
. d
Ugq = Rslsd + d_\Vsd 0O Ygq (3)
t
. d
Ugq = Rslsq + awsq T O Wsq (4)
d 1 L
gy = Uy iy i 5
dt sd Lsd sd Lsd sd Lsd T7sq ( )
iisqziusq—&isq*'ﬁ@risd_m ©6)
At Ly % Ly YLy Ly
3 . .
Te = Ep(\vsdlsq - qulsd) (7)
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ND
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Fig. 5. Rotating reference frames

To simplify the modelling of the DTC drive, it is common practice to transform all variables
from the three-phase system (abc) to an orthogonal (dq) reference frame with a direct (d)
and quadrature (q) axis, where f represents the voltage, current or magnetic flux and 6, is
the rotor angle. abc — aff, Clarke Transformation (9) and af — dq, Park Transformation
(10) can be applied regarding reference frame theory. Here, equation (11) presents these
both transformations in one matrix, abc —dq .

R i .
)Lty i L)
A s M ey "

In Eq. (12), by using the vector representation shown in Fig.5, Eq. (13) is obtained and using
the Park transformation, Eq. (14) is obtained.

f3] [cosd —sind]|f
{fJ - [sinS cosd }{fﬂ (12)
sind = —1
||
08 = L5d (13)
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It is clear that the electromagnetic torque is directly proportional to the y-axis component of
the stator current (Zhong et al, 1997). Dependency on less number of parameters is the main
advantage of the stator current control. It is possible to say that in a practical application, the
estimation technique shown in equation (8) requires knowledge of inductances. The
estimated instantaneous electric torque is easily compared with a reference value to achieve
a fast torque control. At the same time, the stator flux linkage is compared with the reference
value to ensure sufficient magnetization of the motor. The torque of the PMSM is controlled
by monitoring and controlling the armature current since electromagnetic torque is
proportional to the current.

3. Direct torque control of permanent magnet synchronous motors

In general, there are two control methods used for the PMSM,; field oriented control and
direct torque control. The AC drives in which flux oriented control (FOC) is used field
control leads to flux control. Here, rotor flux space vector is calculated and controlled by
using the angular velocity which is derived from the speed feedback and the stator current
vector. The greatest drawback of the flux vector control is the need for a tachogenerator or
an encoder for high accuracy. This need definitely increases the costs of the system.

The basic principle of DTC is to directly select the stator voltage vectors according to the
errors between the reference and actual values of the torque and stator flux. Torque and flux
are resolved and directly controlled using nonlinear transformations on hysteresis
controllers, without performing coordinate transformations. A double layer hysteresis band
controller is utilized for stator flux control and a three-layer hysteresis band controller is
used for torque control. DTC is an alternative to field oriented control method in high
performance applications due to the advantages of reduced computations (Swierczynski et
al, 2008) Since the torque and flux estimators in DTC requires and relies on the parameters
identification and accuracy of the estimations, the estimation of the electromagnetic torque
is essential for the entire system performance.

In classical PWM and flux vector controlled drives, voltage and frequency are used as basic
control variables and that are modulated and then applied to the motor. This modulator
layer needs an additional signal processing time and restricts the torque and speed
response. The key notion behind DTC is to directly steer the stator flux vector by applying
the appropriate voltage vector to the stator windings. This is done by using a pre-designed
switching table to directly update the inverter’s discrete switch positions whenever the
variables to be controlled, the electromagnetic torque and the stator flux, exceed the
hysteresis bounds around their references. The switching table is derived on the basis of the
desired performance specifications on the controlled variables also include the balancing of
the inverter’s neutral point potential around zero.
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3.1 Two - level inverter nonlinear continuous-time model

An equivalent representation of a three-phase two-level inverter driving a PMSM is shown
in Fig.6. At each phase, the inverter can produce two different voltages —ugy./2, ug./2
where ugc denotes the voltage of the dc-link. The switch positions of the inverter can
therefore be fully described using the three integer variables v,,vy,v. € {-1,1} where each
variable corresponds to one phase of the inverter, and the values -1, 1 correspond to the
phase potentials —ugy. /2, uy./2 respectively.

There are 2° =8 different vectors of the form v ;. = [Va,vb,vc]T

Using Eq. (11) these vectors can be transformed into the dq frame resulting in vectors of the
T
form vy, = [Vd,qu as shown in Fig.7 where they are mapped into the two-dimensional dq

plane. Even though they are commonly referred to as voltage vectors, this term describes the
switch positions rather than the actual voltages applied to the machine terminals. The
voltage vectors can be divided in two groups: six long vectors forming the outer hexagon
and two zero vectors. The zero vectors correspond to the switch combinations (+1,+1,+1)
and (-1,-1,-1), and short-circuit the machine terminals.

[ 4
Ugc

+

1 Va 11 vp 1 Ve
S, O Sh e O— S
0 0 0
_ Ug4c
A
C
PMSM
B

Fig. 6. Three-phase two-level inverter

3.2 Determination of the voltage space vector

The main principle of DTC is determination of correct voltage vectors using the appropriate
switching table. The determination process is based on the torque and stator magnetic flux
hysteresis control. Stator magnetic flux can be calculated using equation (15).

AL _
v, = [ (G -R,i)dt (15)
t

Eq. (15) shows that the stator magnetic flux and the voltage space vector are in the same
direction. Therefore, amplitude and direction control of the stator magnetic flux is possible
by selecting the suitable voltage space vectors. Voltage vector plane is divided into six parts
as shown in Fig.7. Two adjacent vectors that yield the lowest switching frequency are
selected in order to increase or decrease the amplitude respectively.
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Fig. 7. Vectors of space vector modulation

Here, when the stator magnetic flux is moved clockwise in section 1, voltage space vector v
is selected in order to increase the stator magnetic flux amplitude and voltage space vector
v3 is selected in order to decrease the amplitude. When the stator magnetic flux moves
clockwise, if still in section 1, ve is used to increase the amplitude and vs is used to decrease
the amplitude. The torque of the permanent magnet synchronous motor can be controlled
using DTC by means of controlling the stator magnetic flux rotation speed in cases where
the stator magnetic flux amplitude is kept constant (Ozcira et al, 2008). Since the magnets on
the rotor are continuously rotating, stator magnetic flux does not change when vy and vy
zero vectors are used (Rahman et al, 1998). Zero vectors can be used to estimate the initial
position of the rotor by a fixed active voltage vector while limiting current by applying zero
vectors. In this position data is not used; therefore, zero vectors are not used within DTC for
PMSM. Table 1. shows the suggested switching sequences. For these different states, the
hysteresis controllers can be used as flux and torque hysteresis controllers.

0

vt 6() | 6(2) | 6(3) | 6(4) | 6() | 6(6)
1 V2 V3 V4 V5 V6 Vl
(110) | (100) | (101) | (001) | (011) | (010)

1 0 V7 Vo V7 Vo V7 VO
(111) | (000) | (111) | (000) | (111) | (000)

1 V(, V1 V2 V3 V4 VS
(101) | (001) | (011) | (010) | (110) | (100)

1 Vs V, Vs Vs Vi Va
(010) | (110) | (100) | (101) | (001) | (011)

ol o Vo V7 Vo A% Vo V7
(000) | (111) | (000) | (111) | (000) | (111)

1 V5 V6 V1 Vz V3 V4
“" | (001) | (011) | (010) | (110) | (100) | (101)

Table 1. Switching vectors

In Table 1.y denotes stator magnetic flux hysteresis controller output, T denotes torque
hysteresis controller output, and 6 represents magnetic flux sector. These vectors are
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selected in order to provide the stator flux error within 2Ay  bandwidth and the actual
torque error in the 2At, bandwidth at each switching period. The flux hysteresis controller
output is dy, . If an increase is needed for flux, it is assumed that dy, =1and when a
decrease is needed, it is assumed that dy, =0. Two level hysteresis controller is determined

by Eq. (16).

(16)

du - {1, W] < Wgrer — A
Ys =
0, |Ws| 2 Yref + A\Vs

The torque hysteresis controller output is dt,.If an increase is needed at torque, it is
assumed that dt, =1 and when a decrease is needed, it is assumed that dt, =—1. If there is
no change at actual torque, dt, =0. Three level hysteresis controller is determined by (17)
for clockwise rotation and counter clockwise rotation by (18).

1, < -A

dte _ |te| < |teref| te (17)
O’ |teref| 2 |teref|

. = 1, Jte] <[tered] + Ate a8)
O’ |teref| 2 |teref|

In direct torque method, three level torque comparator is used to select whether the inverter
output voltage vector should be a torque-increasing vector or a torque-reducing vector. The
appropriate vector is then applied for the duration of the sampling period. At low speed the
torque increasing vectors are very effective at increasing the torque, whereas the torque
reducing vectors are less effective. In contrast, at high rotor speeds, the torque-increasing
vectors are less effective, whereas the torque reducing vectors are more effective. The result
of this is that, at low speed, the torque tends to make a considerable excursion above the
maximum torque hysteresis limit.

3.3 Determination of the stator flux space vector’s sector

Stator flux space vector’s sector (0) should be known in order to select the appropriate
switching vector. Space vector’s angle determines the sector. Equation (19) helps to find the
sector. This equation can be used when the switching signals will be generated.

0 = arctan V=4 (19)
\VSq

In practice this mathematical operation is too complex for a DSP. Therefore, another
alternative way can be used to determine 6. Equation (20) is calculated and due to result of
this operation a Table 2 is constituted.

V3

\Vsq _|\Vsd| (20)
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Wsd | Wsq V3 Veq| ~|Wsd| | Sector(6)
+/- - 1.
+ + 2.
- + + 3.
- | +/- - 4.
- - + 5.
+ - 6.

Table 2. Stator flux space vector’s sector

3.4 Stator flux control by using LP filter
In order to eliminate the errors of a pure integration in voltage model, a low pass (LP) filter
should be used. Equation (15) defines stator magnetic flux in general form.

\Tls=(\_/s - RSTS)/j('Oe (21)

In equation (21) this general form is given in sinusoidal form where ®. denotes stator flux
angular frequency.

W' =(V, ~R,L)/ (jooo + o) (22)

o, denotes the low pass filter’s cut off frequency. In equation (22) y; represents estimated
stator flux but estimated flux isn’t equal to stator flux y, which used in equation (21). By
using equation (21) and equation (22) stator flux can be obtained.

\Tjs=\T/s, - j((’)c /me)\T]s’ (23)

For this equation in the case of ®, > o LP filter converges to the pure integrator. However
maintain the clarity equation (24) can be derived.

v ®

Vs po=r P g (24)
Vs ﬂ(})ez + (DC2

(p=§ —arctan (o, / o,) (25)

By choosing a low cut off frequency, amplitude and phase errors decrease; however, as LP
filter efficiency decreases, DC shift in current and voltage cannot be eliminated.

3.5 Observerless scheme for sensorless speed control based on DTC

The study includes low pass filter - flux estimator which utilizes voltage model on a direct
torque controlled permanent magnet synchronous motor. Flux estimation techniques used
for the high performance motor drivers are based on using the flux model, voltage model or
both of these models together. Flux estimation with current model is used at low frequencies
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and requires the stator current and the rotor speed data. The drawbacks of this method are
its susceptibility to the changes of the rotor parameters at high speeds and its need of a
speed sensor. For sensorless flux estimation, the voltage model is preferred. This model has
a very high accuracy at high speeds. However, at low speeds due to the very low stator
voltage, decrease of the ohmic voltage and component voltage diminish the error of the
integration process increases. Accuracy of the flux estimation depends on the accuracy of
the measured current, voltage and real parameters. In practice, the structure of the flux
sensors and the error due to noise or a small DC shift of the transitional region, results in
error accumulation at the integrator. In order to avoid that effect, an integrator with a LP
filter is used instead of a pure integrator. DTC performance is highly sensible to determined
voltage vector and is highly dependant to stator flux space vector being accurately
estimated.

Current model isn’t affected by the variations of the stator resistance however is sensible to
changes of the rotor parameters at high speeds. Estimation process of the voltage model
does not require rotor speed data. Therefore voltage model is preferred in sensorless
applications and operation at moderate or high speeds. In voltage model, errors of current
and voltage measurements affect the accuracy of the integral function. The errors occur
because of the phase delay of the sensors, the errors of the transformer gain, shift of the
measurement system and fault of the quantal errors of the digital system. Variation of the
stator resistance with temperature also causes errors.

In order to avoid the shift of a pure integration in voltage model, a low pass (LP) filter
integrator is used. LP filter eliminates the shifting but causes phase and amplitude errors.
Therefore, the driver performance decreases especially at frequencies close to the cut-off
frequency of the filter. Further study is available to improve the flux estimation using LP
filter. The method utilizes an adaptive control system that depends on the force and the
stator flux being orthogonal. Using an adaptive control complicates the simple DTC system.
In this study a low pass filter which utilizes voltage model, is presented. The effects of the
LP filter to the flux estimation performance and the practical aspects are analyzed in detail.
Simulation results show that a low pass filter which utilizes voltage model on a direct
torque controlled PMSM driver, can achieve a robust control.

The torque of the permanent magnet synchronous motor is controlled by monitoring and
controlling the armature current since electromagnetic torque is proportional to the current.
In DTC, torque and flux can be controlled independently since the stator flux is controlled
directly with the stator voltage using Egs. (26) and (27). Stator flux can be quickly controlled
and the motor performance can be kept high. Moreover, torque is estimated by using
current data provided by Eq. (28).

t+At

vp= [ (u5—-Riip)dt (26)

t
t+At

Vo= | [(ug —Rig)+yy ] dt (27)

t

Test = p(\‘r](xlﬁ - Wﬁla) (28)
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Here, current and voltage data on the a- axis of the PMSM are the input variables. Position
and speed data resulted from the estimation process are conveyed to the proper evaluations
within the DTC control system. Estimation process of the voltage model is independent
from the rotor speed data.

dy d
Ve dtB _W[} éljtot
mest = 2 2 (29)
Wa + \V[}

In this speed sensorless algorithm, only stator phase currents and inverter output voltages
are measured. Torque and speed are estimated in an open-loop without using an observer,
as given in the Egs. (28), (29). A low-pass filter is accompanied to the results obtained from
(29) in order to monitor the speed estimation. On the other hand, this method gives only the
synchronous speed, not the mechanical speed for induction motor due to the slip speed.
This implementation is applicable for general purpose PMSM drives.

Voltage vector for the DTC is determined by comparison of the estimated stator flux and
torque values with their reference values. For high performance driver systems of
permanent magnet synchronous motors, it is basically desired that the drive system should
not be affected by parameter variations. The other criterion is that the speed must reach the
reference value as quickly as possible when speed reference changes. Traditional PI and PID
controllers are widely used as speed controllers in driver systems. Here, the speed controller
consists of both a PI controller and an acceleration compensator.

Observerless scheme for sensorless DTC method is highly sensible to determined voltage
vector and is highly dependent to the stator flux space vector. Therefore, stator flux space
vector should be accurately estimated. The measured input values to the DTC control are
only motor current and voltage. The voltage is defined from the DC-bus voltage and
inverter switch positions. Since the inverter operates at high switching frequencies,
undesired harmonic components can be produced.

4. Low-Pass Filter for Harmonics

It is desirable that the voltages and currents provided to the motor terminals do not include
harmonic components. These harmonics may cause many unwanted effects such as
electromagnetic interference (EMI) noise and high dv/dt which affect the motor control
system as well (Chen et al, 2007). In such hysteresis controlled inverters, when the error per
sampling time is large, the voltage vectors can no longer remain within the small hysteresis
band. The LP filter can be used to affect the inverter switching frequency in order to
decrease the stress on the inverter, so that PMSM is not affected by the variations and noises
in entire system. Fig.8 shows the RLC filter, which plays the main role in reducing the high
dv/dt of line to line voltages at motor terminals.
The transfer function of the filter is given by

\Y R,Cis+1

o

Vi C,L;s* +(r; +R,)C;s+1

(30)

To obtain over damping response, the filter resistances is selected to be,
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Fig. 8. RLC Low pass filter for harmonics

4L
R,+1,> C_11 (31)

Cut off frequency . is given by Eq. (32).

o, =1//L,C, (32)

Here, the cut off frequency is approximately calculated to be 300 Hz and LP filter
parameters are given in Table 3.

Ly 22 mH
G 500 pF
Ry 200 Q
1 0.2Q

Table 3. Filter parameters

By using (30) and the filter parameters, (33) is obtained. Here, the LP block is constructed
with (33). In order to reduce ohmic losses, the series resistance r; is normally of small value,

as shunt resistance R; is selected high enough to limit the currents drawn by the filter
(Ozcira et al, 2008).

\A 1
Yo 1 33
Vi 11.107%s+1 (33)

The filter system is characterized by affecting inverter switching frequency in such a way to
decrease switching stresses. The filter system uses dissipative elements to reshape motor
voltage waveform to provide voltage to the motor windings.

5. Model verification of direct torque control algorithm

Direct torque control is used as the control method in simulations thus the operating
principle of the DTC is described briefly. In principle the DTC is a hysteresis control - of the
stator flux linkage and the torque that directly selects one of the six non-zero and two zero
discrete voltage vectors of the inverter. The principal operation of the DTC is shown as a
block diagram in Fig.9. The system includes a flux estimator which utilizes a voltage model
on a direct torque controlled PMSM, and speed can also be estimated by using calculations
with aid of the current and voltage data. The voltage and current signals are inputs to an
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accurate motor model which produces the exact value of the stator flux and torque. Motor
torque and flux comparators compare the actual values to the reference values that are
produced by torque and flux reference controllers. The outputs from these controllers are
updated every 10ps and they indicate whether the torque or flux has to be varied.
Depending on outputs, the switching logic directly determines the optimum inverter
switching signals (Bekiroglu & Ozcira, 2010). DTC method was applied and both flux and
torque were controlled by hysteresis controllers; thus, the delays related to the PWM
modulator were eliminated. Besides, a low-pass filter was implemented to reduce the
harmonics and noise in the PMSM.

o -
o— * L inverter / PM
Il \_SM

o |

S S S -

\ il i
‘ Switching table ‘
TT ¢1 ot

1T * u, 32

] ]
3—2 | |4,
PN ¥
= | byl My,
J v
te lllq L|'IS
I

Fig. 9. Block diagram of the direct torque control (Luukko, 2000)

The control logic is implemented by a MATLAB® Function block that includes the software
developed for this study. This function block determines the optimal switching vectors
according to their sectors. The inverter is operated based on the different IGBT states given
in Table 1 and Table 2. Since the inverter operates at high switching frequencies, undesired
harmonic components can be produced. Simulink® model of low voltage - high power
surface mounted PMSM is developed according to the dq model. The inverter DC bus
voltage is 510V. During t=[0, 0.4] interval, ®=13 rad/s and at t=04s ®©=-13rad/s is
applied as the reference speed. According to observe adaptation of the actual speed at
t=0.2s 60 Nm is applied to load torque value.

Motor parameters are; P, =18kW, I, =50A, R,=043Q,L;=25mH, Lq =25mH,

Yy =1.58Wh, ] =2.16kgm? , B, =0.005538 , p = 10
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Fig.10 shows the speed control Simulink® diagram of the direct torque control for

permanent magnet synchronous motor.

PemareniVegre| ;::l
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Fig. 10. Closed loop speed control system Simulink diagram of the PMSM with DTC.

6. Simulation results
The system dynamic responses are shown below with a sampling time 10ps.
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Fig. 11. Torque dynamic response
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Fig. 14. Current harmonics without LP filter
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Fig. 15. Stator magnetic flux vector trajectory

7. Conclusion

DTC is intended for an efficient control of the torque and flux without changing the motor
parameters and load. Also the flux and torque can be directly controlled with the inverter
voltage vector in DTC. Two independent hysteresis controllers are used in order to satisfy
the limits of the flux and torque. These are the stator flux and torque controllers. DTC
process of the permanent magnet synchronous motor is explained and a simulation is
constituted. It is concluded that DTC can be applied for the permanent magnet synchronous
motor and is reliable in a wide speed range. Especially in applications where high dynamic
performance is demanded DTC has a great advantage over other control methods due to its
property of fast torque response. In order to increase the performance, control period should
be selected as short as possible. When the sampling interval is selected smaller, it is possible
to keep the bandwidth smaller and to control the stator magnetic flux more accurately. Also
it is important for the sensitivity to keep the DC voltage in certain limits.

As an improvement approach, a LP filter can be added to the simulation in order to
eliminate the harmonics. In simulation, certain stator flux and torque references are
compared to the values calculated in the driver and errors are sent to the hysteresis
comparators. The outputs of the flux and torque comparators are used in order to determine
the appropriate voltage vector and stator flux space vector.

When results with and without filters are compared, improvement with the filters is
remarkable, which will effect the voltage in a positive manner. Choosing cut off frequency
close to operational frequency decreases DC shift in the stator voltage. However, this leads
to phase and amplitude errors. Phase error in voltage leads to loss of control. Amplitude
error, on the other hand, causes voltage and torque to have higher values than the reference
values and field weakening can not be obtained due to voltage saturation. Hence, cutoff
frequency of LP filter must be chosen in accordance to operational frequency.
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1. Introduction

Vector control techniques have made possible the application of PMSM motors for high
performance applications where traditionally only dc drives were applied. The vector
control scheme enables the control of the PMSM in the same way as a separately excited DC
motor operated with a current-regulated armature supply where then the torque is
proportional to the product of armature current and the excitation flux. Similarly, torque
control of the PMSM is achieved by controlling the torque current component and flux
current component independently.

Torque Control uses PMSM model to predict the voltage required to achieve a desired output
torque or speed. So by using only current and voltage measurements (and rotor position in
sensor controled machine), it is possible to estimate the instantaneous rotor or stator flux and
output torque demanded values within a fixed sampling time. The calculated voltage is then
evaluated to produce switching set to drive the inverter supplying the motor. PMSM torque
control has traditionally been achieved using Field Oriented Control (FOC). This involves the
transformation of the stator currents into a synchronously rotating d-q reference frame that is
typically aligned to the rotor flux. In the d-q reference frame, the torque and flux producing
components of the stator current can separately be controlled. Typically a PI controller is
normally used to regulate the output voltage to achieve the required torque.

Direct Torque Control (DTC), which was initially proposed for induction machines in the
middle of 1980’s (Depenbrock, 1984 and 1988; Takahashi, 1986), was applied to PMSM in the
late 1990's (French, 1996; Zhong, 1997). In the Direct Torque Control of the PMSM, the
control of torque is exercised through control of the amplitude and angular position of the
stator flux vector relative to the rotor flux vector. Many methods have been proposed for
direct torque control of PMSM among which Hysteresis based direct torque control (HDTC)
and Space Vector Modulation direct torque control (SVMDTC).

In 2009 Adam and Gulez, introduced new DTC algortim for IPMSM to improve the
performance of hysteresis direct torque control. The algorithm uses the output of two
hysteresis controllers used in the traditional HDTC to determine two adjacent active vectors.
The algorithm also uses the magnitude of the torque error and the stator flux linkage
position to select the switching time required for the two selected vectors. The selection of
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the switching time utilizes suggested table structure which, reduce the complexity of
calculation. The simulation and experimental results of the proposed algorithm show
adequate dynamic torque performance and considerable torque ripple reduction as well as
lower flux ripple, lower harmonic current and lower EMI noise reduction as compared to
HDTC. Only two hysteresis controllers, current sensors and built-in counters
microcontroller are required to achieve torque control.

Torque ripple and harmonic noise in PMSM are due to many factors such as structural
imperfectness associated with motor design, harmonics in control system associated with
measurement noises, switching harmonics and harmonic voltages supplied by the power
inverter which constitute the major source of unavoidable harmonics in PMSM. These
harmonics cause many undesired phenomena such as electromagnetic interference “EMI”
and torque ripples with consequences of speed oscillations, mechanical vibration and
acoustic noise which, deteriorate the performance of the drive in demanding applications
(Holtz and Springob 1996). These drawbacks are especially high when the sampling period
is greater than 40ps (Zhong, et al. 1997).

Recently many research efforts have been carried out to reduce the torque ripples and
harmonics in PMSM due to inverter switching with different degree of success. Yilmaz
(Yilmaz, et al. 2000) presented an inverter output passive filter topology for PWM motor
drives to reduce harmonics of PMSM, the scheme shows some effectiveness in reducing
switching harmonics, but however, very large circulating current between inverter output
and filter elements is required to reshape the motor terminal voltage which violate current
limitation of the inverter. Many researchers (Hideaki et al, 2000; Darwin et al., 2003; Dirk et
al , 2001) have addressed active filter design to reduce or compensate harmonics in supply
side by injecting harmonics into the line current which have no effect on the current
supplying the load. Satomi (Satomi, et al. 2001) and Jeong-seong (Jeong-seong, et al. 2002)
have proposed a suppression control method to suppress the harmonic contents in the d-q
control signals by repetitive control and Fourier transform but, however, their work have
nothing to do with switching harmonics and voltage harmonics provided by the PWM
inverter supplying the motor. Se- Kyo, et al. (1998), Dariusz et al. (2002), and Tang et, al.
(2004) have used space vector modulation to reduce torque ripples with good results;
however, their control algorithm depends on sophisticated mathematical calculations and
two PI controllers to estimate the required reference voltage and to estimate the switching
times of the selected vectors. Holtz and Springob (1996, 1998) presented a concept for the
compensation of torque ripple by a self- commissioning and adaptive control system.

In this chapter, two different methods to improve torque ripple reduction and harmonic
noises in PMSM will be presented. The first method is based on passive filter topology
(Gulez et al., 2007). It comprises the effects of reducing high frequency harmonic noises as
well as attenuating low and average frequencies. The second method is based on active
series filter topology cascaded with two LC filters (Gulez et al., 2008).

Modern PMSM control algorthims
2. Algorithm 1: Rotor Field Oriented Control “FOC”

The control method of the rotor field-oriented PMSM is achieved by fixing the excitation
flux to the direct axis of the rotor and thus, it is position can be obtained from the rotor shaft
by measuring the rotor angle 6; and/ or the rotor speed .

Consider the PMSM equations in rotor reference frame are given as:
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[Usd:i=|:R+pLsd —Pa)rqu:*{isd}_[ 0 } T - %P(V/Fisq (L~ Ly iniy) (1)
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Where,

Usq, Vst d-axis and g-axis stator voltages;

isq, isy: d-axis and g-axis stator currents;

R: stator winding resistance;

Lsy, Lgg: d-axis and g-axis stator inductances;

p=d/dt: differential operator;

P: number of pole pairs of the motor;

oy rotor speed;

Yr: rotor permanent magnetic flux;

Te: generated electromagnetic torque;

To produce the largest torque for a given stator current, the stator space current is controlled
to contain only isq.

And since for PMSM Lg4 < L, the second torque component in Eq.(1) is negative with
positive values of isq and zero for SPMSM. Thus, to ensure maximum torque, the control
algorithm should be such that isq is always zero, which result in simple torque expression as:

Te=3/2 Pyris =3/2 vr| i sin(a-0) )

The stator windings currents are supplied from PWM inverter, using hysteresis current
controller. The actual stator currents contain harmonics, which, produce pulsating torques,
but these may be filtered out by external passive and active filters, or using small hysteresis
bands for the controllers.

2.1 Implementation of rotor field oriented control

The block diagram of rotor-field oriented control of PMSM in polar co-ordinate is shown in
Fig.1 (Vas, 1996). The stator currents are fed from current controlled inverter. The measured
stator currents are transformed to stationary D-Q axis. The D and Q current components are
then transformed to polar co-ordinate to obtain the modulus |is| and the phase angle o of the
stator-current space phasor expressed in the stationary reference frame.
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Fig. 1. Rotor Field Oriented Control of PMSM
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The rotor speed @ and rotor angle 6, are measured; and the position of the stator current in
the rotor reference frame is obtained. Then, the instantaneous electromagnetic torque Te can
be obtained as stated in Eq. (2).

The necessary current references to the PWM inverter are obtained through two cascaded PI
controllers. The measured rotor speed @ is compared with the given reference speed s
and the error is controlled to obtained the reference torque T..;. The calculated torque is
subtracted from the reference torque and the difference is controlled to obtain the modulus
of isrer. The reference angle o is set equal to n/2, and the actual rotor angle is added to
(0sref — O;) to obtain the angle ot Of the stator current in the stationary D-Q frame. Theses
values are then transformed to the three-reference stator currents isary issrr and iscrr and
used to drive the current controller.

The functions of the PI controllers (other controllers such as Fuzzy Logic, Adaptive, Slide
mode or combinations of such controller may be used) are to control both the speed and
torque to achieve predetermined setting values such as:

1. Zero study state error and minimum oscillation,

2. Wide range of regulated speed,

3. Short settling time,

4.  Minimum torque ripples,

5. Limited starting current.

Based on the above description a FOC model was built in MatLab/Simulink as shown in
Fig. 2. The model responses for the data setting in Table 1 of SPMSM with ideal inverter
were displayed in Fig.3 to Fig.7. The PI controllers setting and reference values are:

Ts=1ps, orf=300, Tr =5Nm, Pl Kp=10, Ki=0.1 PIL: Kp=7, Ki=0.1.
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Vdc |120V

W 0.1546 web.

Rs 1.4 ohm

Ld 0.0066 H

Lq 0.0066 H

J 0.00176 kGm?

B 0.000388 N/rad/s

Table 1. Motor parameters

The above figures show acceptable characteristics however, the torque pulsation cannot be
avoided and the line currents are almost sinusoidal with some harmonic values. The speed
can be regulated up to the rated value (300rad/s) with acceptable response. Bearing in mind
that sensors, analog/digital converters, switching elements of the inverter and algorithm
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processing in DSP are time consuming, it is practically difficult to achieve such system with
small sampling period. Thus, in practice convenient sampling periods, such as 100 ps (or
larger) is normally selected for processing. In the following, simulation practical values will
be adopted to obtain reasonable results for comparison. So, PMSM with parameters shown
in Table 2 was simulated in the same model with the following setting values:

Ts=100 ps, T, =2Nm, oy =70 rad/s Ply: Kp=10, Ki=0.1 and PI;: Kp=7, Ki=0.1

Number of pole pairs P 2

Stator leakageresistance Rs 5.8 Ohm
d-axis inductance Lgq 102.7 mH
g-axis inductance Lag | 448mH
Permanent magnet flux Wr 533 mWb
Inertia constant ] 0.000329Nms2
Friction constant B 0.0

Reference speed ® 70 rad/s
Load torque TL 2 Nm

Table 2. IPMSM parameters

The simulation responses were shown below:
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The responses showed that the torque pulsation is very high and line currents are full of
harmonic components which give rise to EMI noises, in addition flux and speed are not free

of ripples which result in unwanted phenomena such as machine vibration and acoustic
noise.
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3. Algorithm 2: Hysteresis Direct Torque Control (HDTC)

This method which is also called Basic DTC can be explained by referring to Fig.13. In this
figure, the angle between the stator and rotor flux linkages 6 is the load angle when the
stator resistance is neglected. In the study, state 8 is constant corresponds to a load torque,
where stator and rotor flux rotate at synchronous speed. In transient operation, d varies and
the stator and rotor flux rotate at different speeds. Since the electrical time constant is
normally much smaller than the mechanical time constant, the rotating speed of stator flux
with respect to rotor flux, can easily be changed also that the increase of torque can be
controlled by controlling the change of 6 or the rotating speed of the stator flux (Zhong,
1997) as will be explained in the following analysis.

Lqisq

d Rotor direct axis

~~<, D Stator direct axis

Fig. 13. Stator and rotor flux space phasors

3.1 Flux and torque criteria
Referring to Fig. 13 the flux equations in rotor dq axis frame can be rewritten as:

Vea = Lsdisd +YE = |l//s|COS5 (3)

Ve = quisq = |l/IS|SiI'15 4)

Where, |ys| represent the amplitude of the stator flux linkage calculated as:

— . N2
|l//s|2 = (Lsdlsd +Vr )2 + (qulsd) (5)

In the general a-{3 reference frame the torque equation can be written as (Zhong, 1997):

3 :
T, :EP|WS|lSﬂ (6)

Where; ig is the component of the stator phasor space current perpendicular to the stator flux
axis a.

Equation (6) suggests that the torque is directly proportional to the B-axis component of the
stator current if the amplitude of the stator flux linkage is kept constant.

Now using Eq.(3) and Eq.(4) to rewrite the torque equation as:
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| 20pLysind =y (L, ~ Ly )sin 26 7)
For SPMSM Lgq = Lsq = Ls and this expression is reduced to

— 3P|l//9| . _ 3P|‘//q| . o
Te = TWP siné TWP sind’t (8)

S S
Where & is the angular speed of the stator flux linkage relative to the permanent magnet
axis.
At constant flux values, Eq. (8) shows that Te.-8 has sinusoidal relationship and the
derivative of this equation suggest that the increase of torque is proportional to the increase
of 6 in the range of -11/2 to 11/2. So the stator flux linkage should be kept constant and the
rotational speed &* is controlled as fast as possible to obtain the maximum change in actual
torque.
For IPMSM, the torque expression contains in addition to the excitation torque, reluctance
torque and for each stator flux level value, there exist different Te-6 curve and different
maximum torque. Fig. 14 (Zhong, 1997) shows these relationship for different values of
| ys|. Observe the crossing of curve |ys|=2yr where, the derivative of torque near zero
crossing has negative value, which implies that DTC can not be applied in this case.
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Fig. 14. Different Te-d curves for different stator flux values

Analytically this condition can be obtained from derivative of Eq. (7) as follows:

e

d_T_ 3P|l//s||:

dt 2Ll V’Fqu5°‘|‘/’s|(qu‘Lsd)51 ©)

And thus for positive torque derivative under positive 8*, || should be selected in such a
way that (Tang et al., 2002; Zhong et al. 1997):

(10)

L
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That if fast dynamic response is required. Also that (Tang et al., 2002) for stable torque
control the following criteria should be satisfied.

(a/y/s_\l(a/l//s)2+8) (11)

4

S<cos™

qu
Where, a = W
sq Lsd

3.2 Control of stator flux strategy
The stator flux linkage of a PMSM in the stationary reference frame can be expressed as:

Vs :J.(Vs _Ris)dt:Vst_RJ-isdt"_‘//sh:O (12)

During switching interval each voltage vector is constant, so if stator resistance is neglected
then, this equation implies that the stator flux will move in the direction of the applied
voltage vector.

To select the voltage vectors or controlling the amplitude of the stator flux linkage, the
voltage vector plane is divided into six sectors (FS; to FSe) as shown in Fig. 15. In each
region two adjacent voltage vectors are selected to increase or decrease the amplitude
respectively of the flux within a hysteresis band. For example, the vectors V, and V3 are
used to increase and decrease the flux amplitude when s is in region one and rotating in a
counter clockwise direction. If rotating in clockwise direction then V5 and V6 are used for
the same reason.
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Fig. 15. Applied vectors position and flux sectors.

3.3 Implementation of Hysteresis DTC

The block diagram of a PMSM drive with HDTC may be as shown in Fig. 16, where the
measured current phase values and dc voltage are transferred to D-Q stationary axis values,
and the flux linkage components ysp and s at the mth sampling instance are calculated
from the stator voltages as follows:

Ysp(m)= yip(m-1) +(Vp(m-1)-Risp)Ts (13)
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Wso(m)= Yeo(m-1) +(Vo(m-1)-Risq)Ts (14)

Where Ts is the sampling period and isp and isq are calculated as average values of is(m-1)
and is(m) and thus, amplitude and flux angle position with respect to stationary D-Q axis

can be calculated as:
vl = Wb (m)+yi(m)

(15)
j’s =tant I/IQ—(r”)
yp(m)
The torque can be rewritten in the stationary reference frame as (Zhong et al., 1997):
3 . .
To(m) = P(vap (m)icg (m) =y (m)ip (m)) (16)

However if the phase currents and the rotor speed and/or rotor position are monitored then
Eq. (3) and Eq. (4) can be used to calculate torque and flux values, where then the
transformation D-Q < d-q is necessary to achieve the required values.
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Fig. 16. HDTC of PMSM

The calculated Torque and Flux magnitude values are compared with their respective
reference values and the produced errors are inputs to their respective hysteresis
comparators. The flux linkage comparator is a two level comparator ¢ ¢ {1, 0} and the torque
comparator is a three level comparator 7 &1, 0, -1}. The outputs of these comparators
together with stator position As (or sector number) are inputs to optimum voltage switching
lookup table as the one shown in Table 3 (Luukko, 2000). The output of this table is
switching vector to the inverter driving the motor.

Based on the above description a HDTC of PMSM model was built in Matlab Simulink as
shown in Fig.17.

The torque and flux estimator is based on monitoring of phase currents and rotor angle. The
model responses for the Table 2 and controllers setting values as:

PI speed controller: Kp=0.04 and Ki=2,

Hysteresis logic: Flux band = £ 0.01; Torque Band = £0.01; Sampling time: Ts= 0.0001s; has
been simulated with results displayed in Fig.18-Fig.22
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FS
¢ | 1 2 3 4 5 6
B0<As <30 | 30< A <90 | 90< A <150 | 150< A <210 | 210< As <270 | 270< \s <330
Va(110) | V5(010) V4(011) V5(001) Ve(101) V1(100)
1 0] vs(11) | Ve(000) V7(111) Vo(000) V7(111) Vo(000)
1] Ve(101) | V4(100) V2(110) V5(010) V4(011) V5(001)
V5(010) | V4(011) V5(001) Ve(101) V4(100) V2(110)
0 O] Vo(000) | Vy111) Vo(000) V7(111) Vo(000) V7(111)
1| Vs(001) | Ve(101) V1(100) V5(110) V5(010) V4(011)

Table 3. Optimum switching lookup table for HDTC inverter. @ is the output of flux
hysteresis controller, T is the output of the torque hysteresis controller, the entries Vi(...) is
the switching logic to the inverter and FS (Flux Sector) define the stator flux position sector

Powergui
-Discrete, _ _
Ts=0.0001 <. Hysteresis Logic
e
IT0Y
FI c.;.mmugb_,_’ _Ervor; gp el Torme Statos
N o
? 4 TeL O & mrf_Sta Fhux Status E
[ ol ngle ref.
Waoltage Modulator
Totoue and
Flux Estitmator
CL .
| — Clock Titne

0 002 004 006 008 01 0iz 014 016
Time(s)

Fig. 18. Torque Response



168 Torque Control

(e
[}

B

speed (radis)

=
T
.

—_
=

0 005 01 013 02 025 03 045 04 045 05
inels)

Fig. 19. Speed Response

=

| Woltage(wolt)

T 0.0z 0.04 0.0a 0.0& 01 0.1z 014 01a
Time(s)

Fig. 20. Voltage switching of line a-b

._.
in
T

=
in
T

[m]

Currentiamps)

'
—
T

1] 002 004 006 008 01 012 014 0la
Time(s}

Fig. 21. HDTC Line current of phase-a



Torque Control of PMSM and Associated Harmonic Ripples 169

0.57

=

[

(=9
—

=
L
L_h

=

Ln

=
-

Fluz (Weber)

0.53

0 00z 004 006 008 01 012 014 016
Time(s)

Fig. 22. HDTC Flux response

The responses showed that the torque pulsation is also high and line currents are full of
switching harmonics as compared to the FOC algorithm. In addition the flux and speed are
also not free of ripple which result in machine vibration and acoustic noise.

4. Algorithm 3: Space Vector Modulation Direct Torque Control (SVMDTC)

In this method, a mathematical model of PMSM and space vector modulation of inverter are
used to carry out system algorithm. Thus, instead of switching table and hysteresis
controller a space voltage modulation vectors depending on the flux positions are used to
compensate for errors in flux and torque (Dariusz et al, 2002; Tang et al., 2004). One of the
SVM-DTC block diagrams is shown in Fig. 23 (Dariusz et al., 2002).

Wit Vireg S a
Predic tve ™  Valtaze T PWM
i FI ] Controller p Space Vectnr :: Inverter
B Toui -k AT, ot Ibdulator S
R
Flwand | ;
Torgue - od I
Estimator
Vit e i 4 FIEEM

Fig. 23. Direct Torque Control SV-Modulation

In Fig. 23, the torque error signal AT, and reference amplitude of the stator flux W are
delivered to predictive controller, which also uses information about the amplitude and
position of the actual stator flux vector and measured stator current vector. The predictive
controller determines the stator voltage command vector in polar co-ordinates Ve = Ve
ZLpsrer for space vector modulator (SVM) which finally generates the pulses Sa, Sp and Sc to
control the PWM inverter.

Referring to Eq. (7), the electromagnetic torque produced by the motor is given by:

3| : i
132 it sing 1 in2s) "
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From this equation, it can be seen that for constant stator flux amplitude and flux produced
by the permanent magnet, the electromagnetic torque can be changed by control of the
torque angle. The torque angle § can be changed by changing position of the stator flux
vector with respect to the PM vector using the actual voltage vector supplied by the PWM
inverter (Dariusz, 2002). The flux and torque values can be calculated as in Section 3.1 or
may be estimated as in Section 3.3. The internal flux calculator is shown in Fig. 24.

W
i ABC s DQ L Laupdg Pap{Carcstan)
S To . To . N To Pol(;r A
1S, DQ o ,, dq 1gg q DQ | Y, Ly s

Fig. 24. Flux Estimator Block Diagram

The internal structure of the predictive controller is in Fig. 25.

Wstef VOLTAGES | Virf
—
PT (]} 5| M ODULTOR |
AT, Ad A 7\fsref y Psref
Mouyd ol

Fig. 25. Predictive Controller

Sampled torque error AT, and reference stator flux amplitude W.r are delivered to the
predictive controller. The error in the torque is passed to PI controller to generate the
increment in the load angle A3 required to minimize the instantaneous error between
reference torque and actual torque value. The reference values of the stator voltage vector
are calculated as:

V.
Virer = \/ Vip_rf” Vg nf” and gy =tan” % (18)
sD _ref
Where:
Vo = Vsref cos(4, +AS) —y/, cos 4 +Rip - (19)
- T,
sref SIN(A, + AS) —y sin A
VSQ_Wf _ l//‘ref ( s - ) Vs s +Rsi5Q- (20)

S

Where, T is the sampling period.

For constant flux operation region, the reference value of stator flux amplitude is equal to
the flux amplitude produced by the permanent magnet. So, normally the reference value of
the stator flux is considered to be equal to the permanent magnet flux.
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4.1 Implementation of SVMDTC
The described system in Fig. 23 has been implemented in Matlab/Simulink, with the same
data and loading condition as in HDTC with PI controllers setting as:

Predictive Controller: Ki=0.03, Kp=1 Speed Controller: Ki=1 Kp=0.04.

The simulation results are shown in Fig. 26 to Fig. 29. As evidence from the figures, the
SVM-DTC guarantee lower current pulsation, smooth speed as well as lower torque
pulsation. This is mainly due to the fact that the inverter switching in SVM-DTC is uni-polar
compared to that of FOC & HDTC (see Fig. 10, Fig. 20 and Fig. 28), in addition the
application of SVM reduces switching stress by avoiding direct transition from +Vdc to -
Vdc and thus avoiding instantaneous current reversal in dc link. However, the dynamic
response in Fig. 9, Fig. 19, and Fig. 27 show that HDTC has faster response compared to the
SVM-DTC and FOC.
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Fig. 27. SVMDTC rotor speed response
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Fig. 30. Stator flux response.

5. High Performance Direct Torque Control Algorithm (HP-DTC)

In this section, a new direct torque algorithm for IPMSM to improve the performance of
hysteresis direct torque control is described. The algorithm uses the output of two hysteresis
controllers used in the traditional HDTC to determine two adjacent active vectors. The
algorithm also uses the magnitude of the torque error and the stator flux linkage position to
select the switching time required for the two selected vectors. The selection of the switching
time utilizes suggested table structure which, reduce the complexity of calculation. Two
Matlab/Simulink models, one for the HDTC, and the other for the proposed model are
programmed to test the performance of the proposed algorithm. The simulation results of
the proposed algorithm show adequate dynamic torque performance and considerable
torque ripples reduction as well as lower flux ripples, lower harmonic current and lower
EMI noise reduction as compared to HDTC. Only one PI controller, two hysteresis
controllers, current sensors and speed sensor as well as initial rotor position and built-in
counters microcontroller are required to achieve this algorithm (Adam & Gulez, 2009).

5.1 Flux and torque bands limitations
In HDTC the motor torque control is achieved through two hysteresis controllers, one for

stator flux magnitude error control and the other for torque error control. The selection of
one active switching vector depends on the sign of these two errors without inspections of
their magnitude values with respect to the sampling time and level of the applied stator
voltage. In this section, short analysis concerning this issue will be discussed.
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5.1.1 Flux band
Consider the motor stator voltage equation in space vector frame below:.

V. =R, + ar, (21)
dt
Equation (21) can be written as:
dr—— 1< 22)
Vs - Rsls

For small given flux band AY¥, the required fractional time to reach the limit of this value
from some reference flux W* is given by:

|A‘}’O
Ve - Riiy|

At = (23)

And if the voltage drop in stator resistance is ignored, then the maximum time for the stator
flux to remain within the selected band starting from the reference value is given as:

IN% INR
"W 273V

At (24)

Thus if the selected sampling time Ts is large than Aty,,, then the stator flux linkage no
longer remains within the selected band causing higher flux and torque ripples.

According to (24) if the average voltage supplying the motor is reduced to follow the
magnitude of the flux linkage error, the problem can be solved, i.e. the required voltage
level to remain within the selected band is:

At
Vlevel = %n = ka (25)

S

Where Vi is the applied active vectors

Thus, by controlling the level of the applied voltage, the control of the flux error to remain
within the selected band can be achieved. For transient states, A¥; is most properly large
which, requires large voltage level to be applied in order to bring the machine into steady
state as quickly as possible.

5.1.2 Torque band
The maximum time Aty for the torque ripples to remain within selected hysteresis band
can be estimated as:

— |AT0 %40 2
ik 6)

At

torque

Where, ATY; is the selected torque band
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Ter; is the reference electromagnetic torque

10; is the time required to accelerate the motor from standstill to some reference torque Tey.
The minimum of the values given in (24) and (26) can be considered as the maximum
switching time to achieve both flux and torque bands requirement. However, when the
torque ripples is the only matter of concern, as considered in this work, may be enough to
consider the maximum time as suggested by (26).

Now due to flux change by AY, the load angle & will change by A8 as shown in Fig. 31.
Under dynamic state, this change is normally small and can be approximated as:

A, AP,

Ad =sin (27)

ENENL S

Fig. 31. Stator flux linkage variation under dynamic state

The corresponding change in torque due to change AW can be obtained by differentiation of
torque equation with respect to 8. Torque equation can be rewritten as:

3 |\Ps| i i
= [ 2Ly sind [ W,|(Ly, ~ Ly)sin 26 | 29)
Where, then
ATZ@TE.AézaTg_A‘//S (29)
06 o5 ||
Substitute (24) in (29) and evaluate to obtain:
3 _|vi|at
AT = EP LyL, |:LPFqu €osd — |‘Ps|(qu ~Lyy)cos 25} 0)

Where, At=minimum (At , Attorgue)

Equation (30) suggests that AT can also be controlled by controlling the level of V. Thus
both AT and A4Y; can be controlled to minimum when the average stator voltage level is
controlled to follow the magnitude of AT.

5.2 The HP-DTC Algorithm
The basic structure of the proposed algorithm is shown in Fig. 32.
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Fig. 32. The HPDTC system of PMSM

5.2.1 Vector selector
In Fig.32 the vector selector block contains algorithm to select two consecutive active vectors

Vi1, and Vio depending on the output of the hysteresis controllers of the flux error and the
torque error; ¢ and t respectively as well as flux sector number; n. The vector selection table
is shown in Table 4., while vectors position and flux sectors is as shown in Fig.15

) T Vi Vie
1 1 n+1 n+2
1 0 n-1 n-2
0 1 n+2 n+l
0 0 n-2 n-1

Table 4. Active vectors selection table
In the above table

if Vi>6 then Vi =Vi-6

if Vk<1 then Vi =V +6

5.2.2 Flux and torque estimator
In Fig. 32 the torque and flux estimator utilizes equation (21) to estimate flux and torque

values at m sampling period as follows:

o () =y (m—1)+ (Vy (11 =1) = Rip)T. 61
o) =wo(m—1)+ (Vg ~1) - Rig)T. @)
il = v +vd )
2, =Tan V2 (34)

b

Where; the stationary D-Q axis voltage and current components are calculated as follows:

Vp(m—=1)=Vpptir + Vpratra) / Ts (35)
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Vo(m=1)= Vot + Voratra) / Ts (36)
ip =(ip(m—-1)+ip(m)) /2 37)
ig = (ig(m—1) +ig(m) /2 (38)

The torque value can be calculated using estimated flux values as:

I.= %P(‘PD(M)iQ(M) =¥ (m)ip(m)) (39)

5.2.3 The timing selector structure

In Fig. 32 the timing selector block contains algorithm to select the timing period pairs of
vectors Vi1 and Vio. The selection of timing pairs depends on two axes, one is the required
voltage level and the other is the reflected flux position in the sector contained between Viy
and Vio. The reflected flux position is given by:

ps =A,mod60—-7 /6 (40)

Where A is the stator flux linkage position in D-Q stationary reference frame.

Fig. 34 shows the proposed timing table. In this figure, the angle between the two vectors
Via and Vi, which is 600, is divided into 5 equal sections p., p1, po, p+1, and ps2. The required
voltage level is also divided into 5 levels.

The time pairs (t, fr2), expressed as points, (out of 20 points presenting the sampling
period) define the timing periods of Vi1 and Vi respectively. The remaining time points,
(t0=20-t1 -tr2), is equally divided between zero vectors Vpand V7.

A+ a0

Fig. 34. Timing diagram for the suggested algorithm

The time structure shown in Fig.34 has the advantage of avoiding the complex mathematical
expressions used to calculate ti; and tio, as the case in space vector modulation used by
(Dariusz, 2002) and (Tan, 2004). In addition, it is more convenient to be programmed and
executed through the counter which controls the period tii, tko and to. The flow chart of the
algorithm is shown in Fig. 35.
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Fig. 35. A Flow chart of the proposed algorithm

5.3 Simulation and results

To examine the performance of the proposed DTC algorithm, two Matlab/Simulink models,
one for HDTC and the other for the HPDTC were programmed. The motor parameters are
shown in table 2. The inverter used in simulation is IGBT inverter with the following setting:
IGBT/Diode

Snubber Rs, Cs = (1e-3ohm,10e-6F)

Ron=1e-30hm

Forward voltage (V¢ Device, V¢ Diode)= (0.6, 0.6)

Ti(s), Ti(s) = (1e-6, 2e-6)

DC link voltage= +132 to -132.
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The simulation results with 100ps sampling time for the two algorithms under the same
operating conditions are shown in Fig. 36 -to- Fig. 41. The torque dynamic response is
simulated with open speed loop, while the steady state performance is simulated with
closed speed loop, 70rad/s as reference speed, and 2 Nm as load torque.

5.3.1 Torque dynamic response

The torque dynamic response with HDTC and the HPDTC are shown in Fig.36-a and Fig.36-
b respectively. The reference torque for both algorithms is changed from +2.0 to -2.0 and
then to 3.0 Nm. As shown in the figures, the dynamic response with the proposed algorithm
is adequately follows the reference torque with lower torque ripples. In the other hand,
the torque response with the proposed algorithm shows fast response as the HDTC
response.

4 : ‘ : 4 ! ! !
Teraue Goerence | m N ReferenteToroue L0
3 ] i AT - ; \ :
2 = e i R WASESF TErGIE | ]
g ') g :
g, o1 FRSSSE. S -
=] = H
— 1 = :
3 | I I -3 | 1 |
0 0.05 Time(s) 0.1 0.15 o] 0.05 Time(s) 0.1 0.15
(@) (b)

Fig. 36. Motor dynamic torque with opened speed loop: (a) HDTC (b) HP-DTC

Fig. 37 demonstrates the idea of maximum time to remain within the proposed torque band
as suggested by equation (26). According to the shown simulated values, the time required
to accelerate the motor to 2 Nm is ~ 0.8ms, so if the required limit torque ripple is not to
exceed 0.1 Nm, as suggested in this work, then, the maximum switching period according to
Eq. (26) is #0.05ms which is less than the sampling period (Ts=0.1 ms).

Torgque(Nm)

0 2 4Time(ms) 6 8
Fig. 37. Torque ripples and motor accelerating time

Although the torque ripple is brought under control, the flux ripples still high as shown in
Fig. 38 which, is mainly due to control of the voltage level according to the magnitude of
torque error only.
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Fig. 38. Flux response when only the torque error magnitude is used to approximate the
required voltage level
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5.3.2 Motor steady state performance

The motor performance results under steady state are shown in Fig. 39 -to- Fig. 41. Fig. 39-a
and Fig. 39-b, show the phase currents of the motor windings under HDTC and the HPDTC
respectively, observe the change of the waveform under the proposed method, it is clear
that the phase currents approach sinusoidal waveform with almost free of current pulses
appear in Fig. 39-a. Better waveform can be obtained by increasing the partition of the
timing structure, however, when smoother waveform is not necessary, suitable division as
the one shown in Fig. 34 may be enough.

B m‘ m JWWM}W wﬁl n‘ ,,,w

I\
|
Timecs) o 0.05 Time(s) 0.1 0.15
(2) (b)
Fig. 39. Motor line currents: (a) HDTC (b) HPDTC

The torque response in Fig. 40 shows considerable reduction in torque ripples from 3.2Nm
(max. -to- max.) down to less than 0.15 Nm when the new method HP-DTC is used, which
in turn, will result in reduced motor mechanical vibration and acoustic noise, this reduction
also reflected in smoother speed response as shown in Fig. 41

Current (amps)
o
Line currents{amps)

.

0.2 0.3 E . . 02 03 04 05
Time(s) Time(s)

() (b)
Fig. 40. Motor steady state torque response: (a) HDTC (b) HPDTC
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Fig. 41. Rotor speed response: (a) HDTC (b) HPDTC

6. Torque ripple and noise in PMSM algorithm

One of the major disadvantages of the PMSM drive is torque ripple that leads to mechanical
vibration and acoustic noise. The sensitivity of torque ripple depends on the application. If
the machine is used in a pump system, the torque ripple is of no importance. In other
applications, the amount of torque ripple is critical. For example, the quality of the surface
finish of a metal working machine is directly dependent on the smoothness of the delivered
torque (Jahns and Soong, 1996). Also in electrical or hybrid vehicle application, torque ripple
could result in vibration or noise producing source which in the worst case could affect the
active parts in the vehicle.

The different sources of torque ripples, harmoinc currents and noises in permanent magnet
machines can be abstracted in the following (Holtz and Springob 1996,1998):

e Distortion of the stator flux linkage distribution

e  Stator slotting effects and cogging

e  Stator current offsets and scaling errors

¢ Unbalanced magnetization

¢ Inverter switching and EMI noise

However switching harmonics and voltage harmonics supplied by the power inverter
constitute the major source of harmonics in PMSM. In this section, the reduction of torque
ripple and harmonics generated due to inverter switching in PMSM control algorithms
using passive and active filter topology will be investigated.

Method1: Compound passive filter topology

6.1 The proposed passive filter topology

Fig. 42 shows a block diagram of basic structure of the proposed filter topology (Gulez et al.,
2007) with PMSM drive control system. It consists of compound dissipative filter cascaded
by RLC low pass filter. The compound filter has two tuning frequency points, one at
inverter switching frequency and the other at some average selected frequency.
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Fig. 42. Block diagram of the proposed filter topology with PMSM drive system

6.1.1 The compound trap filter

Fig. 43 shows the suggested compound trap filter. It consists of main three passes, one is low
frequency pass branch through R, and L, another is the high frequency pass through C, and
R; and the other is the average frequency pass through Cy, L1 and R; to the earth.

R2 L2

input output
*—0 *—a
cz2 L1 1

a =

R1
—L—

Fig. 43. The suggested compound trap filter

For some operating frequency ., the component of the low pass branch constitutes low
impedance path while at the same time shows high impedance for the high frequency
component, which forces the high frequency to pass through C; to the earth. Some of the
average frequency components will find their way through the low pass branch. These
frequencies will be absorbed by tuning resonance of branch L;-C; to some selected average
frequency such that.

W< Wgv< Wswo

Where
@, ; is the operating frequency

@, =1/L,Cy : is the selected average frequency

®s: is inverter switching frequency calculated as 1/(2Ts); Ts being the sampling period

The behavior of the Compound Trap filter can be explained by studying the behavior of the
impedances constitutes the IT equivalent circuit of the Compound Trap filter shown in Fig.
44

In Fig. 44 the impedances Z;, Z, and Z3 can be expressed as:

2, =P i, - L (1)
oR,C,
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Fig. 44. Equivalent IT circuit of the compound trap filter.

1 . 1
Z, =R, - RiCyo(wL; - E) +j(oly - E) (42)
1 1

Zy=R-— 1 ()
®’L,C,-C, /C; aC2

Figures 45, 46 and 47 show the frequency-magnitude characteristics of the impedances 75, Z3
and Z; respectively. Z;, is the equivalent impedance value between point 1 and 2 as shown

in Fig. 44.
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Fig. 45. Z; characteristics at C1=52.0e-6F and different L; values.
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Fig. 46. Z3 characteristics at C1=52.0e-6F and different L; values.
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Fig. 47. Z1> characteristics at C1=52.0e-6F and different L, values.

0

As can be inferred from Equations (41 to 43) and Figures (Fig. 46 to Fig. 47) it is evidence
that both Z, and Z3 show capacitive behavior at small values of L;. So if the value of L; is
kept small (L1 < 1e-5 H), the tuning of high frequency current components is ensured
through the compound trap filter.

In the other hand the characteristics of Z;» shown in Fig. 47 demonstrates that at average
frequencies the impedance of Z;; is high while at low and high frequencies the impedance is
low thus Z;, constitute band stop filter to the average frequency current components. The
magnitude of Zj; can effectively be changed by changing the value of L1 at constant C1,
while the range of the average frequencies can effectively be changed by changing the value
of Cl1 at constant L1. Thus through proper tuning of L1 and C1 the desired average
frequency range can be selected.

6.1.2 RLC filter
Fig. 48 shows the suggested RLC filter, which play main role in reducing the high dv/dt of
line to line voltages at motor terminals. The transfer function of this circuit is given by:

Vo _ 2R3C3s+1 (44)
Vi Cilss”™ +(1r3+ R3)Cas +1
To obtain over damping response, the filter resistances are selected such that:
(Ry+15) > ‘lci (45)

3
With cutoff frequency @ is given by:

o, =1/J1,C; (46)

To reduce ohmic losses the series resistance r3 is normally of small value, while the shunt
resistance Rj is selected high enough to limit the currents drawn by the filter. This current
can be expressed as:

ZppsM
Zpmsm T \/Rg +(1/ 5C3)2

Icrs = Lin 47)
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Where, Zpmsy is PMSM motor input impedance.

At the selected cutoff frequency, this current should be large compared to ier drawn by
the motor; while at operating frequency this current should be very small compared to
imotor- Another point in selection of the RLC parameters is that, the filter inductors are
essentially shorted at line frequency while the capacitors are open circuit and for EMI
noise frequencies, the inductors are essentially open circuit while the capacitors are
essentially shorted, thus considerable amount of EMI noises will pass through the filter
resistors to the earth and cause frequency dependent voltage drop across the series branch
of the filter which, in turn, helps in smoothing of the voltage waveform supplying the
motor.

Wi 13 L3 i

1 Wakoy

o
jCRB
3
%m

Fig. 48. RLC filter cascaded to the trap compound filter

To evaluate the performance of the suggested passive filter topology, it was applied to
HDTC algorithms under MatLab simulation. The following subsections show the results of
the simulations.

6.1.3 Torque ripples and noise reduction in HDTC using passive filter

Fig. 49 shows the basic structure of HDTC of PMSM with the proposed passive filter
topology. The switching table in Fig.49 is the same as that shown in Table 3. In this figure,
the switching of the inverter is updated only when the outputs of the hysteresis controllers
change states, which result in variable switching frequency and associated large harmonic
range and high current ripples.

Flux N
Reference "() ﬂ]_ » Switching[®| Ideal ¥ Trap iprc|™ ™
- g # Compound ] ..
A Table | Inverter [ . L Filter
SO ) Filter x
Torque '\“/J_U " 9
Reference — I
Flux Estimator Currents
Speed/Position

Fig. 49. The basic structure of HDTC of PMSM with the proposed filter topology
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6.1.4 Simulations and results

To simulate the performance of the proposed passive filter topology under HDTC
Matlab/Simulink was used.

Under base speed operation, the speed control was achieved through PI controller with K=
2.0 and K,= 0.045. The flux reference is set equal to Wr and hysteresis bands are set to 0.01 for
both the torque and flux hysteresis controllers. The motor parameters are shown in Table 2
and the passive filter parameters are in Table 5.

Ly 20pH | 30mH Ls 30mH

C; | 52pF C, |5.1pF G 125 pF

Ry 56kQ Ry 2.2Q R3 128 Q
I3 20

Table 5. Passive Filter Parameters

The simulation results with 100ps sampling time are shown in Fig. 50 to Fig. 55. Fig. 50-a in
particular, shows the motor line voltage V., without applying the proposed filter topology.
When the filter topology is connected, the switching frequency is reduced as depicted in Fig.
50-b compared to the one shown in Fig. 50-a. The line voltages provided to the motor
terminals approach sinusoidal waveform, observe the change of the waveform at the output
of the compound filter in Fig. 50-c and at the motor terminal in Fig. 50-d. Better waveform as
mentioned before can be obtained by increasing the series inductance L3 and decreasing the
resistance 13,

400

400

200
=
g ]
=
=200

-400 s : s 400 - . .

] 0.05 01 Timers) 0-15 0.z 0 0.05 01 Ly 015 0z

(@) (b)

400 400

200 =200

= =

= i

% 0 = 0

= =

o =]

= 200 200

-400 - : s -400 - : :

o 0.0s5 01 iy 015 0.2 0 0.05 01 Tiggegey - 15 0.2
© (d)

Fig. 50. Motor line voltage (a) before applying the filter topology (b) at inverter terminals
after applying the filter topology (c) at the compound Filter output terminals (d) at the
motor terminals as output of the RLC filter
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The motor performance before and after applying the filter topology are shown in Fig. 51 to
Fig. 54. In Fig. 51, the motor line currents show considerable reduction in noise and
harmonic components after applying the filter which reflects in smoother current waveform.

4 : : : 4
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Fig. 51. Motor line currents: (a) before (b) after applying the filter topology

The torque response in Fig. 52 shows considerable drop in torque ripples from 1.4Nm
(ripples to ripples) down to 0.6 Nm after applying the Filter topology, which will result in
reduced motor mechanical vibration and acoustic noise. The speed response in Fig. 52,
shows slight smoothness after applying the passive filter topology.

The status of the line current harmonics and EMI noise before and after connecting the filter
topology are shown in Fig. 53 to Fig. 54.
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Fig. 52. Motor torque: (a) before (b) after applying the filter topology (load torque is 2Nm)
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Fig. 53. Rotor speed: (a) before (b) after applying the filter topology

In Fig. 54-a the spectrum of the line current without connecting the filter shows that
harmonics currents with THD of ~3% have widely distributed with a dominant harmonics
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concentration in the range around 2 kHz.. After connecting the filter topology, the THD is
effectively reduced to less than 1.7% with dominant harmonics concentration in the low

frequency range (less than 0.5 kHz.), while the high frequency range is almost free of
parasitic harmonics as shown in Fig. 54-b.
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Fig. 54. Phase-a current spectrum: (a) before applying the filter topology (b) after applying
the filter topology

=]

The EMI noise level near zero crossing before applying the filter topology in Fig. 55-a shows
a noise level of ~ -5dB at operating frequency , ~-10dB at switching frequency (5KHz) and
~-47dB at the most high frequencies (greater than 0.2 MHz.). When the filter is connected,
the EMI noise level is damped down to ~-20dB at operating frequency , ~-30dB at switching
frequency and ~-67dBs at the most high frequencies as shown in Fig. 55-b.
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Fig. 55. EMI level: (a) before applying the filter topology (b) after applying the filter
topology

6.2 Method 2: active filter topology

In this section an active filter topology will be proposed to reduce torque ripples and
harmonic noises in PMSM when controlled by FOC or HDTC equipped with hysteresis
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controllers. The filter topology consists of IGBT active filter (AF) and two RLC filters, one in
the primary circuit and the other in the secondary circuit of a coupling transformer. The AF
is characterized by detecting the harmonics in the motor phase voltages and uses hysteresis
voltage control method to provide almost sinusoidal voltage to the motor windings.

6.2.1 The proposed active filter topology

When the PMSM is controlled by HDTC, the motor line currents and/or torque are
controlled to oscillate within a predefined hysteresis band. Fig. 56, for example, shows
typical current waveform and the associated inverter output voltage switching.

In the shown figure the inverter changes state at the end of a sampling period only when the
actual line current increases or decrease beyond the hysteresis band which result in high
ripple current full of harmonic components.

; ; Hysteresis
L ' Band
Invert \
voltage
«—Required
voltage

Fig. 56. Current waveform and associated inverter voltage switching equipped with
hysteresis controllers

To reduce the severe of these ripples two methods can be mentioned, the first one is to
reduce the sampling period which implies very fast switching elements, and the second one
is to affect the voltage provided to the motor terminals in such a way to almost follow
sinusoidal reference guide. The last method will be adopted here so, active filter topology is
used to affect inverter voltage waveform to follow the required signal voltage.

Series active power filters were introduced by the end of the 1980s and operate mainly as a
voltage regulator and as a harmonic isolator between the nonlinear load and the utility
system (Hugh et al, 2003). Since series active power filter injects a voltage component in
series with the supply voltage, they can be regarded as a controlled voltage source. Thus
this type of filters is adopted here to compensate the harmonic voltages from the inverter
supplying the motor.

Fig. 57 shows a schematic diagram of basic structure of the proposed filter topology;
including the active filter, coupling transformer, RLC filters and block diagram of the active
filter control circuit

In Fig. 57 Vg is the desired voltage to be injected in order to obtain sinusoidal voltage at
motor terminals and Varis the measured output voltage of the active filter. Varis subtracted
from Vs and passed to hysteresis controller in order to generate the required switching
signal to the active filter. The active filter storage capacitor Cr which operates as voltage
source should carefully be selected to hold up to the motor line voltage. The smoothing
inductance Lr should be large enough to obtain almost sinusoidal voltage at the motor
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terminals. The reference sinusoidal voltage V* which should be in phase with the main
inverter output voltage Viny, is calculated using information of the motor variables.

In the following sections firstly, the operating principle of voltage reference control circuit
will be explained then the two other parts will follow.
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Fig. 57. Basic Structure of the Proposed Filter Topology

6.2.2 Voltage reference signal generator

The effectiveness of the active filter is mainly defined by the algorithm used to generate the
reference signals required by the control system. These reference signals must allow current
and voltage compensation with minimum time delay. In this study the method used to
generate the voltage reference signals is related to FOC algorithm, which use motor model
in rotor d-q reference frame and rotor field oriented control principles with monitored rotor
position/speed and monitored phase currents. The motor model in this synchronously
rotating reference frame is given by:

Usd _ R+ pLsd _a)rqu isd + |: 0 i| (48)
vsq a)rLsd R+ p qu isq OYE
3 . .
Te = EP(V/Flsq + (Lsd - qu )lsdlsq )) (49)

Under base speed operation, the speed or torque control can be achieved by forcing the
stator current component iy to be zero while controlling the i;; component to directly
proportional to the motor torque T, as in (50):
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3 .
Te = EPWFISL] (50)

The instantaneous g-axis current can be extracted from (50) and hence by setting i to zero,
the instantaneous d and q axis voltages can be calculated from (48) as:

V.

sd = _a)rL (51)

sqlsq

V.

qu

Risq + pquiSq + o,y (52)

Once the values of d-axis and g-axis voltage components are obtained, Park and Clarke
transformation can be used to obtain the reference sinusoidal voltages as:

*

v, 1 0 v
. cosf —sinf q
o |=K|-1/2 \/5/2 Linﬁ cosé }{Vs } (53)
v “1/2 —3/2 N

Where, K is the transformation constant and 0 is rotor position

6.2.3 Active filter compensation circuit
Fig. 58 shows simplified power circuit of the proposed topology (the passive RCL filters are

not shown). In this circuit V. is the voltage of the main inverter circuit, V3 is equivalent

compensated voltage source of the active filter. In order to generate the required
compensation voltages that follow the voltage signal vsis; bearing in the mind that the main
inverter change switching state only when the line current violates the condition of the hysteresis
band and that the capacitor voltage polarity can not change abruptly, the switches sw; and sw, are
controlled within each consecutive voltage switching of the main inverter to keep the motor
winding voltages with acceptable hysteresis band.

The motor line current iy, is controlled within the motor main control circuit with hysteresis
current controller to provide the required load torque; therefore, two hysteresis controller
systems, one for voltage and the other for current are working independently to supply the
motor with almost sinusoidal voltage

In Fig. 58, when switching signal (eg.100) is send to the main inverter, i.e. phase a is active
high while phase b and c are active low, then, following the path of the current i, in Fig.58
the voltage provided to the motor terminal can be expressed as:

2 3, d
V= g(Vdc —Vctp _ELF

The limit values of inductor Lr and the capacitor Cr can be determined as follows:
During a sampling period T, the change in the capacitor voltage can be calculated as:

iﬂl
) 4

1 Ts
AVep =— [t (55)
Cry

So if maximum capacitor voltage change is determined as Vdc, the minimum capacitor
value can be calculated as:
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Fig. 58. Simplified power circuit of the proposed active filter topology.

I(n+l)Ts .

1
nTs "

_|T5 | (56)
Vi |

Where, imay is the maximum of the average current change which can be occurred per
sample periods.
The limit values of the smoothing inductance L can be expressed as:

1 V
<L, <| Virma 57)
(Zﬁfsw)zc éma (%)
2 dt

Where, the lower limit is determined by selecting the resonance frequency of the
combination CrLr to be less than the inverter switching frequency £ to guarantee reduced
switching frequency harmonics. The upper limit is calculated by determining the maximum
voltage drop across the inductors Vifma, and the maximum current change per sampling
period din/dt.

6.2.4 The Coupling

The coupling between the main inverter circuit and the active filter circuit is achieved
through 1:1 transformer, and to attenuate the higher frequency EMI noises, LCR filters are
used at the transformer primary and secondary windings as suggested by Fig. 59

1:1 Transformer
L1 i PMSM terminal

S g
o] 1 cqm

VR v
= AF terminal

Fig. 59. Coupling between AF and main inverter from one side, and PMSM in the other side.
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The important point here is that, the resonance which may arise between capacitor C; and
transformer primary winding and between capacitor C; and motor inductance winding
should be avoided when selecting capacitor values.

At selected cutoff frequency, the currents icr; and icro derived by the RLC filters are given
by

Zr .

iCRl = lml ll?ld

2 +yR2 +(1/5C,)? 58
S ZpMSM i
CR2 = 5 > tm2

Zppmsm "‘\/Rz +(1/5C,)

Where, Zt and Zpysy are as defined in Fig. 59.

Bearing in the mind the conditions required in the selection of RLC, these currents should be
large compared to i1, drawn by the transformer, and/or in,, drawn by the motor at selected
cutoff frequency; while at operating frequency these currents should be very small
compared to i1 and iy.

6.2.5 Simulation and results

In order to verify that the proposed filter topology does actually improve the performance
of the conventional HDTC methods, the HDTC is implemented in Matlab/Simulink to
compare the performance of the PMSM with and without the filter topology under the same
operating and loading conditions

The motor parameters are in Table 2 and the filters parameters are in Table 6. The AF
capacitor used is 200pF and its inductors are 200mH. The drive is IGBT inverter.

L 1pH L, 1.5pH
C 2pF C 2pF
Ry 250Q R» 750Q

Table 6. Active Filter Topology parameters

The simulation results with 100ps sampling time and £0.1 Nm hysteresis torque band are
shown in Fig. 60 to Fig. 66. The torque dynamic response is simulated with open speed loop,
while the steady state performance is simulated with closed speed loop at 70rad/s as
reference speed, and 2 Nm as load torque.

The torque dynamic responses before and after connecting the AF are shown in Fig. 60-a
and Fig. 60-b respectively. The reference torque for both figures is changed from +2.0 to -2.0
and then to 3.0 Nm. As shown in the figures, the dynamic response with the proposed filter
topology is adequately follows the reference torque with lower torque ripples and settles
down within £0.1 Nm band of the reference torque; while the torque dynamic under HDTC
without filter topology can not settle down within the specified torque bands due to
presence of high torque ripples (+ 1.0 Nm). On the other hand, the torque response time
without filter topology is shorter (~1.2ms) than the torque response time with the proposed
filter topology (2.5ms). This delay in the torque response with the proposed filter topology is
mainly due to delay of current propagation through the LrCr loop of the active filter
however; this is not significant if compared with the results provided by Tang et al (2004).
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Fig. 60. Motor torque dynamic under basic HDTC: (a) before (b) after connecting the AF

The motor steady state performance before and after applying the AF are shown in Fig. 61 to
Fig. 64. Fig. 61-a and Fig. 61-b, show the phase voltage provided to the motor terminals
before and after applying the filter topology respectively, observe the change of the
waveform after applying the AF, it is clear that the phase voltage approaches sinusoidal
waveform with almost free of voltage pulses appear in Fig. 61-a due to inverter switching.
Better waveform can be obtained by increasing the active filter inductance Lr however, the
cost and size of the AF will increase, and therefore suitable inductance value can be selected
to achieve acceptable performance. Similar results have been provided by Yilmaz, (Yilmaz et
al. 2000), however as compared to above result, their sinusoidal voltage waveform provided
to the motor terminals is full of harmonic components.
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Fig. 61. Starting motor phase voltage: (a) before (b) after connecting the AF topology

Fig. 62-a and Fig. 62-b show the response of the motor line currents under HDTC without
and with the proposed filter topology respectively. In Fig. 62-a high distortion in line
current can be observed, however the current waveform is smoother after applying the
proposed filter topology. The reason of the high current distortion (ripples) is mainly due to
the fact that switching of the inverter is only updated once at the sampling instances
when the hysteresis controllers change state so, with existence of the proposed active filter
a proper voltage is provided to the motor terminal which, in turn decreases current
ripples.



194

Current amps)

0.05 Tiras)

(@)

0.1

Cumrent {amps)

Fig. 62. Motor line currents: (a) before (b) after applying the AF topology.

Torque Control

fos,,

."l m-‘-l
/ b, "-,"‘"\.p"‘ma-"\ “'.."“ ]
{ \ ;j? ' : /;' :i'r
| ! FANAN | ,-\- j)‘-
MY f '\ avi A . YAVAY,

- f Yy

uf LA

v oA 'r :g\ ALY
A

L/

v

.06 Timetz) O- 0145
(b)

The torque response in Fig. 63 shows considerable reduction in torque ripples around the
load torque when the proposed active filter is connected. The higher ripples of +1.62Nm
around the load torque in Fig. 63-a is mainly due to the existence of harmonic voltages
provided to the motor terminals, so when the harmonics are reduced after insertion of the
proposed filter topology the torque ripples is decreased down to 0.1 Nm as shown in Fig.
63-b. The reduction in the torque ripples normally reflected in reduced motor mechanical
vibration and hence reduced acoustic noise as well as smoother speed response as shown in

Fig. 64.
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Fig. 63. Steady state motor torque response under basic HDTC with 2.0 Nm as load torque
(a) before (b) after connecting the AF topology
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Fig. 64. Rotor speed under basic HDTC (a)before (b)after applying the AF topology
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The status of the phase voltage harmonics and EMI noise in the line currents before and
after connecting the AF are shown in Fig. 65 to Fig. 66.

In Fig. 65-a the spectrum of the phase voltage before connecting the AF shows that
disastrous harmonic voltages with THD of ~79% have widely scattered in the shown
frequency range. These harmonic voltages if not cleared or reduced, it will result in parasitic
ripples in motor developed torque and contribute to electromagnetic interference noise, so
after connecting the AF, the THD is effectively reduced to less than 5% as in Fig. 65-b.
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Fig. 65. Phase-a voltage (upper) and it is spectrum (lower):
(a) Before connecting the AF topology (b) after connecting the AF topology

The EMI noise level before connecting the AF in Fig. 66-a shows a noise level of ~ 20dB at
operating frequency, ~18dB at switching frequency (5KHz), and almost -40dBs for the most
high frequencies (>0.2 MHz). These noise component frequencies have bad effect on the
control system if not filtered. When the AF is connected the EMI noise level is tuned down
to ~-18dB at operating frequency, ~-25dB at switching frequency and less than ~-60dBs for
the most high frequencies as shown in Fig. 66-b.

From the results presented it can be seen that the steady state performance of the HDTC
with the proposed filter topology is much better than the performance presented by
Zhong(1997). This result can also be compared with experimental result presented by Tang
et al (2004) though the effective average switching sampling time in that method is much
less than the selected sampling period (150pus) and that due to the fact space vector
modulation was used to drive the inverter.

The motor voltage waveform is better than that provided by Yilmaz, et al(2000), beside the
filter topology presented by Yilmaz, et al (2000) is continuously required to be tuned when
the switching frequency is changed. In addition in order to obtain acceptable sinusoidal
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waveform, the resistor value used in the RLC loop is small, which involves larger current to
flow through the loop composed of the RLC and the inverter which in turn causes over
loading to the inverter elements.
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Fig. 66. EMI noise level: (a) before (b) after connecting the AF topology

7. References

Adam A. A. And Gulez K., (2009) “A New Sensorless Hysteresis Direct Torque Control
Algorithm for PMSM with Minimum Torque Ripples”, COMPEL, Vol.28, No.2, p.p.
437-453, April 2009.

Dariusz, S., Martin, P. K. And Frede, B., (2002),”"DSP Based Direct Torque Control of
Permanent Magnet Synchronous Motor Using Space Vector Modulation”
Proceeding of the 2002 IEEE International Symposium on Industrial Electronics,
ISIE 2002, Vol. 3, 26-29 May , pp. 723-727.

Darwin, R., Morén, L., Dixon, W. J., and Espinoza, J. R,. (2003), “Improving Passive Filter
Compensation Performance With Active Techniques,” IEEE Transaction on
Industrial Electronics, Vol. 50( 1), pp. 161-170, Feb. 2003.

Depenbrock, M., (1984), “Direct Self-Control”, U.S. Patent, No: 4678248, Oct. 1984.

Depenbrock, M., (1988), “Direct Self-Control of inverter-fed machine”, IEEE Transactions on.
Power Electronics Vol. 3, No.4, pp. 420-429, Oct. 1988.

Dirk, D., Jacobs, ]., De Doncker, R. W. and Mall, H.G.,(2001), “ A new Hybrid Filter to
Dampen Resonances and Compensate Harmonic Currents in Industrial Power
System With Power Factor Correction Equipment,” IEEE Transaction on Industrial
Electronics, Vol. 16(6), pp. 821-827, Nov. 2001.

Erik, P.,(1992), “ Transient Effects in Application of PWM Inverters to Induction Motors”,
IEEE Transactions on Industry Application, Vol. 28, No. 5, pp. 1095-1101 Sept./
Oct. 1992.

French, C. and Acarnley, P., (1996), “Direct torque control of permanent magnet drives,”
IEEE Transactions on Industrial Applications., Vol. 32 Issue: 5, pp.1080-1088,
Sept./Oct. 1996.

Gulez K., Adam A. A., Pastact H. (2007), “Passive Filter Topology to Minimize Torque
Ripples and Harmonic Noises in IPMSM Derived with HDTC”, IJE-International
Journal of Electronics, Vol. 94, No:1, p.p.23-33, Jan. (2007).



Torque Control of PMSM and Associated Harmonic Ripples 197

Gulez K., Adam A. A,, Pastact H. (2008) “Torque Ripples and EMI Noise Minimization in
PMSM Using Active Filter Topology and Field Oriented Control”, IEEE-
Transactions on Industrial Electronics, Vol. 55, No. 1, Jan. (2008).

Hideaki, F., Takahiro, Y., and Hirofumi, A.,(2000), “A Hybrid active Filter For Damping of
Harmonic Resonance in Industrial Power Systems,” IEEE Transaction on Power
Electronics, Vol. 15 ( 2) , pp. 215-222, Mar. 2000.

Holtz, ]. and Springob, L.,(1996), “Identification and Compensation of Torque Ripple in
High- Precision Permanent Magnet Motor Drives”, IEEE Transactions on Industrial
Electronics, Vol. 43, No. 2, April 1996, pp.309-320

Hugh, R, Juan, D. and Morén, L., (2003), “ Active power filters as a solution to power quality
problems in distribution networks”, IEEE power & energy magazine Sept./Oct.
2003 pp. 32-40

Jahns, T. M. and Soong, W. L., (1996), “Pulsating torque minimization techniques for
permanent magnet AC motor drives - a review,” IEEE Transactions on Industrial
Electronics, vol. 43, no. 2, pp. 321-330, Feb. 1996.

Jeong-seong, K., Shinji, D. and Muneaki, I.,(2002), “Improvement of IPMSM Sensor less
control performance Using Fourier Transform and Repetitive control”, IECON 02
Industrial Electronic Society Conference,5-7 Nov. 2002, IEEE, vol. 1 pp. 597-602

Luukko, J.,(2000), Direct Torque Control of Permanent Magnet Synchronous Machines -
Analysis and Implementation, Diss. Lappeenranta University of Technology,
Lappeenranta, Stockholm, 2000.

Satomi, H., Muneaki, I. and Takamasa, H., (2001), “Vibration Suppression Control Method
for PMSM Utilizing Repetitive Control With Auto-tuning Function and Fourier
Transform” IECON’01: The 27th Annual Conference of IEEE Industrial Electronics
Society, 2001, pp 1673-1679.

Se-Kyo, C., Hyun-Soo, K. and Myun-Joong, Y., (1998),” A new Instantaneous Torque Control
of PM Synchronous Motor for High-Performance Direct-Drive Applications”, IEEE
Transactions on Power Electronics Vol. 13, No. 3.

Springob, L. and Holtz, J., (1998),”High-Bandwidth Current Control for Torque-Ripple
Compensation in PM Synchronous Machines”, IEEE Transactions on Industrial
Electronics, Vol. 45, NO. 5, October 1998, pp.713-721

Takahashi, I. and Naguchi, T.(1998), “A new quick-response and high efficiency control
strategy of an induction motor,” IEEE Transactions on Industrial Applications, vol.
34, No. 6 pp. 1246-1253, Nov./Dec. 1998.

Tan, Z. Y. and Li, M., (2001), ”A Direct Torque Control of Induction Motor Based on Three
Level Inverter” , IEEE, PESC'200, Vol. 2 pp. 1435-1439

Tang, L., Zhong, L., Rahman, M. F. and Hu, Y., (2004), “A Novel Direct Torque Controlled
Interior Permanent Magnet Synchronous Machines Drive with Low Ripple in Flux
and Torque and Fixed Switching Frequency”, IEEE Transactions on Power
Electronics Vol. 19, No. 2, Mar. 2004

Tang, L., Zhong, L, Rahman, M. F,, and Hu, Y., (2001), “ A novel Direct Torque Control for
Interior Permanent Magnet Synchronous Machine Drive System with Low Ripple
In torque and Flux-A Speed Sensor less Approach” IEEE, IAS, 13-18 Oct. 2002, vol.
1, pp.104-111.

Vas, P.,(1996), Electrical Machines and Drives- A Space-Vector Theory Approach, Oxford,
USA, 199%6.



198 Torque Control

Yilmaz, S., David, A. T., and Suhan, R., (2000), “New Inverter Output Filter Topology for

PWM  Motor Drives”, IEEE Transaction on Power Electronics Vol. 15 No 6, pp.
1007-1017, Nov. 2000

Zhong, L., Rahman, M. F,, Hu, W.Y. and Lim, KW., (1997), “Analysis of direct torque
control in permanent magnet synchronous motor drives,” IEEE Transactions. on

Power Electronics, vol. 12 Issue: 3, pp. 528 -536, May 1997.



Part 3

Special Controller Design and Torque Control
of Switched Reluctance Machine






8

Switched Reluctance Motor

Jin-Woo Ahn, Ph.D
Kyungsung University
Korea

1. Introduction

Switched Reluctance Motors (SRM) have inherent advantages such as simple structure with
non winding construction in rotor side, fail safe because of its characteristic which has a
high tolerances, robustness, low cost with no permanent magnet in the structure, and
possible operation in high temperatures or in intense temperature variations. The torque
production in switched reluctance motor comes from the tendency of the rotor poles to align
with the excited stator poles. The operation principle is based on the difference in magnetic
reluctance for magnetic field lines between aligned and unaligned rotor position when a
stator coil is excited, the rotor experiences a force which will pull the rotor to the aligned
position. However, because SRM construction with doubly salient poles and its non-linear
magnetic characteristics, the problems of acoustic noise and torque ripple are more severe
than these of other traditional motors. The torque ripple is an inherent drawback of
switched reluctance motor drives. The causes of the torque ripple include the geometric
structure including doubly salient motor, excitation windings concentrated around the
stator poles and the working modes which are necessity of magnetic saturation in order to
maximize the torque per mass ratio and pulsed magnetic field obtained by feeding
successively the different stator windings. The phase current commutation is the main cause
of the torque ripple.

The torque ripple can be minimized through magnetic circuit design in a motor design stage
or by using torque control techniques. In contrast to rotating field machines, torque control of
switched reluctance machines is not based on model reference control theory, such as field-
oriented control, but is achieved by setting control variables according to calculated or
measured functions. By controlling the torque of the SRM, low torque ripple, noise reduction
or even increasing of the efficiency can be achieved. There are many different types of control
strategy from simple methods to complicated methods. In this book, motor design factors are
not considered and detailed characteristics of each control method are introduced in order to
give the advanced knowledge about torque control method in SRM drive.

1.1 Characteristic of Switched Reluctance Motor

The SRM is an electric machine that converts the reluctance torque into mechanical power.
In the SRM, both the stator and rotor have a structure of salient-pole, which contributes to
produce a high output torque. The torque is produced by the alignment tendency of poles.
The rotor will shift to a position where reluctance is to be minimized and thus the
inductance of the excited winding is maximized. The SRM has a doubly salient structure,
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but there are no windings or permanent magnets on the rotor [Lawrenson, 1980]. The rotor
is basically a piece of steel (and laminations) shaped to form salient poles. So it is the only
motor type with salient poles in both the rotor and stator. As a result of its inherent
simplicity, the SRM promises a reliable and a low-cost variable-speed drive and will
undoubtedly take the place of many drives now using the cage induction, PM and DC
machines in the short future. The number of poles on the SRM’s stator is usually unequal to
the number of the rotor to avoid the possibility of the rotor being in a state where it cannot
produce initial torque, which occurs when all the rotor poles are aligned with the stator
poles. Fig.1 shows a 8/6 SRM with one phase asymmetric inverter. This 4-phase SRM has 8
stator and 6 rotor poles, each phase comprises two coils wound on opposite poles and
connected in series or parallel consisting of a number of electrically separated circuit or
phases. These phase windings can be excited separately or together depending on the
control scheme or converter. Due to the simple motor construction, an SRM requires a
simple converter and it is simple to control.

Inverter : SRM

] (Iu k I
i D, 1 la 0.

Speed Controller Encoder

Y

2 o

—w{ Speed Controller Encoder

Fig. 1. SRM with one phase asymmetric inverter

The aligned position of a phase is defined to be the situation when the stator and rotor poles
of the phase are perfectly aligned with each other (8; — 6,), attaining the minimum
reluctance position and at this position phase inductance is maximum (L,). The phase
inductance decreases gradually as the rotor poles move away from the aligned position in
either direction. When the rotor poles are symmetrically misaligned with the stator poles of
a phase (83 — 6;), the position is said to be the unaligned position and at this position the
phase has minimum inductance (L,). Although the concept of inductance is not valid for a
highly saturated machine like SR motor, the unsaturated aligned and unaligned incremental
inductances are the two key reference positions for the controller. The relationship between
inductance and torque production according to rotor position is shown in Fig. 2.

There are some advantages of an SRM compared with the other motor type. The SRM has a
low rotor inertia and high torque/inertia ratio; the winding losses only appear in the stator
because there is no winding in the rotor side; SRM has rigid structure and absence of
permanent magnets and rotor windings; SRM can be used in extremely high speed
application and the maximum permissible rotor temperature is high, since there are no
permanent magnets and rotor windings [Miller, 1988].
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Fig. 2. (a) Inductance and (b) torque in SRM

Constructions of SRM with no magnets or windings on the rotor also bring some
disadvantage in SRM. Since there is only a single excitation source and because of magnetic
saturation, the power density of reluctance motor is lower than PM motor. The construction
of SRM is shown in Fig. 3. The dependence on magnetic saturation for torque production,
coupled with the effects of fringing fields, and the classical fundamental square wave
excitation result in nonlinear control characteristics for the reluctance motor. The double
saliency construction and the discrete nature of torque production by the independent
phases lead to higher torque ripple compared with other machines. The higher torque
ripple, and the need to recover some energy from the magnetic flux, also cause the ripple
current in the DC supply to be quite large, necessitating a large filter capacitor. The doubly
salient structure of the SRM also causes higher acoustic noise compared with other
machines. The main source of acoustic noise is the radial magnetic force induced. So higher
torque ripple and acoustic noise are the most critical disadvantages of the SRM.

The absence of permanent magnets imposes the burden of excitation on the stator windings
and converter, which increases the converter kVA requirement. Compared with PM
brushless machines, the per unit stator copper losses will be higher, reducing the efficiency
and torque per ampere. However, the maximum speed at constant power is not limited by
the fixed magnet flux as in the PM machine, and, hence, an extended constant power region
of operation is possible in SRM.

The torque-speed characteristics of an SRM are shown in Fig. 4. Based on different speed
ranges, the motor torque generation has been divided into three different regions: constant
torque, constant power and falling power region.
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Fig. 3. The construction of SRM
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Fig. 4. The torque-speed of SRM

The base speed w; is the maximum speed at which maximum current and rated torque can
be achieved at rated voltage. Below wj, the torque can be maintained constant or control the
fat-top phase current. At lower speed, the phase current rises almost instantly after the
phase switches turn-on since the back EMF is small at this time. So it can be set at any
desired level by means of regulators (hysteresis or PWM controller). Therefore, the
adjustment of firing angle and phase current can reduce noise and improve torque ripple or
efficiency.

With speed increase, the back-EMF is increased. An advance turn-on angle is necessary to
reach the desired current level before rotor and stator poles start to overlap. The desired
current level depends on the speed and the load condition. At the same time, since no
current chopping appears during the dwell angle, only the angle control can be used at this
stage. So the torque cannot be kept constant and is falling linearly with the speed increase,
resulting in a constant power production.

In the falling power region, as the speed increases, the turn-on angle cannot be advanced
further. Because torque falls off more rapidly, the constant power cannot be maintained. As
the speed grows, the tail current of the phase winding extends to the negative torque region.
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The tail current may not even drop to zero. In the high speed operation, the continued
conduction of current in the phase winding can increase magnitude of phase current and the
power density can be increased.

1.2 Equivalent circuit of Switched Reluctance Motor

The equivalent circuit for SRM can be consisting of resistance and inductance with some
condition. The effects of magnetic saturation, fringing flux around the pole corners, leakage
flux, and the mutual coupling of phases are not considered. The linear analytical model of
the SRM can be described by three differential equations, which can be classified as the
voltage equation, the motional equation and the electromagnetic torque equation. The
voltage equation is:

dA(8.D)

4 )
An equivalent circuit of the SRM is shown in Fig. 5. Where V is the applied phase voltage to
phase, R is the phase resistance, and e is back-EMF. Ordinarily, e is the function of phase

current and rotor position, and A can be expressed as the product of inductance and winding
current:

V=Ri+

A(6,i) = L(6,i).i ©)
And from (1) and (2), the function can be rewritten as:

dA@) di | dA(Bi) de 3
di dt de dt ()

V=R.i+

Fig. 5. Equivalent circuit of SR motor

For the electromechanical energy conversion, a nonlinear analysis takes account of the
saturation of the magnetic circuit. Generally, the stored magnetic energy is defined as Wt
and the co-energy is defined as V.:

We = [idy 4)

We= [y di 5)

The relationship between energy (W) and co-energy (V) as a function of flux and current
shows in Fig. 6.

When rotor position matches the turn-on position, the phase switches are turned on; the
phase voltage starts to build up phase current. At this time, one part of the input energy will
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Fig. 6. Relationship between energy (W) and co-energy (V)

be stored in magnetic field. With the increasing inductance, the magnetic field energy will
increase until turn-off angle. The other parts of input energy will be converted to mechanical
work and loss. In Fig. 7, the flux of the SR motor operation is not a constant; nevertheless,
uniform variation of the flux is the key point to obtain smoothing torque. Wi is the
mechanical work produced during the magnetization process, in other words, W is co-
energy in energy conversion. F+IV; is magnetic field energy between turn-on and turn-off.
During the derivation of the energy curve and the energy balance, constant supply voltage
Vs and rotor speed @ are assumed.

When rotor position matches the turn-off position, phase switches are turned off. So the
power source will stop to input energy. But magnetic field energy is F+WV; at that moment.
The magnetic field energy needs to be released, and then the phase current starts to
feedback energy to power source. At this time, some of magnetic field energy, which is W,
is converted into mechanical work and loss. The surplus of field energy F is feedback to the
power source.

A Aligned Position

Flux [V.s]

Unaligned Position

Current [A]

Fig. 7. Graphical interpretation of energy and co-energy for SR motor

The analytical answer of the current can be obtained from (3). The electromagnetic torque
equation is:
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_ OWr _ dW'(6+A8)- IW'(6)
Te = 9 A0 ©)

From (6), an analytical solution for the torque can be obtained. W' is the co-energy, which
can be expressed as:

W = [IAdi %)
And the motion equation is:
Te= ]2+ Do +T, (8)
de
w = T (9)

WhereT,, T,, |, ® and D are load the electromagnetic torque, the rotor speed, the rotor
inertia and the friction coefficient respectively.

The equations which have been mentioned above, can be combined together to build the
simulation model for a SRM system. However, the function of inductance needs to be
obtained by using a finite element method or by doing experiments with a prototype motor.

1.3 Torque control in Switch Reluctance Motor

The torque in SRM is generated toward the direction that the reluctance being to minimized.
The magnitude of torque generated in each phase is proportional to the square of the phase
current which controlled by the converter or drive circuit, and the torque control scheme.
The drive circuit and torque control scheme directly affected to the performance and
characteristic of the SRM. Many different topologies have emerged with a reduced number
of power switch, faster excitation, faster demagnetization, high efficiency, high power factor
and high power through continued research. Conventionally, there has always been a trade-
off between gaining some of the advantages and losing some with each new topology.

The torque is proportional to the square of current and the slope of inductance. Since the
torque is proportional to the square of current, it can be generated regardless of the direction
of the current. And also because the polarity of torque is changed due to the slope of
inductance, a negative torque zone is formed according to the rotor position. To have a
motoring torque, switching excitation must be synchronized with the rotor position angle.
As shown in Fig. 8, an inductance profile is classified into three regions,
increasing (Omin1~ Omax1), constant (6,51 ~Omax2) and decreasing (0,452 ~ Ominz) period.
If a constant exciting current flows through the phase winding, a positive torque is
generated. When that is operated in inductance increasing period (0,in1~0max2) and vice-
versa in inductance decreasing (8,452 ~0minz2)-

In the case of a constant excitation, it cannot be generated any torque, because a positive
torque and negative one are canceled out, and the shaft torque becomes zero. As a result, to
achieve an effective rotating power, switching excitation must be synchronized with the
inductance profile. In order to derive the phase current from (3), exact information about the
inductance profile of the SRM is essential. In (10), the first term of the right side is voltage
drops of winding resistance, the second term is the voltage drop of reactance and the last
term is both the emf (electromotive magnetic force) and the mechanical output.

dL(8,0) ~ dit)
—5 @+ L£(6,D (10)

V =Ri+i(t) -



208 Torque Control

)
o
E Negative Negative
3 Torque Torque
E L
£ u
1 L 1 1 - 0
eminl 0 maxi 0max2 gminZ 9 minl
(a) Inductance profile
A
Positive Negative Positive Negative
Torque Torque Torque Torque
>0

(b) Torque zone
Fig. 8. (a)Inductance profile and (b) Torque zone

where, w is the angular speed of the rotor.
In (10), the second in the right side can be considered as the back-emf; therefore, this term is
expressed as:

_dLOD) oy
= wi(t) = Kwi(t) (11)
)
where, K = —¢ (12)

As shown in (11), the back-emf equals to that of the DC motor. And also torque equation in
(12) is equivalent with that of the DC series motor; therefore, the speed-torque of the
magnetic energy in SRM is different from that of a mutual torque machine. And it operates
more saturated level. The field energy in the magnetization curve is shown in Fig. 9.

A
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Aligned ~a / / % T —
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Fig. 9. Magnetizing curve and flux-linkage curve of SRM
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It shows the magnetization curves from an aligned to an unaligned position. In SRM design,
when poles of a rotor and a stator are aligned, the other phases are unaligned. In an aligned
position, it has a maximum inductance with magnetically saturated easily. On the other
hand, in an unaligned position it has a minimum inductance. As magnetic saturation is
proportional to a rotor position, the magnetization curve according to the rotor position is
an important factor to investigate the motor characteristics and to calculate the output
power. The torque produced by a motor can be obtained by considering the energy
variation. The generated torque is as:

d !
T= [%]i:const. (13)

where, w' means the co-energy, and it is given as:

W' = [IAdi (14)

Under a constant phase current as shown in Fig. 10, when the rotor and total flux linkage are
shifted from A to B, the SRM exchanges energy with the power source; thus, the stored field
energy is also changed. The limitation to a constant current is that mechanical work done
during the shifting region is exactly equal to the variation of co-energy. At a constant
current, if the displacement between A and B is AB, the variation of energy received from
the source can be expressed as:

AW, = ABCD (15)

AW, = OBC — OAD (16)

Then the mechanical work can be written as:

AW,,, = TAB = AW, — AW, = OAB (17)

(@

AW

0 i

Fig. 10. Calculation of instant torque by the variation of co-energy at constant current

The above equation just shows the instantaneous mechanical output; therefore, in order to
understand the characteristics of the motor, the average torque generated during an energy
conversion cycle may be considered. The mechanical output is expressed as an area in an
energy conversion curve (i-A graph), the processes are separated with two stages as shown
in Fig. 11.
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Fig. 11. Average torque (Energy conversion loop)

The total flux linkage is increased with phase current and inductance. Its operating area (i, A)
follows the curve between 0 and C as shown in Fig. 11(a). When the total flux linkage exists
at point C, the mechanical work and stored energy between 0 and C becomes W,,; and Ws,
respectively. Therefore, the total energy received from the source is summed up the
mechanical work and the stored energy. On the other hand, when the demagnetizing
voltage is applied at the point C, terminal voltage becomes negative; then current flows to
the source through the diode. Its area follows the curve between C and 0 in Fig. 11(b).
During process, some of the stored energy in SRM are appeared as a mechanical power;.
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During the energy conversion, the ratio of supply and recovered energy considerably affects
to the efficiency of energy conversion. To augment the conversion efficiency, the motor must
be controlled toward to increase the ratio. Lawrenson [Lawrenson,1980]] proposed the
energy ratio E that explains the usage ability of the intrinsic energy.

R=Wy =W — Wy, (19)

The energy ratio is similar to the power factor in AC machines. However, because this is
more general concept, it is not sufficient to investigate the energy flowing in AC machines.
The larger energy conversion ratio resulted in decreasing a reactive power, which improves
efficiency of the motor. In a general SRM control method, the energy conversion ratio is
approximately 0.6 - 0.7.

w

= Win (20)

In conventional switching angle control for an SRM, the switching frequency is determined
by the number of stator and rotor poles.

fo = % pspr[Hz] (21)

The general switching angle control has three modes, ie., flat-topped current build-up,
excitation or magnetizing, and demagnetizing. Each equivalent circuit is illustrated in Fig. 12.

(@) (b)

Fig. 12. Equivalent circuits when general switching angle control
(a) build-up mode (b) excitation mode (c) demagnetizing mode

Fig. 12(a) is a build-up mode for flat-topped current before inductance increasing. This
mode starts at minimum inductance region. During this mode, there is no inductance
variation; therefore, it can be considered as a simple RL circuit that has no back-emf. Fig.
12(b) shows an equivalent circuit at a magnetizing mode. In this mode, torque is generated
from the built-up current. Most of mechanical torque is generated during this mode. A
demagnetizing mode is shown in Fig. 12(c). During this mode, a negative voltage is applied
to demagnetize the magnetic circuit not to generate a negative torque.

An additional freewheeling mode shown in Fig.13 is added to achieve a near unity energy
conversion ratio. This is very effective under a light-load. By employing this mode, the
energy stored is not returned to the source but converted to a mechanical power that is
multiplication of phase current and back-emf. This means that the phase current is
decreased by the back-emf.
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Fig. 13. Equivalent circuit of additional wheeling mode supplemented to conventional

If the increasing period of inductance is sufficiently large compared with the additional
mode, the stored field energy in inductance can be entirely converted into a mechanical
energy; then the energy conversion ratio becomes near unity.

1.4 Power converter for Switched Reluctance Motor

The selection of converter topology for a certain application is an important issue. Basically,

the SRM converter has some requirements, such as:

e Each phase of the SR motor should be able to conduct independently of the other
phases. It means that one phase has at least one switch for motor operation.

e The converter should be able to demagnetize the phase before it steps into the
regenerating region. If the machine is operating as a motor, it should be able to excite
the phase before it enters the generating region.

In order to improve the performance, such as higher efficiency, faster excitation time, fast

demagnetization, high power, fault tolerance etc.,, the converter must satisfy some

additional requirements. Some of these requirements are listed below.

Additional Requirements:

e  The converter should be able to allow phase overlap control.

e  The converter should be able to utilize the demagnetization energy from the outgoing
phase in a useful way by either feeding it back to the source (DC-link capacitor) or
using it in the incoming phase.

e In order to make the commutation period small the converter should generate a
sufficiently high negative voltage for the outgoing phase to reduce demagnetization
time.

e The converter should be able freewheel during the chopping period to reduce the
switching frequency. So the switching loss and hysteresis loss may be reduced.

e  The converter should be able to support high positive excitation voltage for building up
a higher phase current, which may improve the output power of motor.

e The converter should have resonant circuit to apply zero-voltage or zero-current
switching for reducing switching loss.

1.4.1 Basic Components of SR Converter
The block diagram of a conventional SRM converter is shown in Fig. 14. It can be divided
into: utility, AC/DC converter, capacitor network, DC/DC power converter and SR motor.
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Capacitor
Utility AC/DC Network DC/DC Motor

Fig. 14. Component block diagram of conventional SR drive

The converter for SRM drive is regarded as three parts: the utility interface, the front-end
circuit and the power converter as shown in Fig. 15. The front-end and the power converter
are called as SR converter.

SR Converter
Fig. 15. Modules of SR Drive

Rectifier Rectifier

+
D, 1 I/dcl _ripple

Vdc _ripple

de2 _ripple D4
(a) Voltage doubler rectifier (b) 1-phase diode bridge rectifier
Half Controlled Rectifier Full Controlled Rectifier

I/dc _ripple

Okd Vi e @ >

(c) Half controlled rectifier (d) Full controlled rectifier
Fig. 16. Utility interface
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A. Utility Interface

The main function of utility interface is to rectify AC to DC voltage. The line current input
from the source needs to be sinusoidal and in phase with the AC source voltage. The
AC/DC rectifier provides the DC bus for DC/DC converter. The basic, the voltage doubler
and the diode bridge rectifier are popular for use in SR drives.

B. Front-end circuit

Due to the high voltage ripple of rectifier output, a large capacitor is connected as a filter on
the DC-link side in the voltage source power converter. This capacitor gets charged to a
value close to the peak of the AC input voltage. As a result, the voltage ripple is reduced to
an acceptable valve, if the smoothing capacitor is big enough. However, during heavy load
conditions, a higher voltage ripple appears with two times the line frequency. For the SR
drive, another important function is that the capacitor should store the circulating energy
when the phase winding returned to.

— Single Capacitor

— Two Capacitor in series
Pure Capacitor —— Two Capacitor in Parallel
— Split de-link

—— Doubler dc-link voltage

- Passive type
Ea [~ Series type
% Capacitor with diode —— Parallel type
Iy |_ Series - Parallel type
H —
-g [ Series - Parallel active type 1
¥ Connected dc-link —]
= . .
< . — Series - Parallel active type 2
& L Adctive type P
—— Series type
Separated dc-link 1 p, 116l type

— Series - Parallel active type 3

Fig. 17. Classification of capacitive type front-end topology

To improve performance of the SR drive, one or more power components are added. In this
discussion, two capacitors networks are considered and no inductance in the front-end for
reasonable implementation. Two types of capacitor network are introduced below: a two
capacitors network with diodes and two capacitors with an active switch. The maximum
boost voltage reaches two times the DC-link voltage.

The two capacitors network with diodes, which is a passive type circuit, is shown in Fig. 19.
The output voltages of the series and parallel type front-ends are not controlled. Detailed
characteristics are analyzed in Table 1.
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(d) Split de-link

Fig. 18. Pure capacitor network

d

(a) Series type

(b) Two cap. in series

b

(b) Parallel type

Fig. 19. Two capacitors network with diodes

b

) |

b

¢) Series-parallel type

Type Series | Parallel | Series-parallel
No. of Capacitor 2 2 2
No. of Diode 1 1 3
Vboost VatVe | Ve Vat+Ve
Ve Vpc Vbe Ve
Spec. Boost Capacitor Vbe Vboost Vbc
Spec. Diode Vpc Vbc Vbe

Table 1. Characteristics of two capacitor network with diodes

The active type of the two capacitors network connected to the DC-link, which is a two
output terminal active boost circuit, is shown in Fig. 20 and Table 2.
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(a) Series-parallel active type 1

(b) Series-parallel active type 2

Fig. 20. Active type of two capacitors network connected to DC-link

Type Series-parallel 1 | Series-parallel 2
No. of Capacitor 2 2
No. of Switch 1 1
No. of Diode 2 3
Vioost VatVe Vo
Viemag - (VatVe) -(VatVe)
Dc-link Vbc Vbc
Spec. Boost Capacitor Vbe Vboost
Spec. Diode Vbc Vbc

Table 2. Characteristics of active type of two capacitors connected to DC-link

The active type of two capacitors network separated to DC-link is shown in Fig. 21 and

Table 3.
a | D, 4
QIJ
a -4 [ e
C]W‘
(g T¢
b d b d
(a) Series type (b) Parallel type

0.

o

L2y

(c) Series-parallel active type3

Fig. 21. Active type of two capacitors network separated to DC-link
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Type Series Parallel | Series-parallel type 3

No. of Capacitor 2 2 2

No. of Switch 1 1 1

No. of Diode 1 1 3

Vboost Vat+Ve Ve Ve

Vdemag -(Vat+Ve) | -V -(Va+Ve)

Vic Ve Ve Vbc

Spec. Capacitor Vbe Vboost Vo

Spec. Diode Vbe Vbc Ve

Table 3. Characteristics of active type of two capacitors separated to DC-link
C. Power converter

The power circuit topology is shown in Fig. 22 and Table 4. In this figure, five types of DC-
DC converter are shown.

a
D
c
A
ol
b
(a) One switch (b) Asymmetric

RIS Yl

i

(d) Full bridge (e) Shared switch

Fig. 22. Active type of two capacitors network separated to DC-link



218 Torque Control

Type One switch | Asymetric |Bi-directional| Full bridge | Shared switch
No. Switch 1 2 2 4 3
No. Diode. 1 2 0 0 3
No. Phase 1 1 1 1 2
VExcitation Ve Ve Vac/2 Ve Ve
VDemagnetitation Ve Ve Vie/2 Ve Ve
Current Direction Uni. Uni. Bi. Uni. Uni.

Table 4. Comparison of 5 types of DC/DC converter topology

1.4.2 Classification of SR converter

One of the well-known classifications of SRM converters only considering the number of
power switches and diodes is introduced [miller,1990]. Different from the classification, a
novel classification, which focuses on the characteristics of converters, is proposed in
[Krishnan,2001].

A. SR converter by phase switch

The classification of power converter focuses on the number of power switches and diodes.
These options have given way to power converter topologies with q, (q+1), 1.5q, and 2q
switch topologies, where q is the number of motor phases. These configurations are
classified and listed in Fig. 23 for easy reference. A two-stage power converter configuration
which does not fit this categorization based on the number of machine phases is also
included.
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— Boost with asymmetric converter

SR converter classification by phase switch

'— Buck-boost with asymmetric converter

Two-stage power
converter

Fig. 23. SR converter classification by phase switch
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All the converter topologies, except the two-stage power converter, assume that a DC
voltage source is available for their inputs. This DC source may be from batteries or most
usually a rectified AC supply with a filter to provide a stable DC input voltage to the SR
converters.

Even though it is easy with the classification to find the number of semiconductors and the
cost by counting the number of active components, it does not show important
characteristics of a power converter, and the voltage ratings for the power switches and
diodes are difficult to consider.

B. SR converter by commutation

Different converters which have the same number of switches may obtain different
performance and characteristics. From this point of view, such a classification is not useful
for finding the characteristic of an SRM converter.

The three types in the classification were presented as: extra commutation, half bridge and
self commutation. In the extra commutation circuit, the capacitive, the magnetic and
dissipative circuit is included. However, the distinction between three types in the
classification is not clearly defined. Conventionally, the half bridge and the self
commutation circuit also need a large capacitor in the front-end. They could also be
classified as capacitive circuit. Moreover, the characteristic of circuits which contain one or
more inductances is not shown in the classification.
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Fig. 24. SR converter configuration by commutation type

An SR converter configuration by commutation type is shows in Fig. 24. Based on the
commutation type of the most of the returned or dissipated stored magnetic energy, the four
major sorts are classified: dissipative, magnetic, resonant and capacitive type. Because the
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capacitive type is focused in this discussion, the capacitive converter category is split into
several subclasses. The concepts for passive and active converters are introduced. The
distinction between active and passive is determined by whether they include a controllable
power switch or not.

1. Dissipative converter

The dissipative type dissipates some or all of the stored magnetic energy using a phase
resistor, an external resistor or both of them. The remaining energy is transformed to
mechanical energy. Therefore, none of the stored magnetic energy in the phase winding is
returned to DC-link capacitor or source. The advantage of this type of converter is that it is
simple; a low cost and has a low count of semiconductor components.

V]

(a) R-dump (b) Zener-dump
Fig. 25. Two types of dissipative SR converter

2. Magnetic converter

The magnetic type is where the stored magnetic energy is transferred to a closely coupled
second winding. Of course, that energy could be stored in DC-link capacitor or used to
energize the incoming phase for multi-phase motors or use special auxiliary winding. The
major advantage is a simple topology. The one switch per phase power circuit can be used.
However, the potential rate of change of current is very high due to the stored magnetic
energy is recovered by a magnetic manner. And the coupled magnetic phase winding which
should be manufactured increases the weight of copper and cost of motor. Moreover, the
power density of the motor is lower than that of the conventional ones.

(a) Bifilar (b) Single controllable switch
Fig. 26. Two types of magnetic SR converter

3. Resonant converter

The resonant type has one or more external inductances for buck, boost or resonant
purposes. Conventionally, the inductance, the diode and the power switch are designed as a
snubber circuit. So, the dump voltage can be easily controlled, and the low voltage is easy to
boost. In a special case, an inductance is used to construct a resonant converter. The major
advantage is that the voltage of phase winding can be regulated by a snubber circuit.
However, adding an inductance increases the size and cost of converter. The other
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additional components also increase the cost of converter. Three types of resonant type are
shown in Fig. 27. All of them use a snubber circuit, which is composed by a power switch, a
diode and an inductance.

(b) Boost (c) High
demagnetization

Fig. 27. Three types of resonant SR converter

4. Capacitive converter

The magnetic energy in the capacitive converters is fed directly back to the boost capacitor,
the DC-link capacitor or both of the capacitors. Compared to the dissipative, magnetic, and
resonant converters, one component is added in the main circuit. So, this component will
increase the loss of the converter. Different from the other converters, the stored magnetic
energy can easily be fed back using only the inductance of phase winding. Although the
capacitor has an equivalent series resistance (ESR), the loss of ESR is lower than that of other
converters. Therefore, the capacitive converter is more effective for use in SR drive.
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Fig. 28. Classification of capacitive SR converter
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29. Single capacitor type in capacitive SR converter

capacitive converter can be divided two sorts: single capacitor and multi-capacitor type.
Single-capacitor converter

Single-capacitor converters have simple structure, which makes them very popular.
Four single capacitor types are shown in Fig. 29. One capacitive converter has as a
simple front-end as shown in Fig. 29(a)-(c). This capacitor should be large enough to
remove the voltage ripple of the rectifier and store the magnetic energy. Since the DC-
link capacitor voltage is uncontrollable during charging and discharging, this type of
converter is defined as a passive converter. The modified C-dump converter is shown
in Fig. 29(d). In this converter, the boost capacitor only stores the recovered energy to
build up a boost voltage. Unfortunately, one power switch should be placed in front of
the boost capacitor to control the voltage. Because the boost capacitor does not reduce
the DC-link voltage from the rectifier, the fluctuating DC-link voltage is input directly
to the phase winding. The boost capacitor has only to be big enough for the stored
magnetic energy, so the size of this capacitor is smaller than that of conventional DC-
link capacitor. The Single capacitor in capacitive converters simplifies the construction
of the converter. However, the input voltage for the phase winding is kept fixed by the
DC-link capacitor. If only a boost capacitor is used, the DC-link voltage is fluctuating,
and one power switch is added to control the boost voltage. This extra switch may
increase the cost of converter.

Multi-capacitor converter

Multi-capacitor converters include two or more capacitors in the converter topology to
obtain boost voltage. Extra capacitors may make the topology of converter more
complex. In this discussion, different converter topologies, which include two
capacitors, are considered. The different types of passive type front-ends are shown in
Fig. 30. The passive converter with two capacitors in parallel type is in Fig. 30(a). Due to
the direction of diode, the stored magnetic energy is only feed back to the boost
capacitor. The maximum boost voltage can be obtained by a suitable size of the
capacitor. Because the discharge of the boost capacitor is not controllable in the passive
converter, the voltage of the boost capacitor is changed by the stored magnetic energy
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during different operating condition. When the phase switch is turned on, the voltage
of the boost capacitor may fall very fast until the voltage reaches the DC-link voltage.
Due to the non-linear characteristic of the SR motor, it is difficult to estimate advance
angle or turn-on angle.

A passive converter with two capacitors in series is shown in Fig. 30(b). The stored
magnetic energy charges the two capacitors in series. So, a part of the energy is stored
in the boost capacitor to build up a boost voltage. It has the same advantage as for the
parallel passive converter. However, the voltage rating of the boost capacitor is less
than that of the parallel converter.

Cix

(a) Parallel type

\ I
;

(c) Series-parallel type
Fig. 30. Passive boost converter with two capacitors

Another passive converter of two capacitors in series-parallel type is in Fig. 30(c). This
converter is made of rectifier, the passive boost circuit and an asymmetric converter. The
excitation voltage is the DC-link voltage, but the demagnetization voltage is twice of DC-
link voltage. The high demagnetization voltage can reduce the tail current and negative
torque; it could also extend the dwell angle to increase the output.

(a) Split de-link type (b) Doublers dc-link voltage type
Fig. 31. other passive SR converter with series capacitor type

Other passive SR converter with two series capacitors is shown in Fig. 31. The front-end and
DC-DC converter are same, but the bridge rectifier and the voltage doubling rectifier are
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connected. The split DC-link converter is shown in Fig. 31(a). The phase voltage of this
converter is a half of DC-link voltage. The double dc-link voltage converter is shown in Fig.
31(b). The phase voltage is same to DC-link voltage. The main advantage of these two
converters is that one switch and one diode per phase is used. However, the voltage rating
of power switch and diode is the twice the input excitation voltage.

The active boost converter with two capacitors connected in parallel is shown in Fig. 32. The
four active boost converters with two capacitors connected in parallel are introduced. To
handle the charging of the capacitor in the beginning of the conduction period, one diode is
needed to series or parallel with the power switch to protect the power switch. When
parallel type 1 and 2 are used with the asymmetric converter, the maximum voltage rating
of the power diode and the switch is the same as the desired boost voltage. While the diode
is connected to the power switch, the boost capacitor is only charged by the stored magnetic
energy. In the beginning, the voltage of the boost capacitor is increased from 0 to the desired
value. For the parallel converter of type 2, a diode in parallel with the power switch is used,
so the boost capacitor can be charged by the DC-link capacitor. Parallel converters of type 3
and 4 which belong to capacitor dump converters are shown in Fig. 32(c) and (d). If the
demagnetization voltage is required to be the same to DC-link, the voltage rating of power
diode and switch is at least twice of DC-link voltage.

(c) Parallel type 3 (d) Parallel types 4
Fig. 32. Active boost converter with two capacitors connected in parallel

An active boost converter with two series connected capacitors is in Fig. 33(a). The stored
magnetic energy charges the two series connected capacitors, so the boost voltage can be
built up in the boost capacitor. The power switch Qcq is used to control the boost voltage of
the boost capacitor.
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(a) Series capacitor type (b) Series-parallel capacitor type

Fig. 33. Active boost converter

An active boost converter with a series-parallel connection of the two capacitors is shown in
Fig. 33(b). The active capacitor circuit added to the front-end consists of three diodes and
one capacitor. This circuit combines a series-connected and a parallel-connected structure of
two capacitors. Based on this active boost capacitor network, the two capacitors can be
connected in series or parallel during different modes of operation. The operation mode of
whole converter is presented in [Khrishnan,2001]. The fast excitation and demagnetization is
easily obtained from the two series-connected capacitors. The stable voltage achieved with
the two parallel-connected capacitors.

4 types of converter are compared in Table. 5. The converter with two capacitors connected
in series or the converter with two capacitors connected in parallel may obtain a higher
boost voltage than the series-parallel converter. However, an increased boost voltage may
increase the cost of the converter. Since the series-parallel converter can limit the maximum
voltage to twice the DC-link voltage, it is more stable and controllable.

Asymmetric 2-capacitor in| 2-capacitor in | 2-capacitor in
series type | parallel type | series-parallel
Vmax Vdc o/2Vdc o0/2Vdc 2Vdc
Vcontrol No Yes Yes optional
VC1_rate Vdc Vdc Vdc Vdc
VC2_rate Vdc wo/Vdc w/2Vdc Vdc
No.Switch 2 3 3 3
No. Diode 2 3 3 4
Stability Good Normal Normal Good

Table 5. Comparison of 2-capacitor types

2. Torque control strategy

2.1 Angle control method

The switched reluctance drive is known to provide good adjustable speed characteristics
with high efficiency. However, higher torque ripple and lack of the precise speed control are
drawbacks of this machine. These problems lie in the fact that SR drive is not operated with
an mmf current specified for dwell angle and input voltage. To have precise speed control
with a high efficiency drive, SR drive has to control the dwell angle and input voltage
instantaneously. The advance angle in the dwell angle control is adjusted to have high
efficiency drive through efficiency test.
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2.1.1 Switching angle control method

In SRM drive, it is important to synchronize the stator phase excitation with the rotor
position; therefore, the information about rotor position is an essential for the proper
switching operation. By synchronizing the appropriate rotor position with the exiting
current in one phase; the optimal efficiency of SRM can be achieved. In this part various
types of switching angle control method to achieve the optimal efficiency will be discussed.

A. Fixed angle switching method

Current source is a proper type to excite an SRM for its good feature of electromagnetic
characteristics because it produces rectangular or flat-topped current and it is easy to control
the torque production period. Therefore, it is considered as an ideal excitation method for
switched reluctance machine but difficult and expensive to realize it.

To produce similar current shapes in voltage source, it is needed to regulate the supply
voltage in the variable reluctance conditions. Usually PWM or chopper technique is used for
this propose. But it is complex in its control circuit and increases loss. The other technique
which is more simply in control is excitation voltage to form a flat-topped current by using
fixed switching angle at various operation conditions. Fig. 34 shows excitation scheme with
fixed switching angle control method.

i : Driving
H Constant H

AC oBsCan H Inverter
—— Current

Controller

AC Variable
DC Driving
—> —| Inverter |~

Fig. 34. Excitation scheme with fixed switching angle control method

In the fixed angle switching method, the turn-on angle and the turn-off angle of the main
switches in the power converter are fixed; the triggering signals of the main switches are
modulated by the PWM signal. The average voltage of phase winding could be adjusted by
regulating the duty ratio of the PWM signal. So the output torque and the rotor speed of the
motor are adjustable by regulating the phase winding average voltage.

Constant voltage source with current controller is substituted with variable voltage source
to make the current flat-topped. Voltage equation of SRM for a phase is shown in (3). If
winding resistance and magnetic saturation are ignored, an applied voltage to form a flat-
topped current in the torque developed region is

V, = Kl,w (22)

Where V. is amplitude of voltage, Kis dL/d#, I, is required current to balance load torque a,
and w is angular velocity. If magnetic saturation is considered, this equation is to be
modified as
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V' = oKl w (23)

Where o is saturation factor. To calculate proper excitation voltage and switching angle for
flat-topped current, let consider phase voltage and current as shown in Fig. 35. 6,, and
0off are switching-on and switching-off angle, respectively. Phase current reaches to the
desired value of current, I, at 65, and become flat-topped current by this scheme, and the
current decrease rapidly by reversing the applied voltage. 6, is to be set in order to
prevent the generation of negative torque. It can be divided into 3 regions to calculate the
angles and voltages. In Region I and III, switching-on and switching-off angles are
determined respectively. And in Region II, proper excitation voltage is calculated.

A > I i
Ic -1 -2
K
Inductance
’—
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K__ current
L, /
g T >
on off V1 2
<t
-V

Fig. 35. Flat-topped phase current

e Regionl:6,, < 6 < 6 (switching-on angle determination )
By is determined in this region. It is to ensure that current is to be settled to the desired
value at 6;. In this region, voltage equation becomes (24).

Ves =Ri+ L, & (24)

Where L,, is the minimum value of the inductance.
Required time, t; to build up a phase current from 0 to I, which is the current to balance
load torque, is derived from (23) and (24).
85— Bon Ly R
ty= =——==—2In(1- ——) (25)

&) oKw

Therefore, 6,,, is

O In (1 - —) (26)

O, = 05 —
on s R oKw

0oy is affected merely by saturation factor and not by speed variation except the range
where speed is very low. Therefore, it can be fixed at the center of variation range of
switching-on and compensate current build-up via applied voltage regulation for simple
control.

e Regionlll: 6,;f <0 < 6, (Switching-off angle determination )



228 Torque Control

In this region, applied voltage must be reversed to accelerate current decay. It is divided
into two sub-regions:
e Sub-region III-1
Voltage and current equation are as follows.

~Ves =Ri+LJ+ oKowi 27)

oKw
i=I.(2e 1 =1 (28)
These equations are effective only during 6, < 6 < 6,
e  Sub-region III-2
In this region, the inductance has its maximum value Lgj and is constant. So,
current is

i= ey, (29)
Laj

Where I is the current value at ;. This equation is effective during §; < 6 < 0,.
B. Advance angle control method

The SRM is controlled by input voltage, switch-on and switch-off angle. Switch-on and
switch-off angle regulate the magnitude and shape of the current waveform. Also it results
in affecting the magnitude and shape of the torque developed. To build up the current
effectively with a voltage source, an advance switching before the poles meet is needed. The
switch-on angle is one of the main factors to control the build-up currents. Therefore, this
angle is controlled precisely to get optimal driving characteristics.

Speed S
Current Torque peed
error > transducer
Reference
spee
SR controller SR Motor Load :l—
Speed

Fig. 36. Block diagram of advance angle control with feedback signal

In the real control system, control of advance angle which is controlled by variable load
condition can be realized by simple feedback circuit using detecting load current. The block
diagram of the advance angle control with a feedback signal shows in Fig.36.

The regulation of speed-torque characteristics of SRM drive is achieved by controlling
advance angle and applied voltage. The advance angle is regulated to come up with the load
variation in cooperation with the applied voltage.

The signal from the control loops is translated into individual current reference signal for
each phase. The torque is controlled by regulating these currents. The feedback signal which
is proportional to the phase detector is used to regulate the instantaneous applied voltage.
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Variation relationship of torque with current or torque with rotor position must be
compensated in the feed forward torque control algorithm. The relation between torques
and current of a phase is shown in Fig. 37.
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Fig. 37. Advance angle control
C. Switching-off angle control method

Control method of switch-off angle is introduced for variable load. The switching angle
control method is based on two command signals for switching-on and switching-off angle
independently. According to the motor speed and load condition, a proper switching-on
angle 6, is set at the cross point of negative slope of the sensor signal and the switching-on

command signal V,, is

0,, = [1—;&](90— 9,)+ 6, (30)

max

The maximum switching-on angle is in the minimum inductance region. So, a fast build up
of current is possible at the rated load. The minimum switching-on angle is in the increasing
region of inductance. Therefore a smooth build up of current is possible at a light load with
a smooth torque production. Similarly, the delay angle 6, is set at the cross point of

positive slope of the signal and the switching off command signal V, as
V.

O = —L

off %

max

(6,- &)+ 6, (31)
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In addition, the dwell angle is the interval of switching-on and switching-off angles, which
takes the form

Hdwell = eojf - eon (32)

There are two types of control switch-off angle, one is constant torque angle ( &y ) control
and the other is constant dwell angle (6p,,) control.

1. Constant torque angle control

Torque angle is the angle between the increasing of inductance to the switching-off angle.
This control method is fixed the turn-off angle and turn-on angle is tuned for a fluctuation of
speed and load by constant torque angle control method. The fluctuation of efficiency is
small until rated power, but if the turn-on angle moves toward for an increase torque, even
in the region of decreasing inductance, the current will flow and negative torque will be
produced. Thus, the efficiency becomes reduced. Therefore, it is needed to find a proper
position of turn-on angle and the phase current which determined by constant torque angle
control method.
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— — — Inductance
6w = constant
-——————n — — — Lmax
~
N
[
= o
[«b] c
= 3
> o
o >
©
£
F—— Bw — Lmin
le-le]
0 Bon Omin Bofr Omax

Rotor angular position
Fig. 38. Constant torque angle control

2. Constant dwell angle control

The constant dwell angle method controls the turn-on or turn-off angle by keep constant
dwell angle (6p,,) for speed or output control. When turn-on angle is moved to keep the
constant speed, effect of negative torque is regardless of speed and load. But because of the
limits of rated power, it can be unstable to drive on overload. This method makes a control
system simple and easy to avoid negative torque in the switching-off region. Fig. 39 shows
the relation between current and rotor position in constant dwell angle (8p,,) control.

2.1.2 Single pulse control method

Torque production in SRM is not constant and it must be established from zero at every
stroke. Each phase must be energized at the turn-on angle and switched off at the turn-off
angle. In the low speed range, the torque is limited only by the current, which is regulated
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either by voltage-PWM or by instantaneous current. As the speed increases the back-EMF
increases too, and there is insufficient voltage available to regulate the current; the torque
can be controlled only by the timing of the current pulse. This control mode is called single-
pulse mode.
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Fig. 39. Constant dwell angle ( 6,,,) control

In single pulse operation the power supply is kept switched on during the dwell angle and
is switched off at the phase commutation angle. As there is no control of the current and a
sharp increase of current, the amount of time available to get the desired current is short.
Typically, single pulse operation is used at high mechanical speed with respect to the turn-
on angle determined as a function of speed. Fig.40 shows the phase current in high speed

region using an asymmetric converter. As shown in Fig. 40, SR drive is excited at §6,,
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Fig. 40. Build-up of phase current in high speed region
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position advanced as 8,4, than the start point of positive torque region 6; in order to
establish the sufficient torque current. The desired phase current shown as dash line in Fig.
40 is demagnetized at 6,7 , and decreased as zero before the starting point of negative
torque region 6, to avoid negative torque.

In order to secure enough time to build-up the desire phase current iz, the advance angle
044y can be adjusted according to motor speed w,,. From the voltage equations of SRM, the
proper advance angle can be calculated by the current rising time as follows regardless of
phase resistance at the turn-on position.

At = L(6,). Loes (33)

i
Vabes
Where, i;;.s denotes the desired phase current of current controller and V., is the terminal

voltage of each phase windings. And the advance angle is determined by motor speed and
(33) as follow

iy = W - At (34)

As speed increase, the advance angle is to be larger and turn-on position may be advanced
not to develop a negative torque. At the fixed turn-on position, the actual phase current
denoted as solid line could not reach the desire value in high speed region as shown in Fig.
40. Consequently, the SRM cannot produce sufficient output torque. At the high speed
region, turn-on and turn-off position are fixed and driving speed is changed. To overcome
this problem, high excitation terminal voltage is required during turn-on region from 6,,
to 6.

2.1.3 Dynamic angle control method

The dynamic angle control scheme is similar to power angle control in synchronous
machine. When an SRM is driven in a steady-state condition, traces such as shown in Fig.
41(a) are produced. The switch-off instant is fixed at a preset rotor position. This may
readily be done by a shaft mounted encoder. If the load is decreased, the motor is
accelerated almost instantaneously. The pulse signal from a rotor encoder is advanced by
this acceleration. This effect will reduce switch-off interval until the load torque and the
developed torque balances [Ahn,1995]. Fig. 41(b) shows this action. On the contrary, if load
is increased, the rotor will be decelerated and the switch-off instant will be delayed. The
effect results in increasing the developed torque. Fig. 41(c) shows the regulating process of
the dwell angle at this moment.

The principle of dynamic dwell angle is similar to PLL control. The function of the PLL in
this control is to adjust the dwell angle for precise speed control. The phase detector in the
PLL loop detects load variation and regulates the dwell angle by compares a reference
signal (input) with a feedback signal (output) and locks its phase difference to be constant.
Fig. 42 shows the block diagram of PLL in SR drive. It has a phase comparator, loop filter,
and SRM drive.

The reference signal is a speed command and used for the switch-on signal. The output of
the phase detector is used to control voltage through the loop filter. The switching inverter
regulates switching angles. The output of phase detector is made by phase difference
between reference signal and the signal of rotor encoder. It is affected by load variations.
The dwell angle is similar to phase difference in a phase detector. To apply dynamic angle
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control in an SR drive system, a reference frequency signals are used to switch-on, and the
rotor encoder signal is used to switch-off similar to the function of a phase detector. The
switch-off angle is fixed by the position of the rotor encoder. Therefore, the rotor encoder
signal is delayed as load torque increased. This result is an increase of advance angle and
initial phase current.

=— Dwell angle —

Dwell angle

®011 ‘eoff

Dwell angle

Rotor position, O

Fig. 41. Regulation of dwell angle according to load variation.
(a) steady-state. (b) load decreased. (c) load increased.
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Fig. 42. Block diagram of PLL in SR drive.

2.2 Current control method

Control of the switched reluctance motor can be done in different ways. One of them is by
using current control method. The current control method is normally used to control the
torque efficiently. Voltage control has no limitation of the current as the current sensor is
avoided, which makes it applicable in low-cost systems. Due to the development of
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microcontrollers, the different control loops have changed from analog to digital
implementation, which allows more advanced control features. However, problems are still
raised when designing high-performance current loop [miller,1990].

The main idea of current control method is timing and width of the voltage pulses. Two
methods are too used in the current control, one is voltage chopping control method, and
the other is hysteresis control method.

2.2.1 Voltage chopping control method

The voltage chopping control method compares a control signal V,y,.r0; (constant or slowly
varying in time) with a repetitive switching-frequency triangular waveform or Pulse Width
Modulation (PWM) in order to generate the switching signals. Controlling the switch duty
ratios in this way allowed the average dc voltage output to be controlled. In order to have a
fast built-up of the excitation current, high switching voltage is required. Fig. 43 shows an
asymmetric bridge converter for SR drive. The asymmetric bridge converter is very popular
for SR drives, consists of two power switches and two diodes per phase. This type of the SR
drive can support independent control of each phase and handle phase overlap. The
asymmetric converter has three modes, which are defined as magnetization mode,
freewheeling mode, and demagnetization mode as shown in Fig. 44.
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Fig. 43. Asymmetric bridge converter for SR drive
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Fig. 44. Operation modes of asymmetric converter

From Fig. 44 (a) and (c), it is clear that amplitudes of the excitation and demagnetization
voltage are close to terminal voltage of the filter capacitor. The fixed DC-link voltage limits
the performance of the SR drive in the high speed application. On the other hand, the
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voltage chopping method is useful for controlling the current at low speeds. This PWM
strategy works with a fixed chopping frequency. The chopping voltage method can be
separated into two modes: the hard chopping and the soft chopping method. In the hard
chopping method both phase transistors are driven by the same pulsed signal: the two
transistors are switched on and switched off at the same time. The power electronics board
is then easier to design and is relatively cheap as it handles only three pulsed signals. A
disadvantage of the hard chopping operation is that it increases the current ripple by a large
factor. The soft chopping strategy allows not only control of the current but a minimization
of the current ripple as well. In this soft chopping mode the low side transistor is left on
during the dwell angle and the high side transistor switches according to the pulsed signal.
In this case, the power electronics board has to handle six PWM signals [Liang,2006].

2.2.2 Hysteresis control method

Due to the hysteresis control, the current is flat, but if boost voltage is applied, the switching
is higher than in the conventional case. The voltage of the boost capacitor is higher in the
two capacitor parallel connected converter. The hysteresis control schemes for outgoing and
incoming phases are shown on the right side of Fig. 45.

Solid and dash lines denote the rising and falling rules, respectively. The y axis denotes
phase state and the x axis denotes torque error (AT,,), which is defined as,

ATerr = Trer — Test (35)

The threshold values of torque error are used to control state variation in hysteresis
controller. Compared to previous research, this method only has 3 threshold values (AE, 0
and -AE), which simplifies the control scheme. In order to reduce switching frequency, only
one switch opens or closes at a time. In region 1, the incoming phase must remain in state 1
to build up phase current, and outgoing phase state changes to maintain constant torque.
For example, assume that the starting point is (-1, 1), and the torque error is greater than 0.
The switching states for the two phases will change to (0, 1). At the next evaluation period,
the switching state will change to (1, 1) if torque error is more than AE and (-1, 1) if torque
error is less than -AE. So the combinatorial states of (-1, 1), (0, 0) and (1, 1) are selected by the
control scheme. The control schemes for region 2 and region 3 are shown in Fig. 45(b) and
(c), respectively.

3. Advanced torque control strategy

There are some various strategies of torque control: one method is direct torque control,
which uses the simple control scheme and the torque hysteresis controller to reduce the
torque ripple. Based on a simple algorithm, the short control period can be used to improve
control precision. The direct instantaneous torque control (DITC) and advanced DITC
(ADITC), torque sharing function (TSF) method are introduced in this section.

3.1 Direct Instantaneous Torque Control (DITC)

The asymmetric converter is very popular in SRM drive system. The operating modes of
asymmetric converter are shown in Fig. 46. The asymmetric converter has three states,
which are defined as state 1, state 0 and state -1 in DITC method, respectively.
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(a) Region 1

(b) Region 2

(c) Region 3

Fig. 45. The hysteresis control schemes for outgoing and incoming phases
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(a) state 1 (b) state 0 (c) state -1
Fig. 46. 3 states in the asymmetric converter

In order to reduce a torque ripple, DITC method is introduced. By the given hysteresis
control scheme, appropriate torque of each phase can be produced, and constant total
torque can be obtained. The phase inductance has been divided into 3 regions shown as Fig.
47. The regions depend on the structure geometry and load. The boundaries of 3 regions are
Oon1, 01, 03 and 6,,, in Fig. 47. 6,,; and 6,,, are turn-on angle in the incoming phase and
the next incoming phase, respectively, which depend on load and speed. The 6, is a rotor
position which is initial overlap of stator and rotor. And 6, is aligned position of inductance
in outgoing phase. Total length of these regions is 120 electrical degrees in 3 phases SRM.
Here, let outgoing phase is phase A and incoming phase is phase B in Fig. 47. When the first
region 3 is over, outgoing phase will be replaced by phase B in next 3 regions.

The DITC schemes of asymmetric converter are shown in Fig. 48. The combinatorial states of
outgoing and incoming phase are shown as a square mesh. x and y axis denote state of
outgoing and incoming phase, respectively. Each phase has 3 states, so the square mesh has
9 combinatorial states. However, only the black points are used in DITC scheme.

Fig. 47. Three regions of phase inductance in DITC method
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Fig. 48. DITC scheme of asymmetric converter

Control diagram of DITC SR motor drive is shown in Fig. 49. The torque estimation block is
generally implemented by 3-D lookup table according to the phase currents and rotor
position. And the digital torque hysteresis controller which carries out DITC scheme
generates the state signals for all activated machine phases according to torque error
between the reference torque and estimated torque. The state signal is converted as
switching signals by switching table block to control converter.

Through estimation of instantaneous torque and a simple hysteresis control, the average of
total torque can be kept in a bandwidth. And the major benefits of this control method are
its high robustness and fast toque response. The switching of power switches can be
reduced.

However, based on its typical hysteresis control strategy, switching frequency is not
constant. At the same time, the instantaneous torque cannot be controlled within a given
bandwidth of hysteresis controller. The torque ripple is limited by the controller sampling
time, so torque ripple will increase with speed increased.
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Fig. 49. Control diagram of DITC
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3.2 Advanced Direct Instantaneous Torque Control (ADITC)

The conventional DITC method uses a simple hysteresis switch rules, so only one phase
state is applied according to torque error at every sampling period. The toque variation with
sampling time and speed under full dc-link voltage is shown in Fig. 50. In order to
guarantee the torque ripple within a range, it has two methods: one is that reduces sampling
time, which will increase the cost of hardware. Another is that control average voltage of
phase winding in sampling time. PWM method can be used.

Sampling time [ps] Speed [rpm]

Fig. 50. Torque variation with sampling time and speed

ADITC combines the conventional DITC and PWM method. The duty ratio of the phase
switch is regulated according to the torque error and simple control rules of DITC.
Therefore, the sampling time of control can be extended, which allows implementation on
low cost microcontrollers.

ADITC is improved from the conventional DITC, so the divided region of phase inductance
is similar to DITC method. The control scheme of ADITC is shown in Fig. 51, Dy, means
incoming phase, Dy_1) means outgoing phase. X-axis denotes torque error, and y-axis
denotes switching state of D) and Dy(i—1).
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Fig. 51. ADITC scheme of asymmetric converter

Profit from the effect of PWM, the average voltage of phase winding can be adjusted from 0
to Vg4 in one sampling time. And the hysteresis rule is removed from the control scheme.
Now, the current state can select the phase state between state 0 and 1 by duty ratio of
PWM.



240 Torque Control

| State(0) State(1)  State(0) tIState(O) | State(1) | State(O?

L e — — el

! | | ! | | | lon
Sn) ! ! I | SHk I | I |

| | | | ®1 [ | |

| | | | ! | | ' off

l l l l . . . .

| | ! lon
St | l St ! !

| [ | | I<_>I | off

| (1-D,)-T | ! D, -T, |

- ! I I

| | - >

| TS | X TS X

(a) Incoming phase (b) outgoing phase

Fig. 52. Switching modes of incoming and outgoing phase
The duty ratio of switching modes is decided by the torque error as shown in Fig. 52, and
D, is expressed as follows:

D¢ = Abs (Terr) /ATy (36)

Where, T, is torque error, ATy is torque error bandwidth. The control block diagram of
ADITC is similar to Fig. 53. The hysteresis controller is replaced by Advanced DITC
controller, and the PWM generator is added.

Advanced DITC Controlier Converter SRM
]}ef //I/ ik’ g PWM
_><“)—> b s e ™ generator —| K )
- T [ | > _IAA_/V
est A
I
: - s
Ll le
- - 2] Enoodeb

=i o

Torque Estimation
Fig. 53. Control diagram of ADITC

ADITC method can adjust average phase voltage to control variety of phase current in one
sampling time, which can extend the sampling time and obtain smaller torque ripple than
conventional DITC. However, PWM generator is added, and the switching frequency of
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ADITC is double of DITC's with uniform sampling time in the worst case. So the switching
loss and EMC noise are increased in ADITC method.

3.3 Torque sharing control

Another control method to produce continuous and constant torque is indirect torque
control, which uses the complicated algorithms or distribution function to distribute each
phase torque and obtain current command. And then, the current controller is used to
control phase torque by given current command. The linear, cosine and non linear logical
torque sharing function (TSF) are introduced.

Among them, the simple but powerful method is torque sharing function (TSF). The TSF
method uses the pre-measured non-linear torque characteristic, and simply divided torque
sharing curve is used for constant torque generation. Besides the direct torque control
method, another method is indirect torque control. TSF is simple but powerful and popular
method among the indirect torque control method. It simply divided by torque sharing
curve that is used for constant torque generation. And the phase torque can be assigned to
each phase current to control smoothing torque. But phase torque has relationship of square
current. So the current ripple should keep small enough to generate smooth torque. So the
frequency of current controller should be increased.

Fig. 54 shows the torque control block diagram with TSF method. The input torque
reference is divided into three-phase torque command according to rotor position. Torque
references of each phase are changed to current command signal in the “Torque-to-Current”
block according to rotor position. Since the output torque is determined by the inductance
slope and phase current, and the inductance slope is changed by rotor position, so the
reference currents of each phase is determined by the target torque and rotor position. The
switching rule generates an active switching signal of asymmetric converter according to
current error and hysteresis switching tables.

Vdc
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Fig. 54. The torque control block diagram with TSF method

In the over-lap region of inductances, the two-phase currents generate the output torque
together. A simple torque sharing curves are studied for constant torque generation in the
commutation region such as linear and cosine function.

Fig. 55 shows the inductance profiles of three-phase SRM, cosine and linear TSF curves. As
shown in Fig. 55, region 2 denotes the one phase activation area. Region 1 and region 3 are
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two phases activation area explained as the commutation region. In one phase activation
region, TSF is constant in every torque sharing functions. But TSF is different in the
commutation regions. The linear TSF has constant slope of torque in commutation region.
This method is simple, but it is very difficult to generate the linear torque slope in the
commutation region due to the non-linear inductance characteristics.
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Fig. 55. Phase inductances and cosine, and linear TSF curves

The cosine TSF uses the cosine function in commutation region as shown in Fig. 55. The
cosine function is relatively simple and it is similar to the non-linear inductance
characteristics. But the non-linear characteristic of SRM is very complex, so cosine torque
function can not be satisfied in the aspect of torque ripple and efficiency.

In the cosine TSF, the TSF of each phase in the commutation region are defined as follow

1 Brm— Bon
frag = 3 [1 - COS( eovenap(k) n)] 7
fre-1) = 1= frqo (38)
frace1y =0 39

And the linear TSF method, the TSF of each phase can be obtained as follow

erm_ eon
frag = —5— (40)

eoverlap
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frae-1y =1 — frag (41)

fraceny =0 (42)

These two TSFs are very simple, but they can not consider nonlinear phenomena of the SRM
and torque dip is much serious according to rotor speed. For the high performance torque
control, a novel non-linear torque sharing function is suitable to use. In order to reduce
torque ripple and to improve efficiency in commutation region, the TSF uses a non-linear
current distribution technique at every rotor position. And the torque sharing function can
be easily obtained by the current coordinates of each rotor position. In the commutation
region, the total torque reference is divided by two-phase torque reference.

T = Tmag + T +1) (43)

In the equation, the subscripts k+1 denotes the incoming phase and k denotes outgoing
phase. The actual torque can be obtained by inductance slope and phase current. So the
torque equation can be derived as follows.

o2 r 2
* _ 'm(k) m(k+1)
To= Tt T &)

where, a= (45)

This equation is same as ellipse equation. In order to generate a constant torque reference,
current references of the outgoing and incoming phases is placed on the ellipse trajectory in
the commutation region. And the aspect of the ellipse and its trajectory is changed according
to rotor position, inductance shape and the reference torque. Since the TSFs uses a fixed
torque curve such as linear and cosine, the outgoing phase current should keep up the
reference. And the actual current should remain higher level around rotor aligned position.
Fig. 56 shows each phase current reference and actual phase torque for constant torque
production according to rotor position. As shown in Fig. 56, the actual torque profile has
non-linear characteristics around match position of rotor and stator position. So the current
reference of each phase for constant torque generation is changed according to the rotor
position and the amplitude of the torque reference. However, the actual phase current is
limited by the performance of a motor and a drive. And the actual torque can not be
satisfied the torque reference around the aligned position due to the non-linear torque
characteristics shown as Fig. 56. If the current of outgoing phase is increased as a limit value
of the motor, the actual torque is decreased after D, position. And the actual torque of
incoming phase can not be satisfied at the start position of the commutation due to the same
reason. In order to generate the constant torque from Ay to G4, the outgoing and incoming
current reference should be properly selected so that the total torque of each phase is
remained as constant value of Tj,.

In order to reduce the commutation region, the outgoing phase current should be decreased
fast, and the incoming phase current should be increased fast with a constant torque
generation. At the starting point of commutation, the incoming phase current should be
increased from zero to Ay, point, and the end of the commutation, the outgoing phase
current should be decreased from Gy point to zero as soon as possible shown in Fig. 56.
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Fig. 56. Phase current and actual torque trajectory for constant torque production during
phase commutation

In order to reduce the torque ripple and increase the operating efficiency, a non-linear TSF is
based on minimum changing method. One phase current reference is fixed, and the other
phase current reference is changed to generate constant torque during commutation. Fig. 57
shows the basic principle of the non-linear TSF commutation method.
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Fig. 57. Basic principle of the commutation method based on minimum changing

In this method, the incoming phase current is changed to a remaining or an increasing
direction to produce the primary torque. And the outgoing phase current is changed to a
remaining or a decreasing direction to produce the auxiliary torque. In case of T,;, < Ty, , the
outgoing phase current is fixed, and the incoming phase current is increased to reach the
constant torque line from P; to X; shown as Fig. 57(a). If the incoming phase current is
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limited by the current limit and the actual torque is under the reference value, the auxiliary
torque is generated by the outgoing phase current from P, to X, shown as Fig. 57(a). In case
of T, > Ty, the incoming phase current is fixed, and the outgoing phase current is decreased
to reach the constant torque line from Q; to Y; shown as Fig. 57(b), because the incoming
phase current is sufficient to generate the reference torque. If the outgoing phase current is
reached to zero, and the actual torque is over to reference value, the incoming phase current
is decreased from @, to Y, shown as Fig. 57(b). This method is very simple, but the
switching number for torque control can be reduced due to the minimum number changing
of phase. As the other phase is fixed as the previous state, the torque ripple is dominated by
the one phase switching. Especially, the outgoing phase current is naturally decreased when
the incoming phase current is sufficient to produce the torque reference. The
demagnetization can be decreased fast, and the tail current which generates negative torque
can be suppressed.

Table 6 shows the logical TSF, and the Fig. 58 is the ideal current trajectory during
commutation region. In Fig. 58, the ellipse curves are current trajectory for constant torque
at each rotor position under commutation.

Incaseof T, < T when In case of Ty, > Ty when
Th— T I+ < Tmax Th — T 1) o >0
Thk+1) T Thao

m (k+1) I > 1 I <0

*At current limit m(k+1) max 0 m(k)
Tin(k+1) o > 0

T T = T+ Thx+1)

T = Timao Iy <0

Table 6. The logical TSF in commutation region.
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Fig. 58. The ideal current trajectory at commutation region
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Fig. 59. Simulation results at 500rpm with rated torque (continued)
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In order to verify the non-linear TSF control scheme, computer simulations are executed and
compared with conventional methods. Matlab and simulink are used for simulation. Fig. 59
shows the simulation comparison results at 500[rpm] with rated torque reference. The
simulation results show the total reference torque, actual total torque, reference phase
torque, actual phase torque, reference phase current, actual phase current and phase
voltage, respectively. As shown in Fig. 59, torque ripple is linear TSF > cosine TSF > the
logical TSF.
Fig. 60 shows the actual current trajectory in the commutation region. In the conventional
case, the cross over of the outgoing and incoming phase is serious and two-phase current
are changed at each rotor position. But the cross over is very small and one-phase current is
changed at each rotor position in the logical TSF method.
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Fig. 61 shows the experimental setup. The main controller is designed by TMS320F2812
from TI(Texas Instruments) and phase current and voltage signals are feedback to 12bit
ADC embedded by DSP. The rotor position and speed is obtained by 512ppr optical
encoder. At every 1.6[ms], the rotor speed is calculated from captured encoder pulse by QEP
function of DSP.

f Dynamometer
scllloscope
't =

Fig. 61. The experimental configuration

Fig. 62, 63 and 64 show the experimental results in case of linear TSF, cosine TSF and the
non-linear logical TSF at 500rpm, respectively. Torque ripple can be reduced in case of the
TSF method due to the minimum phase changing.

5, = sy

19 I T Y d eeh i Inn I ]

(@) (b)
Fig. 62. Experimental results in linear TSF(at 500[rpm])
(a) Reference torque, actual torque, phase current and terminal voltage
(b) Total reference torque, actual torque and phase currents

Fig. 65 shows experimental results at 1200rpm. As speed increase, torque ripple is increased
due to the reduction of the commutation time. However, the control performance is much
improved in this case.

Fig. 66 shows efficiency of the logical control schemes. In the low speed range, the TSF
control scheme has about 5% higher efficiency than that of the conventional ones with low
torque ripple. In high speed range, the actual efficiency is similar to all other control method
due to the short commutation time. But the practical torque ripple can be reduced than other
two control schemes shown in simulation and experimental results.
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Fig. 63. Experimental results in cosine TSF(at 500[rpm])
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Fig. 64. Experimental results in case of the non-linear logical TSF(at 500[rpm])
(a) Reference, actual torque, phase current and terminal voltage
(b) Total reference torque, actual torque and phase currents

4. Conclusion

The torque production in switched reluctance motor structures comes from the tendency of
the rotor poles to align with the excited stator poles. However, because SRM has doubly
salient poles and non-linear magnetic characteristics, the torque ripple is more severe than
these of other traditional motors. The torque ripple can be minimized through magnetic
circuit design or drive control. By controlling the torque of the SRM, low torque ripple,
noise reduction or even increasing of the efficiency can be achieved. There are many
different types of control methods. In this chapter, detailed characteristics of each control
method are introduced in order to give the advanced knowledge about torque control

method in SRM drive.
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Fig. 65. Experimental results at 1200rpm with rated torque
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1. Introduction
A. Background

The synchronous reluctance motor (SynRM) has many advantages over other ac motors. For
example, its structure is simple and rugged. In addition, its rotor does not have any winding
or magnetic material. Prior to twenty years ago, the SynRM was regarded as inferior to
other types of ac motors due to its lower average torque and larger torque pulsation.
Recently, many researchers have proposed several methods to improve the performance of
the motor and drive system [1]-[3]. In fact, the SynRM has been shown to be suitable for ac
drive systems for several reasons. For example, it is not necessary to compute the slip of the
SynRM as it is with the induction motor. As a result, there is no parameter sensitivity
problem. In addition, it does not require any permanent magnetic material as the permanent
synchronous motor does.

The sensorless drive is becoming more and more popular for synchronous reluctance
motors. The major reason is that the sensorless drive can save space and reduce cost.
Generally speaking, there are two major methods to achieve a sensorless drive system:
vector control and direct torque control. Although most researchers focus on vector control
for a sensorless synchronous reluctance drive [4]-[12], direct torque control is simpler. By
using direct torque control, the plane of the voltage vectors is divided into six or twelve
sectors. Then, an optimal switching strategy is defined for each sector. The purpose of the
direct torque control is to restrict the torque error and the stator flux error within given
hysteresis bands. After executing hysteresis control, a switching pattern is selected to
generate the required torque and flux of the motor. A closed-loop drive system is thus
obtained.

Although many papers discuss the direct torque control of induction motors [13]-[15], only a
few papers study the direct torque control for synchronous reluctance motors. For example,
Consoli et al. proposed a sensorless torque control for synchronous reluctance motor drives
[16]. In this published paper, however, only a PI controller was used. As a result, the
transient responses and load disturbance responses were not satisfactory. To solve the
problem, in this chapter, an adaptive backstepping controller and a model-reference
adaptive controller are proposed for a SynRM direct torque control system. By using the
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proposed controllers, the transient responses and load disturbance rejection capability are
obviously improved. In addition, the proposed system has excellent tracking ability. As to
the authors best knowledge, this is the first time that the adaptive backstepping controller
and model reference adaptive controller have been used in the direct torque control of
synchronous reluctance motor drives. Several experimental results validate the theoretical
analysis.

B. Literature Review

Several researchers have studied synchronous reluctance motors. These researchers use
different methods to improve the performance of the synchronous reluctance motor drive
system. The major categories include the following five methods:

1. Design and manufacture of the synchronous reluctance motor

The most effective way to improve the performance of the synchronous reluctance motor is
to design the structure of the motor, which includes the rotor configuration, the windings,
and the material. Miller et al. proposed a new configuration to design the rotor
configuration. By using the proposed method, a maximum L, / L, ratio to reach high power
factor, high torque, and low torque pulsations was achieved [17]. In addition, Vagati et al.
used the optimization technique to design a rotor of the synchronous reluctance motor. By
applying the finite element method, a high performance, low torque pulsation synchronous
reluctance motor has been designed [18]. Generally speaking, the design and manufacture of
the synchronous reluctance motor require a lot of experience and knowledge.

2. Development of Mathematical Model for the synchronous reluctance motor

The mathematical model description is required for analyzing the characteristics of the
motor and for designing controllers for the closed-loop drive system. Generally speaking,
the core loss and saturation effect are not included in the mathematical model. However,
recently, several researchers have considered the influence of the core loss and saturation.
For example, Uezato et al. derived a mathematical model for a synchronous reluctance
motor including stator iron loss [19]. Sturtzer et al. proposed a torque equation for
synchronous reluctance motors considering saturation effect [2]. Stumberger discussed a
parameter measuring method of linear synchronous reluctance motors by using current,
rotor position, flux linkages, and friction force [20]. Ichikawa et al. proposed a rotor
estimating technique using an on-line parameter identification method taking into account
magnetic saturation [5].

3. Controller Design

As we know, the controller design can effectively improve the transient responses, load
disturbance responses, and tracking responses for a closed-loop drive system. The PI
controller is a very popular controller, which is easy to design and implement.
Unfortunately, it is impossible to obtain fast transient responses and good load disturbance
responses by using a PI controller. To solve the difficulty, several advanced controllers have
been developed. For example, Chiang et al. proposed a sliding mode speed controller with a
grey prediction compensator to eliminate chattering and reduce steady-state error [21]. Lin
et al. used an adaptive recurrent fuzzy neural network controller for synchronous reluctance
motor drives [22]. Morimoto proposed a low resolution encoder to achieve a high
performance closed-loop drive system [7].

4. Rotor estimating technique

The sensorless synchronous reluctance drive system provides several advantages. For
example, sensorless drive systems do not require an encoder, which increases cost,
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generates noise, and requires space. As a result, the sensorless drive systems can reduce
costs and improve reliability. Several researchers have studied the rotor estimating
technique to realize a sensorless drive. For example, Lin et al. used a current-slope to
estimate the rotor position and rotor speed [4]. Platt et al. implemented a sensorless vector
controller for a synchronous reluctance motor [9]. Kang et al. combined the flux-linkage
estimating method and the high-frequency injecting current method to achieve a sensorless
rotor position/speed drive system [23]. Ichikawa presented an extended EMF model and
initial position estimation for synchronous motors [10].

5. Switching strategy of the inverter for synchronous reluctance motor

Some researchers proposed the switching strategies of the inverter for synchronous
reluctance motors. For example, Shi and Toliyat proposed a vector control of a five-phase
synchronous reluctance motor with space vector pulse width modulation for minimum
switching losses [24].

Recently, many researchers have created new research topics for synchronous reluctance
motor drives. For example, Gao and Chau present the occurrence of Hopf bifurcation and
chaos in practical synchronous reluctance motor drive systems [25]. Bianchi, Bolognani, Bon,
and Pre propose a torque harmonic compensation method for a synchronous reluctance
motor [26]. Igbal analyzes dynamic performance of a vector-controlled five-phase
synchronous reluctance motor drive by using an experimental investigation [27]. Morales
and Pacas design an encoderless predictive direct torque control for synchronous reluctance
machines at very low and zero speed [28]. Park, Kalev, and Hofmann propose a control
algorithm of high-speed solid-rotor synchronous reluctance motor/generator for flywheel-
based uniterruptible power supplies [29]. Liu, Lin, and Yang propose a nonlinear controller
for a synchronous reluctance drive with reduced switching frequency [30]. Ichikawa,
Tomita, Doki, and Okuma present sensorless control of synchronous reluctance motors
based on extended EMF models considering magnetic saturation with online parameter
identification [31].

2. The synchronous reluctance motor

In the section, the synchronous reluctance motor is described. The details are discussed as
follows.

2.1 Structure and characteristics

Synchronous reluctance motors have been used as a viable alternative to induction and
switched reluctance motors in medium-performance drive applications, such as: pumps,
high-efficiency fans, and light road vehicles. Recently, axially laminated rotor motors have
been developed to reach high power factor and high torque density. The synchronous
reluctance motor has many advantages. For example, the synchronous reluctance motor
does not have any rotor copper loss like the induction motor has. In addition, the
synchronous reluctance motor has a smaller torque pulsation as compared to the switched
reluctance motor.

2.2 Dynamic mathematical model
In synchronous d-q reference frame, the voltage equations of the synchronous reluctance
motor can be described as
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vz]s = rsiqs + pﬂ“z]s + wrﬂ’ds (1)
Vg5 = rsids + p/lﬂls - wrlqs (2)

where v, and v, are the g-axis and the d-axis voltages, 7, is the stator resistance, iy is the
g-axis equivalent current, i, is the d-axis equivalent current, p is the differential operator,
Ay and A, are the q-axis and d-axis flux linkages, and , is the motor speed. The flux
linkage equations are

j’z]s = (Lls + Lmq) iz]s (3)

}”ds = (Lls + Lmd) ids (4)

where L;; is the leakage inductance, and L,, and L, are the g- axis and d-axis mutual
inductances. The electro-magnetic torque can be expressed as

TE = E Y (Lmd - Lmq ) ids iqs (5)

where T, is the electro-magnetic torque of the motor, and P, is the number of poles of the
motor. The rotor speed and position of the motor can be expressed as

p Oy = (Te 'Tl'Bwrm) (6)

1
J
and

p 97”1 =wrm (7)

where | is the inertia constant of the motor and load, T; is the external load torque, B is the
viscous frictional coefficient of the motor and load, 8,, is the mechanical rotor position, and

®,,, is the mechanical rotor speed. The electrical rotor speed and position are

w, = ?a),m (8)
P
97 = ?0 grm (9)

where o, is the electrical rotor speed, and 6, is the electrical rotor position of the motor.

2.3 Steady-state analysis

When the synchronous reluctance motor is operated in the steady-state condition, the d-q
axis currents, i; and iq , become constant values. We can then assume X, = a)equ and
x4 =, Ly, , and derive the steady-state d-q axis voltages as follows:

Vg =1ig — Xl (10)
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v, =T

} +x, (11)

q

The stator voltage can be expressed as a vector V, and shown as follows

Vo=0, - jo, (12)

S

Now, from equations (10) and (11), we can solve the d-axis current and g-axis current as

AR

1 :—q ! (13)
rs +x,4%,

and

10, —X,0

. T 404

j= Tk a4
o+,

By substituting equations (13)-(14) into (5), we can obtain the steady-state torque equation as

3P1 XX .
T T, YJCU —(7.X,0 +(r,” —X;X,)0,40 15
2 2 w, (1" +de )2 [( ) (s dvd ) (s d L]) d q] ( )

e

According to (15), when the stator resistance r, is very small and can be neglected, the
torque equation (15) can be simplified as

3P 1%-X
=1V 2in(25
‘220, 2 X%, (29) (16)
The output power is
p=T,%
;)
2 (17)
x
_3%aT qV sin(20)
T2 2x,x,

where P is the output power, and ¢ is the load angle.

3. Direct torque control

3.1 Basic principle

Fig. 1 shows the block diagram of the direct torque control system. The system includes two
major loops: the torque-control loop and the flux-control loop. As you can observe, the flux
and torque are directly controlled individually. In addition, the current-control loop is not
required here. The basic principle of the direct torque control is to bound the torque error
and the flux error in hysteresis bands by properly choosing the switching states of the
inverter. To achieve this goal, the plan of the voltage vector is divided into six operating



258 Torque Control

sectors and a suitable switching state is associated with each sector. As a result, when the
voltage vector rotates, the switching state can be automatically changed. For practical
implementation, the switching procedure is determined by a state selector based on pre-
calculated look up tables. The actual stator flux position is obtained by sensing the stator
voltages and currents of the motor. Then, the operating sector is selected. The resolution of
the sector is 60 degrees for every sector. Although the direct torque is very simple, it shows
good dynamic performance in torque regulation and flux regulation. In fact, the two loops
on torque and flux can compensate the imperfect field orientation caused by the parameter
variations. The disadvantage of the direct torque control is the high frequency ripples of the
torque and flux, which may deteriorate the performance of the drive system. In addition, an
advanced controller is not easy to apply due to the large torque pulsation of the motor.

In Fig.1, the estimating torque and flux can be obtained by measuring the a-phase and the b-
phase voltages and currents. Next, the speed command is compared with the estimating
speed to compute the speed error. Then, the speed error is processed by the speed controller
to obtain the torque command. On the other hand, the flux command is compared to the
estimated flux. Finally, the errors AT, and A4, go through the hysteresis controllers and the
switching table to generate the required switching states. The synchronous reluctance motor
rotates and a closed-loop drive system is thus achieved. Due to the limitation of the scope of
this paper, the details are not discussed here.

Lt
Torque and flux
controller Ve

N . A
@, Awe Adaptive T, AT, -H, | 1 _ I{s Tl _
controller o o
9 T .
R Switching 20ty
o -  Inverter
e 2 table
1 T,T.
s* - 30 73 o
A, 0|, > >
-H, H,
I \
6,
P ‘)Q, ‘)‘8 - "/Jm ?"}bs
Torque and flux < abe to ap < N
. . < A
Speed | estimator < transformation — A
-t ® B B 1.1
observer L1, as ''bs
SynRM

Fig. 1. The block diagram of the direct torque control system

3.2 Controller design

The SynRM is easily saturated due to its lack of permanent magnet material. As a result, it
has nonlinear characteristics under a heavy load. To solve the problem, adaptive control
algorithms are required. In this paper, two different adaptive controllers are proposed.
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A. Adaptive Backstepping Controller

From equation (6), it is not difficult to derive

d 1
—w,=—I|T,-T, -B o
dt r ]m[ e L m r] (18)
=AT, + A T; + Ao,
and
A =L (19)
]m
1
A, = _E (20)
Ay =—f—m 1)

Where A, A,, A; are constant parameters which are related to the motor parameters. In
the real world, unfortunately, the parameters of the SynRM can not be precisely measured
and are varied by saturated effect or temperature. As a result, a controller designer should
consider the problem. In this paper, we proposed two control methods. The first one is an
adaptive backstepping controller. In this method, we consider the parameter variations and
external load together. Then

d

20 = AT, + Ao, H(AST, + AT, + A4y Ty + Adgo, ) = AT, + Ago, +d (22)

and
d= (AT + AAT, + AA, T) + AAzw,,) (23)

where AA;,AA,,AA; are the variations of the parameters, and d is the uncertainty

including the effects of the parameter variations and the external load.
Define the speed error e, as

ey =@, — (24)

m rm

Taking the derivation of both sides, it is easy to obtain

*

é2 = d)rm - d)rm (25)
In this paper, we select a Lyapunov function as
vl 1lp
2 (26)
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Taking the derivation of equation (26), it is easy to obtain
e
ool A
- 6,6 +—d(d—d) (27)
4
4
By substituting (25) into (27) and doing some arrangement, we can obtain

~A

V=, (0, ~ AT, - Ag,, —d)-—dd

r (28)
v
Assume the torque can satisfy the following equation
1.« ;
Te = A_l(a)rm - A?:a)rm —d+ MEZ) (29)
Substituting (29) into (28), we can obtain
¥ = -Mey? — de, — L dd (30)
y

From equation (30), it is possible to cancel the last two terms by selecting the following
adaptive law

d=—ye, (31)

In equation (31), the convergence rate of the d is related to the parameter y . By submitting
(31) into (30), we can obtain

V =-Me,> <0 (32)

From equation (32), we can conclude that the system is stable; however, we are required to
use Barbalet Lemma to show the system is asymptotical stable [32]-[34].
By integrating equation (32), we can obtain

[, Vdz=V(w)-V(0) <0 (33)

From equation (33), the integrating of parameter e,” of the equation (32) is less than infinite.
Then, e,(t)e L, L,, and ¢,(t) is bounded. According to Barbalet Lemma, we can
conclude [32]-[34]

lime,(t)=0 (34)
t—o0



Controller Design for Synchronous Reluctance
Motor Drive Systems with Direct Torque Control 261

The block diagram of the proposed adaptive backstepping control system is shown in Fig. 2,
which is obtained from equations (29) and (31).

d 1
— — > —
dt A,
Adaptive SvaRM
law yn
Limiter 1
. T rm
@ > —»> *r—>
m Y e, | LA Js+B
A,
a),m S *A—l

Fig. 2. The adaptive backstepping controller.
B. Model-Reference Adaptive Controller

Generally speaking, after the torque is applied, the speed of the motor incurs a delay of
several micro seconds. As a result, the transfer function between the speed and the torque of

a motor can be expressed as:
1
@, _ ﬁ m -78 (3 5)

Grm ___ /Im o
T

e (Bf)

Where 7 is the delay time of the speed response. In addition, the last term of equation (35)
can be described as

_rs 1 1/t
1+zs s+1/7

(36)

Substituting (36) into (35), one can obtain

DOrm _ % m % _ bO (37)

T, _(s+B% )(s+%)_sz+a1s+aO

where

B =) (352)
]m T
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B
= (38b)
1
bO = m (38C)

Equation (37) can be described as a state-space representation:

X 0 1|« 0
e alikla) 2

vt o] o90)

2
Where x; =®,,=y,, ¥, =a,,, and u=T,. Next, the equations (39a) and (39b) can be

rewritten as :

X,=AX,+B,u (40a)
and
y,=C,X, (40b)
where
X, =| (41a)
= a
p X,
Al 01 41b
128 _ao —111 ( )
0
B, = { bo} (41c)
c, =1 0] (41d)

After that, we define two state variables w;, and w, as:
wy =-hw; +u (42)
and

The control input u can be described as
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u=Kr+Quw; +Qyw; +Quy, (44)
=0y
where

0'=[K @ Q, Q]

and

¢:[” wy Wy E/p]T

where y is the reference command. Combining (40a),(42), and (43), we can obtain a new
dynamic equation as

X,| {4, 0 0X,] [B,
Wy |=| 0 -h 0w |+ 1]u (45)
w, C; 0 -h| W2 0

Substituting (44) into (45), we can obtain

X,U Ap + BpQOCZ; Ble BpQZ X B K

p P
W [=| QC, S+ Q Q, |wy |+ K |r (46)
W, c 0 ao|Lw2] L0

Define K=K-K" + Q;=0,-Q; * ©,=Q,-Q; * Q=Q-Q

Then, equation (46) can be rearranged as
X,] |4+BQC, BQ BQ| [BK | [B,
W [=|  QC, -h+Q  Q, |+| K |r+| 1|0%¢ 47)
sz CT 0 -h 0 0
r

Where 6" = [IZ Q Q Qo] is the parameter errors. It is possible to rearrange equation

(47) as a simplified form

*

B,K

X.=A,X.+| K |r+B,0"¢ (48)
0

and

Y. =C,X, (49)
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where
* T * *
XP Ap + BpQOCp Ble BpQZ
Xc =| W1 |, Am = Q(;CZ; -h+ Q; Q; ’
w2 C, 0 -h

B,=[B, 1 0],c,=[c; 0 0]

m

After that, the referencing model of the closed-loop system can be described as :

X, =A,X,+B,Kr (50)

and

Y, =CIX (51)

m* m

where X! = [Xp w, w;} is the vector of the state variables, and Y,, is the output of the

referencing model. Now, we define the derivation of the state variable error and the output
error as:

é= Xc - Xm (52)
and
e =Y.-Y, (53)
Substituting (50)-(51) into (52) and (53), one can obtain
é=A,e+B,0"¢ (54a)
and
_T
e;=C,e (54b)
By letting B, =B, K, it is not difficult to rearrange (54a) as
. = 1 51
e=A,e+B,—=60¢ (55a)
K
Combining (54b) and (55a), one can obtain
&y = 1<1 Cl(sI-A,)"B,0"¢ (56)

It is essential that the degree of the referencing model equal the uncontrolled plant. As a
result, equation (55a) has to be revised as [12]:
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. = 1 =
e=A,e+B,, < 0 ¢ (57a)
where B,;=B,L * =L * L =s+F; F>0’
After that, we can obtain
.1 15 ATT
6= ?Cm (SI - Am) Bmle ¢ (58)
Now, selecting a Lyapunov function as
V= leTPme +Lorrig i (59)
2 2
where P, is a symmetry positive real matrix, and I is a positive real vector.
The matrix P, satisfies the following two equations:
ALP,+P,A, =—Q (60)
and
PmEml = CrE (61)

where Q is a symmetry positive real matrix . Taking the derivation of equation (59) and

substituting (60), (61) into the derivation equation, we can obtain

- -1
V= EeTQe +e'P,B,,

L g5 a1
K

1
a
1

1
K* *

G+ 0T
K

1 7
=—e Qe+e
5 Qe+e

It is possible to select the adaptive law as

. 1 _
0=-segn(—)I'e
g (K) 14

*

K
where sgn(%) =% substituting (63) into (62), we can obtain :

* /

V= i e'Qe<0
2
Next, by using Barbalet Lemma, we can obtain that the system is asymmetrical and

lim e(t) =0

t—oo

Finally, we can obtain

(62)

(63)
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_ Tr Ay _ T7

Uy =L@ Lig ¢ =L 9 (©6)
=0"p+0"g+FO g =0"g+0"

The block diagram of the model-reference control system is shown in Fig. 3, which includes

referencing model, adaptive controller, and adaptive law.

- b Vm
r | Sras+b
“Y e,
+
: AT — T up % yl’
Jlu =0 ¢+60 ¢ > ol
: P ¢ v K3 +(—’+l)s+L
> J, J,T
\
1 ; 1
= «—ig=[r w w 3|l Py
@ s+F ¢ w, S+
A A
1 <l
w, | S+h
» 57 1 7l
>0 = —Sgn(?)reﬂf <
. T
T
0 1] 0
N b

Fig. 3. The block diagram of the model reference adaptive controller.

4. Implementation

The implemented system is shown in Fig. 4. The system includes two major parts: the
hardware circuits and the software programs. The hardware circuits include: the
synchronous reluctance motor, the driver and inverter, the current and voltage sensors, and
the A/D converters. The software programs consist of the torque estimator, the flux
estimator, the speed estimator, the adaptive speed controller, and the direct torque control
algorithm. As you can observe, the most important jobs are executed by the digital signal
processor; as a result, the hardware is quite simple. The rotor position can be obtained by
stator flux, which is computed from the stator voltages and the stator currents. The digital
signal processor outputs triggering signals every 50 us ; as a result, the switching frequency
of the inverter is 20 kHz. In addition, the sampling interval of the speed control loop is 1 ms
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although the adaptive controllers are quite complicated. The whole drive system, therefore,
is a multi-rate fully digital control system.

P
T2 , T2 Driver p
DSP —»  and * L SynRM
T; , T; - Inverter
Va
<—
Voltage [«
and vb
Current l
a
Sensors |«
Ly

Fig. 4. The implemented system.

A. Hardware Circuits

The hardware circuits of the synchronous reluctance drive system includes the major parts.
The details are discussed as follows.

a. The delay circuit of the IGBT triggering signals.

Fig. 5 shows the proposed delay circuit of the IGBT triggering signals. The delay circuit is
designed to avoid the overlapping period of the turn-on interval of the upper IGBT and the
lower IGBT for the inverter. Then, the inverter can avoid a short circuit. In this paper, the
delay time of the delay circuit is set as 2 us . To achieve the goal, two integrated circuit chips
are used: 74LS174 and 74LS193. The basic idea is described as follows. First, the digital
signal processor sends a clock signal to 74LS193. The time period of the clock is 62.5 us . The
7415193 executes the dividing frequency function and finally generates a clock signal with a
0.5 us period. After that, the 7415193 sends it into the CLK pin of 74LS174. The 7415174
provides 6 series D-type flip-flop to generate a 3 us delay. Finally, an AND gate is used to
make a3 us for arising-edge triggering signal but not a falling-edge triggering signal.

b. The driver of the IGBTs

The power switch modules used in the paper are IGBT modules, type 2MBI50-120. Each
module includes two IGBTs and two power diodes. The driver of the IGBT is type EX-B840,
made by Fuji company. The detailed circuit of the driver for an IGBT is shown in Fig. 6. In
Fig. 6, the EX-B840, which is a driver, uses photo-couple to convert the control signal into a
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Fig. 5. The delay circuit of the IGBT triggering signals.

triggering signal for an IGBT. In addition, the EX-B840 provides the isolation and over-
current protection as well.

When the control signal is “High”, the photo transistor is turned on. Then, the photo diode
is conducted. A 15V can across the gate and emitter of the IGBT to turn on the IGBT. On the
other hand, when the control signal is “Low”, the photo transistor is turned off. As a result,
the photo diode is cut off. A -5V can across the gate and emitter of the IGBT to make IGBT
turn off immediately.

The protection of the IGBT is included in Fig. 6. When the IGBT has over-current, the
voltage across the collector and emitter of the IGBT is obviously dropped. After the 6-pin of
EX-B840 detects the dropped voltage, the 5-pin of the EX-B840 sends a “Low” voltage to the
photo diode. After that, the photo diode is opened, and a -5V across the gate and emitter of
the IGBT is sent to turn off the IGBT.

c. The snubber circuit

The snubber circuit is used to absorb spike voltages when the IGBT is turned off. As we
know, the synchronous reluctance motor is a kind of inductive load. In Fig. 7, when the
upper leg IGBT T is turned off, the low leg IGBT T' cannot be turned on immediately due to
the required dead-time, which can avoid short circuits. A new current path to keep the
current continuous flow is required. The new current path includes the fast diode D and the
snubber capacitor C,. So, the current can flow through the fast diode D and the
capacitor Cg, and then stores its energy into the capacitor Cg. On the other hand, when the
IGBT is turned on in next time interval, the stored energy in the capacitor Cg can flow
through the resistance R, and the IGBT T . Finally, the energy dissipates in the resistance
R, . By suitably selecting the parameter C, and R,, a snubber circuit with satisfactory
performance can be obtained.

d. The current detecting circuit

The current detecting circuit is used to measure the stator current of the synchronous
reluctance motor, and can be shown in Fig. 8. The Hall current sensor, typed LP-100, is used
to sense the stator current of the motor and to provide the isolation between the power stage
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and the control circuit. The primary side of the LT-100P can measure 0 to 100 A with a
bandwidth of 100 kHz. The basic principle is discussed as follows. The primary of the LT-
100P has 5 turns. As a result, when 1A flows into the primary side, the secondary side of the
LT-100P can generate 5mA. The current flows from the M pin of the LP-100P to the 0.1 KQ
resistance, and then provides 0.5V voltage drop. As a result, in this chapter, for every 1A
primary current, the circuit can output 0.5V. A low-pass filter is designed to eliminate the
high-frequency noise.
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Fig. 6. The circuit of the driver for IGBTs.
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Fig. 7. The snubber circuit.
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Fig. 8. The current detecting circuit.

e. The voltage detecting circuit

The voltage detecting circuit is used to sense the stator voltage of the synchronous
reluctance motor, which is an important item for computing the estimated flux of the motor.
A voltage isolation amplifier, AD210, is selected to isolate the input side and output side. In
the chaper, R, and R; are used to attenuate the input voltage to be 0.05 v,, . As a result,
the input of AD 210 is limited under +10V.

+15V

—+

- Vab
f. The A/D conversion circuit
The measured voltages and currents from Hall current sensor and AD210 are analog signals.
In order to be read by a digital signal processor, the A/D conversion is required. In this
chapter, the 12 bit A/D converter with a 3 us conversion time is used. The A/D converter is

Vb - -

Fig. 9. The voltage detecting circuit.
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typed AD578. The detailed circuit is shown in Fig. 10. There are two sets: one for voltage
conversion, and the other for current conversion.

When the analog signal is ready, the digital signal processor outputs a triggering signal to
the A/D converter. Then, each AD578 converter starts to convert the analog signal into a
digital signal. When the conversion process finishes, an EOC signal is sent from the AD578
to latch the 74LS373. Next, the digital signal processor reads the data. In this chapter, a timer
with a fixed clock is used to start the conversion of the AD578 and then the digital signal
processor can read the data. By using the method, we can simplify the software program of
the digital signal processor.
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Fig. 11. The interfacing circuit of the DSP.
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g. The interfacing circuit of the digital signal processor

In the chapter, the digital signal processor, type TMS320-C30, is manufactured by Texas
Instruments. The digital signal processor is a floating-point operating processor. The
application board, developed by Texas Instruments, is used as the major module. In
addition, the expansion bus in the application board is used to interface to the hardware
circuit. The voltage, current, speed, and rotor position of the drive system are obtained by
using the expansion bus. As a result, the address decoding technique can be used to provide
different address for data transfer. In addition, the triggering signals of the IGBTs are sent
by the following pins: CLKX1, DX1, and FSX1. The details are shown in Fig. 11.

A. Software Development

a. The Main Program

Fig. 12 shows the flowchart of the initialization of the main program. First, the DSP enables
the interrupt service routine. Then, the DSP initializes the peripheral devices. Next, the DSP
sets up parameters of the controller, inverter, A/D converter, and counter. After that, the
DSP enables the counter, and clear the register. Finally, the DSP checks if the main program
is ended. If it is ended, the main program stops; if it is not, the main program goes back to
the initializing peripheral devices and carries out the following processes mentioned.

Start

v

Enable interrupt service
routing

Initializing peripheral
devices

Set-up parameters of the
controller, inverter, A/D
converter, and counter

Enable counter
Clear register

Fig. 12. The flowchart of the initialization of the main program.
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b. The interrupt service routines

The interrupt service routines include: the backstepping adaptive controller, the reference
model adaptive controller, and the switching method of the inverter. The detailed
flowcharts are shown in Fig. 13, Fig. 14, and Fig. 15.

4 N\
Mask interrupt enable flag
N l J
4 N\
Estimate rotor speed
N J
v
4 N\
Compute speed error
N l J
4 N\
Estimate the uncertain

lump §
N J

'

Compute torque command

v

Set enable interrupt flag
and return

Fig. 13. The subroutine of the backstepping adaptive controller.
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Fig. 14. The subroutine of the reference model adaptive controller.
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Fig. 15. The subroutine of the switching method of the inverter.
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5. Experimental results

Several experimental results are shown here. The input dc voltage of the inverter is 150V.
The switching frequency of the inverter is 20 kHz. In addition, the sampling interval of the
minor loop is 50 us, and the sampling interval of the speed loop is 1 ms. The parameters of
the PI controller are K, =0.006 and K; =0.001. The parameters of the adaptive backstepping
controller are M=3 and y =0.8. The parameters of the model referencing controller are I" =
[ -0.0002 -0.004 -0.004 -0.0006]. Fig. 16(a)(b) show the measured steady-state waveforms.
Fig. 16(a) is the measured a-phase current and Fig. 16(b) is the measured line-line voltage,
v, - Fig. 17(a) is the simulated fluxes at 1000 r/min. Fig. 17(b) is the simulated flux
trajectory at 1000 r/min. Fig. 17(c) is the measured fluxes at 1000 r/min. Fig. 17(d) is the
measured flux trajectory at 1000 r/min. As you can observe, the trajectories are both near
circles in both simulation and measurement. Fig. 18(a) shows the comparison of the
measured estimating rotor angle and the measured real rotor angle at 50 r/min. As we
know, when the motor is operated at a lower speed, the flux becomes smaller. As a result,
the motor cannot be operated well at lower speeds due to its small back emf. The estimating
error, shown in Fig. 18(b) is obvious. Fig. 19(a)(b) show the measured estimating rotor angle
at 1000 r/min. Fig. 19(a) shows the comparison of the measured estimating rotor angle and
the measured real rotor angle at 1000 r/min. Fig. 19(b) shows the estimating error, which is
around 2 degrees. As a result, the estimating error is reduced when the motor speed is
increased. In addition, Fig. 19(b) is varied more smoothly than the Fig. 18(b) is. The major
reason is that the back emf has a better signal/noise ratio when the motor speed increases.
Fig. 20(a) shows the measured transient responses at 50 r/min. Fig. 20(b) shows the
measured load disturbance responses under 2 N.m external load. The model reference
control performs the best. The steady-state errors of Fig. 20(a)(b) are: 2.7 r/min for PI
controller, 0.5 r/min for ABSC controller, and 0.1 r/min for MRAC controller, respectively.
According to the measured results, the MRAC controller performs the best and the PI
controller performs the worst in steady-state. Fig. 21(a)(b) show the measured speed
responses at 1000 r/min. Fig. 21(a) is the measured transient responses. Fig. 21(b) is the load
disturbance responses under 2 N.m. According to the measured results, the model-reference
controller performs better than the other two controllers in both transient response and load
disturbance response again. The steady-state errors of Fig. 21(a)(b) are: 7.3 r/min for PI
controller, 1.9 r/min for ABSC controller, and 0.1 r/min for MRAC controller, respectively.
As you can observe, the conclusions are similar to the results of Fig. 20(a)(b). Fig. 22(a)
shows the measured external -d of the adaptive backstepping control. Fig. 22(b) shows the
measured speed error of the adaptive backstepping control by selecting different
parameters. Fig. 23(a)(b)(c)(d) show the relative measured parameters K, K,Q;,Q,,Q, of the
model-reference controller. All the parameters converge to constant values. Fig. 24(a)(b)(c)
show the measured speed responses of a triangular speed command. The PI controller has a
larger steady-state error than the adaptive controllers have. Fig. 25(a)(b)(c) show the
measured speed responses of a sinusoidal speed command. As you can observe, the model-
reference controller performs the best. The model- reference controller has a smaller steady-
state error and performs a better tracking ability than the other controllers.



Controller Design for Synchronous Reluctance

Motor Drive Systems with Direct Torque Control 277
Corent £, , A
3
b8 o
|
ik ]
al | d
o i ‘1, !‘
| ‘ T
Ak o
o am em  om  om a1 68 0w a6 0@ 02 S«
Time
(a)

] 173 [ 15 Sec

Fig. 16. The measured steady-state waveforms. (a) phase current (b) line voltage.



Torque Control

278

88
T T T |1111L.h...1 T Jer =4
e Lk...\l.l..\.._..
I m — ls
o =
m\a.f..f.;.rr.,l.
..|.I.|ulr
L e T 13
.r..r...f. .rr!lrf./.r [=]
T
——
fVlﬂx
w B |1I,.I111|1|.11| .r....r.,fp -m @
N S
.- ..11...1511.1
— 1]
" =
o
- T 5
..\ff.f;.f af.r.f.f e
o e v
f.r}.fflf )
_ . Pl
s s T ¢ 9

L
o3

Fhux Aﬁﬁ‘lﬁ
0

w4 A, b

(b)



Controller Design for Synchronous Reluctance
Motor Drive Systems with Direct Torque Control

279

flux,wb
0.4

0.2

nz

i

4l

4
44

Fig. 17. The stator flux trajectories at 1000 r/min. simulated fluxes (b) simulated trajectory
(c) measured fluxes (d) measured trajectory.

0.0
Sec

o4 Ay b

Flux



280 Torque Control

Position
degree

EL /‘ ]

A
2500 5" 1

r 4
4 ’
L L L L L
0 [ [ [T [T] 1 1.2 Sec
Time
, (a)
Position emor

degree

] T T T

&t .

LS -

El S .

3 E

o 0.5 1 L5 ] 5 1 Sec

(b)
Fig. 18. The measured estimating rotor angle at 50 r/min. (a) comparison (b) estimating
error.

Time



Controller Design for Synchronous Reluctance
Motor Drive Systems with Direct Torque Control 281

Position

0 anl e and [T s 0is See
Timne

o ol LLIiH] 003 [0 0ol Ll 0t 008 LY 0l Sec

Fig. 19. The measured estimating rotor angle at 1000 r/min. (a) comparison (b) estimating
error.



282 Torque Control

o

. | p

a0 ]

i )

o s i0 T » % » % W Sec
Time

(b)
Fig. 20. The measured speed responses at 50 r/min, (a) transient responses (b) load
disturbance responses



Controller Design for Synchronous Reluctance
Motor Drive Systems with Direct Torque Control 283

T [ 15 E 25 E i3 r 5 5 Sec
Time
(@)
Spead
hmin
1), T
MRAC
1000
o ABSC I
sl Pl _
ot .
ek | .
soob .
amf .
E iy
ot §
JLkL 3 -
i 1 L 1 i
o 5 T 15 H i W0 Sec
Time
(b)

Fig. 21. The measured speed responses at 1000 r/ min. (a) transient responses (b) load
disturbance responses.



284 Torque Control

Adaptive parameter
d
[Tk
s
nal “\\ -
'\\/}"1 =1.25
e
sl h"m_\l><7:'l*ﬂ
. N
mf e e
T o o M:Jc"u‘.-
o .—1=ﬂ|
?'3 =(.5 ‘-—_,'—;—__, -
[T T
m- 4
cn I:s 4 Ie- Is in 12 S
Time
()
Adaptive parameier
radfs
Loa|
Ii
&
HI-H 4
[
6 7 i € ; m I S
Time

Fig. 22. The measured responses of adaptive backstepping control. (a) -d (b) speed error.



Controller Design for Synchronous Reluctance
Motor Drive Systems with Direct Torque Control 285

Adaptive parameter
£ am

b T T T T T T T

GRF 4

56

A

L] 1 4 3 4 3 & T £ a n Sec
Time

bt -

26} | i




286 Torque Control

Adaptive parameter
s’

ol |

aF .

i Fd T ey T e e e T

ast 4/ E

[ .:I II 11 a [ & .'J H [l mw Sec
Time

Adaptive parameter
Q.; 10
| ]

(d)
Fig. 23. The measured responses of model-reference control. (a) K (b) Q; (c) Q, (d) Q.



Controller Design for Synchronous Reluctance
Motor Drive Systems with Direct Torque Control 287

Time



288 Torque Control

rimin

Time:
(©)
Fig. 24 The measured speed responses of a triangular speed command.
(a) PI (b) backstepping (c) model-reference.

s]’“d.
rimin
A T T T T T

Tirne



Controller Design for Synchronous Reluctance
Motor Drive Systems with Direct Torque Control 289

SI”.HL
rfmin
m T T L] L]

Time

Speed
rhmin

©

Fig. 25. The speed responses of a sinusoidal speed command. (a) PI (b) backstepping (c)
model-reference.



290 Torque Control

6. Future trends

In this chapter, by using the torque control, a closed-loop sensorless speed drive system has
been implemented. The proposed system can be operated from 30 r/min to 2000 r/min with
satisfactory performance. Unfortunately, the proposed system cannot be operated from
standstill to 30 r/min. As a result, it is necessary in the future to continuously improve the
controller design, hardware design, and software design to reduce the torque pulsations and
then provide better performance in low-speed operating range. In addition, it is another aim
to realize a closed-loop high performance position control system by using a torque control
method.

7. Conclusions

In this chapter, two different adaptive controllers have been proposed for a synchronous
reluctance motor drive system. The parameters of the controllers are on-line tuned. The
adaptive backstepping controller has simple control algorithm. It is more easily
implemented than the model reference adaptive controller is. On the other hand, the model
reference adaptive controller performs better in transient responses and steady-state
characteristics. A digital signal process is used to execute the control algorithm. As a result,
the hardware circuit is very simple. The implemented system shows good transient
responses, load disturbance responses, and tracking ability in triangular and sinusoidal
commands. This paper provides a new direction in the application of adaptive controller
design for a synchronous reluctance motor drive system.
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