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Electric motors are widely used in industries to convert electrical energy into 
mechanical form. Control techniques are designed to improve the performance and 
efficiency of the drive so that large amounts of electrical energy can be saved. This 
book is primarily written with the objective of providing necessary information on 

use of electric motors for various applications in industries. During the last ten years a 
number of methods of control of electric drives have emerged. Some of these methods 
are described in this book. The reader will be able to understand the new methods of 

control used in drives, e.g. direct and sensorless control. Also the application of motor 
control in dentistry, the effect of human reaction and improvement of the efficiency of 

drives with control have been described.
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Preface 

More than fifty percent of total electrical energy generated is converted into
mechanical energy with the help of electric motors. If the efficiency of these motors is 
improved, a large amount of energy can be saved. With the advent of power
electronics it is now possible to control the torque and speed of electric motors 
precisely as needed, resulting in saving of energy.

In this book various methods of control of electric motors are discussed. Sensorless 
control of motors requires the estimation of speed without actually measuring it. 
Similarly now the torque is controlled directly by the direct torque control method 
described in the book. Reluctance motors are also finding applications in many
industries like consumer appliances, automobiles and defense. Special application of 
motors in dentistry is also described. The effect of human reaction on motor 
performance is also described.

Dr. Mukhtar Ahmad,  
senior member IEEE Professor,

Department of Electrical Engineering,
Aligarh Muslim University, 
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Intelligent Torque Control Motors in Dentistry 
Mohammad Hassan Zarrabi and Maryam Javidi 

Endodontic Department, Dental School,  
University of Medical Sciences, Mashhad, 

Iran 

1. Introduction 
Perhaps no instrument has more optimized in dentistry and the dentist over the past 
century in the mind of the public than the dental headpiece. Prior to 1870 dentists had no 
driven rotary tools. During the 1850-1870 periods various other instruments were advised to 
rotate burs in cavities.  
Early example of clock wise drill was patented in 1864, come into use by 1871, It was with 
the advent of the foot engine that the first dental hand pieces came into being.  
Straight hand pieces with a variety of intricate chuck-closing mechanisms became well 
developed during the 1880, and since they were permanently linked to the foot – engine 
flexible cable were converted into angle hand pieces by connecting so – called " lock – bit 
attachments" to their front ends, these lock-bits being available in right angle, acute angle 
and obtuse angle patterns.(Fig 1)   
 

 
Fig. 1. Dental hand piece in 19th century. 

From 1875 onwards, the use of the foot engine became widespread, but its demise was 
foreshadowed by the advent of electric headpiece driving mechanism.  
Early electric motors were designed to be attached to foot engines or alternatively as 
independent entities.  
In briefly, dental hand pieces are small, very specialized air as electric driven turbines used 
in both high and low speed dental hand pieces.  
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2. Structure of dental hand piece; turbine 
A turbine is typically made up of multiple components including:  
Rotor: Integral shaft on which components are mounted  
Chuck: usually housed within the rotor.  
Impeller: Component which converts energy from pressurized air or electricity in to the 
rotational motion of the turbine required for cutting.  
Bearing: Allow entire assembly to spin freely with as little friction as possible.  
Rings: Provide firm seating inside hand piece head while minimizing vibration.  
High speed dental hand pieces turn at approximately 400/000 revolutions per minute (rpm). 
Slow speed dental hand piece turn at 150 rpm to 2000 rpm.(Fig 2) 
 

 
Fig. 2. Structure of dental hand piece. 

Because of the specialized nature, very high speed, the turbines that drive them must be 
manufactured to the highest standards. Standard materials would result in imminent 
failure, and possible harm to the patient on which the equipment was being used.  
Hand piece manufacturers sometimes design hand pieces around the mast efficient, highest 
power producing dental hand piece turbine that current technology allows.  
Speed and torque is king where dental hand pieces are concerned and competition is fierce 
between manufacturers.  

3. What is torque? 
Torque is a measure of how much  force acting on an object cause that object to rotate.  
Torque also called moment ox moment of force is a tendency of force to rotate an object on 
axis, fulcrum, or pivot, just as a force is a push or a pull, a torque can be thought of as a twist.  
In simple terms, torque is a measure of the turning force on an object such as a bolt oz a fly 
wheel, for example, pushing oz pulling the handle of a wrench connected to a nut or bolt 
produces a torque (turning force) that loosens or tightens the nut or bolt. (Fig 3)  
 

 
Fig. 3. Turning force. 
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4. Torque in dentistry; root canal therapy  
In many aspect of practice in dentistry, especially in root canal therapy for root canal 
preparation, there is a turning force on an instrument.  
Torque is a parameter that must be controllable in root canal preparation, because of 
different instruments which have been used, seem to need different values of torque.  
In root canal preparation, safety usage of instrument depends on considering the torque at 
failure of instrument.  
The instruments are subjected to different of torsional torque, if the level of torque is equal 
to or greater than the torque at failure (fracture), the instrument will separate.  

5. Torque control hand pieces 
Different types of hand pieces are used in conjunction with the rotary instruments, the air 
and electric motors without torque control and the electric torque control motors. (Fig 4) 
 
 

 
 

Fig. 4. Torque control motor. 

Theoretically, the torque control hand pieces (motors) take into consideration the torque at 
failure of rotary instrument.  
Torque values lower than the torque at fracture of the instruments can be set on the torque 
control hand pieces.  
When a high torque control hand pieces is used the instrument is very active and the 
incidence of instrument locking and, consequently, deformations and separation would tend 
to increase.  
Air driven hand pieces or air motors do not allow torque control and variation in air 
pressure could affect the rotational speed and, consequently, torque. For instance a drop in 
air pressure would lead to a decrease of torque. (Fig 5) 
The instrument would become less active, and the operator would tend to force the 
instrument in to the canal of teeth leading to deformation and separation.   
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Fig. 5. Air driven hand piece. 

Recently a generation of low and very low torque control motors has been introduced; 
torque values as low as 1 N/cm2 can be set on these torque control motors, respectively, 
these motors take into consideration and low torque at failure values of rotary 
instruments.  
If the high-torque is used the instrument specific torque limit is often exceeded, thus 
increasing the mechanical stress and the risk of fractures, it must be emphasized that the 
elastic limit of the tested instrument was found to be lower than 1 N/cm2 when subjected to 
torsional testing.  
To limit this potential breakage, a low torque motor should be used , if the torque is set just 
below the limit of elasticity for each instrument, the mechanical stress is lower, the risk of 
deformation and separation is likely to be reduced to an extent far below what has been 
possible before.  
With the low torque motor, the motor will stop from rotating and can even reverse the 
direction of rotate when the instrument is subjected to torque level equal to the torque value 
set on the motor thus instrument failure would be avoided.  

6. Different types of torque control electro motors 
NSK Brasseler ENDO-MATE DT, ENDO-MATE DT is specifically designed for use with 
Ni-Ti files from all major suppliers. User-programmable preset memory can store up to 9 
speed and torque settings exactly to the supplier’s spec. A compact and lightweight control 
unit offers convenience of full portability between offices. ENDO-MATE DT can be hooked 
up directly to wall outlet or used with rechargeable battery. A large LCD display offers 
higher visibility for instantaneous recognition of micromotor status (Fig 6). 
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Fig. 6. ENDO-MATE DT. 

J Morita root ZX® II low speed handpiece module 
Root ZX II can easily be upgraded to a low speed handpiece offering speeds from 150 - 800 
rpms. The low speed handpiece module is interchangeable and snaps easily onto the back of 
the unit. This new versatility allows the clinician to choose between apex locator, low speed 
handpiece, or a combination of both. Designed for enhanced performance, the tailor-made 
handpiece is lightweight (70 g) and has a compact head height (12.5 mm). Proven Root ZX II 
technology delivers extreme accuracy and reliability, while the display screen allows the 
clinician to visualize file movement during instrumentation (Fig 7).  
 

 
Fig. 7. J Morita root ZX® II. 

J Morita Tri Auto ZX. The Root ZX II low speed handpiece is loaded with automatic safety 
functions. A new feature, Auto Torque Slow Down, offers added protection when preparing 
the canal. The file automatically slows down as the torque load approaches its set limit 
helping to reduce file breakage (Fig. 8). 
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Fig. 8. J Morita Tri Auto ZX. 

The cordless Tri Auto ZX is the only endodontic handpiece with a built-in apex locator, 
providing the capability and convenience to electronically monitor the root canal before, 
during and after instrumentation. With the combined technology and accuracy of the Root 
ZX apex locator, the Tri Auto ZX can significantly increase accuracy and safety. The Tri 
Auto ZX also offers greater control and flexibility with the adjustable torque settings. The 
choice of automatic or manual mode operations provide versatility. The three automatic 
functions include: Auto Start/Stop, Auto Apical Reverse and Auto Torque Reverse. 
J Morita rotary master® electric low speed motor 
The Rotary Master is a lightweight, ergonomically designed, low speed electric motor with a 
consistent operating speed, regardless of the load applied to the rotary file. It is a perfect 
complement to any nickel titanium rotary file system. The Rotary Master comes with a 16:1 
contra angle and boasts one of the smallest contra heads on the market. The variable speeds 
allow the unit to be used for a wide variety of general and endodontic procedures. Other 
features include a large digital rpm display, touch-panel adjustments and a motor reverse. 
The 1:1 contra angle and automatic crown and bridge remover are optional (Fig. 9). 
 

 
Fig. 9. J Morita rotary master® electric low speed motor. 
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TCM Endo 3The microprocessor controlled TCM Endo III is a slow-speed, electric torque-
control motor capable of achieving faster and easier root canal preparation. Speed and 
maximum torque levels are preselectable and constantly controlled by the TCM III control 
unit. Speed is constant until the adjusted torque limit is reached, then the motor will reverse 
for 2 revolutions and return to the forward direction to finish root canal preparation. The 
TCM III is compatible with both Quantec and K3 Rotary Systems (Fig. 10). 
 

 
Fig. 10. TCM Endo III. 
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to Active Front Steering 
Ryo Minaki and Yoichi Hori 
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Japan 

1. Introduction  
In today’s world, the effectiveness of electronic active control systems in stabilizing a 
vehicle’s motion has been recognized; thus, numerous active control systems have been 
developed to realize effective braking torque and traction control and have been 
incorporated in mass-produced vehicles. However, an effective active control system for 
steering is not yet available. Active front steering (AFS) is an effective technique to stabilize 
the motion control when methods such as the Direct Yaw Control (DYC) are used; however, 
for a vehicle, it is difficult to resolve the problem of interference between driver steering and 
automatic steering with AFS. Some studies have verified that AFS is effective from the 
viewpoint of vehicle motion physics but such verification alone is insufficient. Since the 
driver has control of the steering wheel, driver sensitivity interferes with vehicle motion 
control, and the theoretical effect of control by AFS cannot be realized. This problem is 
known as the steering interference problem. Therefore, it is important to ensure that the 
active steering control system does not interfere with driver steering. In this paper, we 
evaluate driver sensitivity quantitatively using a steering device, and we verify the efficacy 
of the reaction torque control method based on the fundamental characteristics of driver 
sensitivity. 

2. Active front steering  
In traditional steering systems, due to the presence of mechanical parts such as the torsion 
bar spring and the intermediate shaft between the steering wheel and front axle wheel, the 
inclinations of both wheels are directly related to each other. For this reason, it is not 
possible to realize AFS in such conventional systems. Either of two techniques can be used 
to solve this mechanical problem: steer-by-wire (SBW) and differential steering. SBW allows 
the steering wheel and front wheels to be controlled independently by replacing mechanical 
units with electric signal lines. On the other hand, differential steering controls the 
differential angle between the steering wheel and front axle wheels using a particular gear 
such as a planetary gear or harmonic gear. However, with these techniques, the following 
problems must be overcome to realize AFS. Experimental verification particularly describes 
the problems at the chapter 4. 
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2.1 Problems with AFS when using a differential gear  
Since this technique links the steering wheel to the front axle via a differential gear, the 
reaction torque of the disturbance from the road surface is directly transmitted to the driver. 
For this reason, this technique inevitably causes steering interference when AFS intervenes 
strongly during steering. 

2.2 Problems with AFS when using Steer-By-Wire  
Since this technique does not link the steering wheel to the front axle via mechanical 
components, the reaction torque from the road surface is not transmitted to the driver at all. 
For this reason, the technique can decouple the steering interference completely. This is an 
advantage for AFS. However, when the front wheels hit a bump in the road, or if the driver 
operates the vehicle on gravel, this technique cannot transmit the reaction torque as road 
information to the driver. This is a critical problem for safe driving. 
For realizing an effective AFS system, it is important to control the reaction torque 
transmitted to the driver for safe operation. The purpose of our study was to evaluate driver 
sensitivity quantitatively, to propose novel techniques for controlling the reaction torque 
based on driver sensitivity, and to verify whether these techniques were effective by using a 
steering device.  

2.3 Active front steering control  
A planetary gear structure is shown in Fig. 1. It consists of sun gear, ring gear and carrier. 
Each gear is conected to steering axle, front wheel axle, and sub motor. The block diagram of 
a steering system using a planetary gear for AFS is shown in Fig. 2. The block diagram of the 
AFS control is shown in Fig. 3. State variables for this system are shown in Table 1. The 
angle equation is shown in (1). α is gear ratio determined by number of gear teeth. The sub 
motor controls the ring gear angle in the planetary gear shown in (2) for AFS. The AFS sets 
the angle Δθ between the steering wheel and the front axle wheel based on vehicle motion 
controller. As a result, the AFS controls the front axle wheel angle shown in (3). The 
equation is calculated using the equations (1) and (2). The main motor is used to reduce the 
steering load in order to assist the driver. The toque equation of the planetary gear is shown 
in (4). The torque is not relationship between the gear angle.  
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α α
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Fig. 1. A structure of planetary gear. 

 
Ts Steering wheel torque 
Td Driver torque 
Tr Reaction torque to a driver 

Tf Front axle wheel torque 

Tf* Front axle wheel reference torque 

TRTRS Reaction torque from road surface 

Ta Power assist torque 

θs Steering wheel angle 

θm Ring gear angle 

θm* Ring gear reference angle 

θf front axle wheel angle 

θt front wheel angle 

Δθ Angle between steering wheel and front axle wheel 

Js Steering wheel inertia 
Jf Front steering inertia 
Bs Friction coefficient of steering wheel 
Cf Friction coefficient of front steering 
Ka Power assist ratio 
Gt Gear ratio of rack and pinion 

Table 1. Steering system parameters. 



 
Advances in Motor Torque Control 

 

14

2.1 Problems with AFS when using a differential gear  
Since this technique links the steering wheel to the front axle via a differential gear, the 
reaction torque of the disturbance from the road surface is directly transmitted to the driver. 
For this reason, this technique inevitably causes steering interference when AFS intervenes 
strongly during steering. 

2.2 Problems with AFS when using Steer-By-Wire  
Since this technique does not link the steering wheel to the front axle via mechanical 
components, the reaction torque from the road surface is not transmitted to the driver at all. 
For this reason, the technique can decouple the steering interference completely. This is an 
advantage for AFS. However, when the front wheels hit a bump in the road, or if the driver 
operates the vehicle on gravel, this technique cannot transmit the reaction torque as road 
information to the driver. This is a critical problem for safe driving. 
For realizing an effective AFS system, it is important to control the reaction torque 
transmitted to the driver for safe operation. The purpose of our study was to evaluate driver 
sensitivity quantitatively, to propose novel techniques for controlling the reaction torque 
based on driver sensitivity, and to verify whether these techniques were effective by using a 
steering device.  

2.3 Active front steering control  
A planetary gear structure is shown in Fig. 1. It consists of sun gear, ring gear and carrier. 
Each gear is conected to steering axle, front wheel axle, and sub motor. The block diagram of 
a steering system using a planetary gear for AFS is shown in Fig. 2. The block diagram of the 
AFS control is shown in Fig. 3. State variables for this system are shown in Table 1. The 
angle equation is shown in (1). α is gear ratio determined by number of gear teeth. The sub 
motor controls the ring gear angle in the planetary gear shown in (2) for AFS. The AFS sets 
the angle Δθ between the steering wheel and the front axle wheel based on vehicle motion 
controller. As a result, the AFS controls the front axle wheel angle shown in (3). The 
equation is calculated using the equations (1) and (2). The main motor is used to reduce the 
steering load in order to assist the driver. The toque equation of the planetary gear is shown 
in (4). The torque is not relationship between the gear angle.  

 
 f

m s
θ α + 1θ = + θ
α α

  (1) 

 
*

αm s


     (2) 

 f s      (3) 

 α 1 α
m s

f
T TT   

  (4) 

Experimental Verification of  
Reaction Torque Control Based on Driver Sensitivity to Active Front Steering 

 

15 

 

 
Fig. 1. A structure of planetary gear. 

 
Ts Steering wheel torque 
Td Driver torque 
Tr Reaction torque to a driver 

Tf Front axle wheel torque 

Tf* Front axle wheel reference torque 

TRTRS Reaction torque from road surface 

Ta Power assist torque 

θs Steering wheel angle 

θm Ring gear angle 

θm* Ring gear reference angle 

θf front axle wheel angle 

θt front wheel angle 

Δθ Angle between steering wheel and front axle wheel 

Js Steering wheel inertia 
Jf Front steering inertia 
Bs Friction coefficient of steering wheel 
Cf Friction coefficient of front steering 
Ka Power assist ratio 
Gt Gear ratio of rack and pinion 

Table 1. Steering system parameters. 



 
Advances in Motor Torque Control 

 

16

Sub motor
controller Sub

motor

Rack & Pinion

Torque Sensor

Main motor

Electric
Signal Line

Planetary Gear

Steering Wheel
θs

θm

θf

Main motor 
controller

Vehicle motion 
controller

Δθ*Active Front 
Steering

Ts

Tf

Yaw rate
Acceleration

Velocity

θt

 
Fig. 2. Differential steering system. 

 

  

 
Fig. 3. Block diagram of active front steering control. 

3. Method of experimental evaluation 
We verified the following effects conclusively with a steering device shown in Fig.4. 
Firstly, evaluation of the response of the following differential angle to the reference 
differential angle by AFS. Block diagram of AFS is shown in Fig.2. If a motion control PC 
that supervises vehicle’s motion detects a dangerous movement such as a slip, the PC sends 
the differential angle reference to the PC controlling the steering system. The steering PC 
attempts to match the differential angle to the reference. This study evaluated the response. 

Experimental Verification of  
Reaction Torque Control Based on Driver Sensitivity to Active Front Steering 

 

17 

Secondly, Evaluation for reducing the steering interference during AFS. This paper 
evaluated a way to reduce the steering interference that impedes driver steering during AFS 
operation. 
Finally, Evaluation for transmitting the reaction torque required for safe driving. In order to 
realize driver safety, it is neccesary to provide an appropriate reaction torque for the 
steering wheel. This study evaluated a way to transmit the reaction torque to the driver via 
the steering wheel. 

3.1 Steering device  
The AFS simulation was evaluated using the steering device. The photo of planetary gear 
our produced is shown in Fig. 5 and courtesy photograph of steering device around the 
planetary gear is shown in Fig. 6. The block diagram shown in Fig. 2. The state variable used 
in the block diagram is shown in Table 1. This device consisted of two motors and a 
planetary gear. The sub-motor controlled the planetary gear so that the differential angle Δθ 
matched the reference angle Δθ* for AFS. Δθ is differential angle between the steering wheel 
and the front axle wheel angle. The main-motor was used to reduce the steering load to help 
the driver. The motor also simulated the reaction torque TRTRS that the road surface exerts on 
the front wheels. The equation for the reaction torque is shown in (5). This torque consists of 
self aligning torque (SAT) and the friction of the front wheels. It is transmitted in a direction 
opposite to that of the steering operation so that the driver does not turn the steering wheel 
excessively; thus, the torque is exerted to ensure safe driving. By using digital signal 
processor (DSP), this device can simulate AFS using SBW or a differential gear. 
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Fig. 5. Planetary gear produced in Hori laboratory 

 

 
Fig. 6. Courtesy photograph of Steering device around the planetary gear 

3.2 AFS simulation starting conditions  
The experiment started when the steering wheel was turned to the left by 90°. After a few 
seconds, as soon as the motion control PC detected a slip in the vehicle, the AFS was 
activated. The AFS set the angle between the steering and front wheels to the reference angle 
Δθ* calculated in the motion control PC. The experimental device simulated the reference 
angle, as shown in Fig. 7. For example, the AFS set the angle to –60° in the case of pattern 1, 
and passed on this value to the steering control PC. This means that the front wheel’s angle 
was reduced by 30° in the steering control PC. Then, each angle is shown in Fig.8. In 
comparison with the angular velocity for pattern 1, that for pattern 5 was faster while that 
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for pattern 9 was slower. The device could simulate 12 types of patterns in an AFS 
experiment. 
 

 
Fig. 7. Differential reference angle for AFS. 

 

 

 
Fig. 8. Angle control for AFS. 

4. Fundamental verification of driver sensitivity during afs operation 
The verification revealed that driver steering sensitivity interfered with automatic steering 
control. Differential angle control was applied in the experiment. We performed the 
reference angle experiment using patterns 1 to 12, as shown in Fig. 7, and verified the effect 
of driver sensitivity. From the results, we proposed a reaction torque control method based 
on driver sensitivity. 
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4.1 Comparative verification of steering interference in differential angle  
4.1.1 Pattern 1: reference angle ∆θ*=-60(º)  
The experimental result of the reference angle based on pattern 1 is shown in Fig. 9. The 
graph of the angle shows that the control could achieve the differential angle (–60°) in 3 to 4 
s when AFS was performed, but there were two problems. One problem was that the 
steering wheel angle was considerably turned toward the other side of the front axle wheel 
angle. This prevented the driver from perceiving the vehicle’s motion. Another problem was 
that the control caused the steering torque to decrease rapidly. This shows that the reaction 
torque decreased rapidly and it prevented the driver from operating the vehicle safely. That 
is to say, AFS returned the front axle wheel angle and the angle became small. The reaction 
torque that the driver received from the road surface decreased and the driver perceived 
that the steering wheel became light. The driver turned the steering wheel increasingly by 
100°. This is a problem known as steering interference by AFS. If the driver maintained the 
steering wheel angle of 90°, the front axle wheel angle should have returned to the original 
30°. However, in the results, it only returned to 40°. This means that sufficient AFS control 
was unrealizable from the viewpoint of motion control. 

4.1.2 Pattern 2: reference angle ∆θ*=-30(º)  
The experimental result of the reference angle based on pattern 2 is shown in Fig. 10. The 
graph of the angle shows that the steering interference was less than the result of Fig. 9 since 
the front axle wheel angle was reduced to 60° and the steering angle was kept constant. As a 
result, the slope of the reaction torque that the driver received from the road surface was 
small. Therefore, it is advisable not to transmit the torque to the driver directly when the 
slope is excessively large. With regard to the steering axle, the reaction torque that would 
not cause steering interference is not more than 3 to 5 Nm/s. 
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Fig. 9. Experimental result of reference angle based on pattern1. 
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Fig. 10. Experimental result of reference angle based on pattern2. 

4.1.3 Pattern 3: reference angle ∆θ*=+60(º)  
The experimental result of the reference angle based on pattern 3 is shown in Fig. 11. This 
result shows less steering interference than the result of Fig. 9. The result indicates that the 
driver sensitivity was insufficient to handle a reaction torque along a direction opposite to 
that of the torque that the driver received from the road surface before AFS operation. 
 
 

 
 

Fig. 11. Experimental result of reference angle based on pattern 3. 

4.2 Comparative verification of steering interference in velocity of differential angle  
The verification revealed that the velocity of the differential angle during AFS operation 
affected any steering interference caused by driver sensitivity. 
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4.2 Comparative verification of steering interference in velocity of differential angle  
The verification revealed that the velocity of the differential angle during AFS operation 
affected any steering interference caused by driver sensitivity. 
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4.2.1 Pattern 5: velocity of reference angle ∆θ*/dt =-300(º/s)  
The angular velocity for pattern 5 was higher than that for pattern 1. The experimental result 
for the reference angle based on pattern 5 is shown in Fig. 12. 

4.2.2 Pattern 9: velocity of reference angle ∆θ*/dt =-150(º/s)  
The angular velocity for pattern 9 was slower than that for pattern 1. The experimental 
result of the reference angle based on pattern 9 is shown in Fig. 13. 
A comparison of the experimental results for patterns 1, 5, and 9 revealed that a higher 
angular velocity in the front axle wheel led to greater steering interference. The driver 
received reaction torque in proportion to the velocity via the steering wheel. If the velocity 
was excessively high, the driver was unable to handle the torque and keep the steering 
wheel steady. Achieving safe AFS requires a torque to compensate for driver sensitivity to 
the velocity. 
 

 
Fig. 12. Experimental result of reference angle based on pattern 5. 
 

 

 
Fig. 13. Experimental result of reference angle based on pattern 9. 
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4.3 Reaction torque control based on idealized model with Steer-By-Wire 
The block diagram of the control method is shown in Fig. 14. The control can decouple the 
steering interference completely by transmitting the reaction torque associated with the 
idealized model to the driver. Equation (6) for the reaction torque Tr shows that Tr is not 
associated in any way with the front wheels. The control can decouple the interference since 
the driver does not receive theAFS-modified reaction torque from the road surface. 
However, the driver loses the road information at the same time because there is no 
feedback from the front wheels to the steering wheel. Our control method realizes AFS by 
sending the reference angle of the front axle wheel to the front wheel controller, as shown in 
(7). 
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Fig 14. Block diagram of reaction torque control based on idealized model. 
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The experimental results for this control are shown in Fig. 15. The graph of the angle shows 
that the front axle wheel angle returned to 30°, and the steering wheel angle was maintained 
constant angle at 90°. On the other hand, the steering torque shows that the driver 
constantly received a reaction torque. This control method did not cause any steering 
interference because no AFS-modified reaction torque was transmitted by the control from 
the road surface to the driver. Although this control method seems to be suitable, a problem 
encountered is that the driver operates the vehicle without receiving any reaction torque as 
road information when the front wheels hit a bump in the road or the driver operates the 
vehicle on a gravel road. In other words, the control can decouple the interference 
completely but at the same time it cannot provide reaction torque required for safe driving. 

5. Reaction torque control based on driver sensitivity during afs operation 
Since the differential steering always transmits the reaction torque from road surface to the 
driver, during AFS operation It led to steering interference. On the other hand, SBW could 
decouple the steering interference because no AFS-modified reaction torque was 
transmitted to the driver. However, it could not provide reaction torque as road information 
to the driver. Reducing steering interference and transmitting road reaction torque are 
inconsistency to each other. We propose two reaction torque control methods for a driver. 
First one is reaction torque control based on variable assist ratio control, another one is 
based on reaction torque observer and hysteresis torque control. 

5.1 Reaction torque control based on variable assist ratio with differential steering  
The block diagram of this method is shown in Fig. 3 and It controls assist ratio Ka based on 
differential angle between steering wheel and front axle wheel. This equation is shown in 
(8). Ka0 is constant value. Reaction torque to a driver is shown in (9). Torque difference 
between steering angle and front axle wheel angle is transmitted to a driver. It is same as 
torque sensor with torsion bar spring for conventional EPS system. On the other hand, the 
equation of front axle wheel angle is shown in (10). It shows that the variable assist torque 
can comepensates the reaction torque TRTRS from road surface. Because the reaction torque 
depends on the front axle wheel angle as SAT. To the next, it compensats the front axle 
wheel angle. As a result, It can control the reaction torque transmitted to a driver. 
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5.2 Reaction torque control based on estimated reaction torque and driver sensitivity  
As mentioned above, although the reaction torque control based on the idealized model 
with SBW can decouple the steering interference, a limitation of the control method is that 
the driver cannot use the reaction torque as road information. In an application based on 
this control method, the reaction torque must be measured or estimated to transmit this 
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information to the driver. In this study, we estimated the torque using an assist motor 
attached to the front axle wheel and an observer. In addition, we propose to adjust steering 
sensitivity by transmitting model reaction torque to a driver. Block diagram of this method 
is shown in Fig. 16. 
 

 
Fig. 16. Reaction torque control based on estimated reaction torque and driver sensitivity. 

5.2.1 Reaction torque observer  
The block diagram of the reaction torque observer is shown in Fig. 17. The reaction torque 
TRTRS from the road surface is an unknown state variable to be estimated. First, the estimated 
angle of the front axle wheel, 

f̂ , is calculated using the nominal model Pn(s) of plant Pn(s) 
and the reference torque of the front axle wheel, Tf*, which are known state variables. 
Second, Δθ is calculated as the difference between the estimated value 

f̂  and the measured 
value 

f . 
RTRS

T̂  is calculated by means of the inverse model Pn-1 of the plant. Since Pn-1 is not a 
proper function, 

RTRS
T̂  is calculated using a low-pass filter Ｑ . If the reaction torque 

RTRS
T̂  

estimated by the observer were to be directly transmitted to the driver, the control system 
would cause steering interference in the same manner as the conventional angle control, as 
shown in Fig. 9. Therefore, it is necessary to adjust the gain and frequency of 

RTRS
T̂  with the 

low-pass filter Ｑ . The formula is shown below. 
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If the nominal model Pn(s) is confirmed to be identical to plant P(s), RTRST̂  is calculated by 
the following formula (13). 
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P(s) is identified using the Prediction Error Method based on the Maximum-Likelihood 
Method. 
Low pass filter Ｑ  reduces higher frequency gain than cut-off frequency 1/τq. τq is time 
constant value. In this paper, cut-off frequency 1/τq.is 20 (Hz) because reaction torque 
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information to the driver. In this study, we estimated the torque using an assist motor 
attached to the front axle wheel and an observer. In addition, we propose to adjust steering 
sensitivity by transmitting model reaction torque to a driver. Block diagram of this method 
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required for steering operation is about 0-10 [Hz]. And feedback gain Gfb is adjusted by 
formula (15) to assist driver return the steering wheel. As a result, it is able to reduce the 
steering interference. 
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Fig. 17. Reaction torque observer. 

5.2.2 Hysteresis torque control for varying steering sensitivity 
This method compensates for driver sensitivity during the steering operation. To be specific, it 
controls hysteresis, which compensates for driver sensitivity. The sub-motor controls 
hysteresis by adjusting the coefficient Cs in proportion to the angular velocity of the steering 
wheel in Fig. 16. The model reaction torque shown in (16) controls steering sensitivity for 
driver. The coefficient Cs is determined by difference angle Δθ from the formula (17). When a 
driver operates the steering wheel angle of sine-wave at 0.5 [Hz], lissajous curve is drawn To 
evaluate the steering characteristics. This result is shown in Fig. 18. Blue line is Ks = 2.0, Cs = 
0.2, red one is Ks = 2.0, Cs = 0.6. When the coefficient Cs is large, the hysteresis band is 
expanded. One the other hand, when comparing to frequency of steering torque in Fig.19, high 
frequency steering torque vibration is reduced. However, large hysteresis band strikes the 
driver as heavy steering feeling. For this reason, steering system need to adjust aproapriately 
hysteresis band according to road reaction torque. When the reaction torque is changed using 
AFS, an appropriate hysteresis value enables the driver to maintain the operation and reduces 
the vibration of the steering torque and the steering interference. Because driver has not felt 
the vibration in the hysteresis band. The torque Tr transmitted to the driver is given by (18). In 
this paper, the stiffness Ks is zero because of compensating only steering vibration. 
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Fig. 18. Hysteresis band characteristic changed by viscous friction. 

 
Fig. 19. Hysteresis band characteristic changed by angular velocity of steering wheel. 

6. Experimental verification of AFS by proposed reaction torque control for 
steering 
The experimental verification revealed that the proposed method was effective in allowing a 
driver to operate a vehicle safely with AFS. The reference angle of the AFS experiment was 
applied to patterns 1 and 5, which caused large steering interference at the experiment of 4th 
clause. 

6.1 Reaction torque control based on variable assist ratio control  
6.1.1 Pattern 1: reference angle ∆θ*=-60(º)  
The experimental result of the control is shown in Fig. 20. The steering torque shows that the 
reaction torque is more constant than the result of the differential angle control shown in 
Fig. 9. In the graph of the angle, the steering wheel angle has been kept constant angle at 90° 
and the front axle wheel angle was returned to 30°. As the two results, the control is an 
effective technique to reduce the steering interference during AFS operation. 
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6.1.2 Pattern 5: velocity of reference angle ∆θ*/dt =-300(º/s)   
The experimental result is shown in Fig. 21. The steering interference has been reduced 
compared to that of differential angle control shown in Fig. 12. The front axle wheel angle 
has been returned to about 30º. However, the steering torque has been vibrated in 3.0-3.3(s) 
and 3.7-4.0(s). When the front wheel angle is returned quickly, road reaction torque contains 
larger vibration. Since this method compensates reaction torque in proposion to the front 
wheel angle, the reaction torque vibration could not be reduced sufficiently. 
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Fig. 20. Experimental result of AFS based on variable assist ratio control in cased of pattern 1. 

 

  
Fig. 21. Experimental result of AFS based on variable assist ratio control in cased of pattern 5. 

6.2 Reaction torque control based on estimated reaction torque and driver sensitivity  
6.2.1 Pattern 1: reference angle ∆θ*=-60(º)  
The experimental result is shown in Fig. 22. The graph of the angle shows that the technique 
did not cause the same steering interference as the reaction torque control based on the 
idealized model shown in Fig. 15; in addition, the proposed technique exhibited excellent 
performance in matching the reference angle of the front axle wheel. On the other hand, the 
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graph of the steering torque shows that the technique could transmit a small amount of the 
reaction torque from the road surface to the driver. 
 

 
Fig. 22. Experimental result of AFS by reaction torque control based on driver sensitivity in 
cased of pattern 1. 

Thus, the technique was able to decouple the steering interference while simultaneously 
transmitting information from the road surface. From the driver’s viewpoint, it is essential 
to ensure that a small amount of torque is transmitted to the driver. If such transmission is 
realized, the driver can recognize AFS operation and sense the cooperation between the 
steering operation and the system assisting the driver’s operation. 

6.2.2 Pattern 5: velocity of reference angle ∆θ*/dt =-300(º/s)   
The experimental result is shown in Fig. 23. The use of our control method resulted in a 
large hysteresis value during AFS operation.  
 

 
Fig. 23. Experimental result of AFS by reaction torque control based on driver sensitivity in 
cased of pattern 5. 
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graph of the steering torque shows that the technique could transmit a small amount of the 
reaction torque from the road surface to the driver. 
 

 
Fig. 22. Experimental result of AFS by reaction torque control based on driver sensitivity in 
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The result showed that the control reduced the steering interference while simultaneously 
transmitting the reaction torque from the road surface to the driver. In addition, the control 
reduced the steering torque vibration by adjusting the hysteresis value. 

7. Conclusion  
In this study, we verified the relationship between steering interference associated with 
AFS-assisted automatic steering and driver steering sensitivity. Drivers are very sensitive to 
the reaction torque, and if a driver receives it directly after it has been changed by the AFS, 
safe operation is impossible. Moreover, the experimental results showed that driver 
sensitivity is nonlinear. In particular, drivers are unable to handle a reaction torque exerted 
along a direction opposite to that of the torque that the driver receives from the road surface 
before AFS operation. Therefore, we propose a reaction torque control method based on the 
driver sensitivity. To be specific, the proposed method controls the gain and frequency of 
the reaction torque from the road surface to prevent steering interference and allow the road 
information required for safe operation to be transmitted to the driver. In addition, it 
controls hysteresis to reduce steering torque vibration. As a result, the driver can operate the 
steering wheel safely with AFS. 
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The result showed that the control reduced the steering interference while simultaneously 
transmitting the reaction torque from the road surface to the driver. In addition, the control 
reduced the steering torque vibration by adjusting the hysteresis value. 
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safe operation is impossible. Moreover, the experimental results showed that driver 
sensitivity is nonlinear. In particular, drivers are unable to handle a reaction torque exerted 
along a direction opposite to that of the torque that the driver receives from the road surface 
before AFS operation. Therefore, we propose a reaction torque control method based on the 
driver sensitivity. To be specific, the proposed method controls the gain and frequency of 
the reaction torque from the road surface to prevent steering interference and allow the road 
information required for safe operation to be transmitted to the driver. In addition, it 
controls hysteresis to reduce steering torque vibration. As a result, the driver can operate the 
steering wheel safely with AFS. 
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1. Introduction  
Energy plays an important role in the paradigm of sustainable development. Nowadays, 
energy consumption is one of the key factors to measure the development of a country. 
According to the IEO2010 Reference case report (U.S. Energy Information Administration, 
2010), world energy consumption will increase by 1.4 percent per year, from 495 quadrillion 
Btu in 2007 to 739 quadrillion Btu in 2035, as shown in Fig. 1. 
The increasing of global energy consumption and the great concern to preserve the 
environment in the face of the current scenario which includes global warming, the 
greenhouse effect and the depletion of natural resources, aroused the awareness of 
governments, along with non-governmental organizations, to accelerate adopting policies 
and practices that will promote efficient use of energy (IEEE-USA, 2010). 
 

 
Fig. 1. World Marketed Energy Consumption, 1990-2035 (U.S. Energy Information 
Administration, 2010). 
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According to the WEC (World Energy Council, 2009), in industrialized countries three main 
sectors are responsible for three quarters of electricity consumption: electric motors, 45%, 
lighting, about 15%, and home appliances and consumer electronics, also around 15%. 
Global energy consumption of electric motors is around 9000 TWh per year. These data 
show the impact that electric motors produce on electrical energy consumption. Therefore, 
the manufacturers in this sector are investing heavily in the energy efficiency of their 
products. 
From the establishment of the vector control approach for field-oriented control and the 
evolution of microelectronics and power electronics, the induction motor has come to 
occupy a prominent position among variable-speed electric drives (Leonhard, 1988). 
The same technological developments that allowed the use of induction motors in variable 
speed drives to replace DC motors also enabled the development of soft starting electronic 
devices that allow better control of the induction motor starting and stopping process. This 
equipment, beyond controlling the starting current value suited to the demands of the 
energy utilities, allows better control of motor acceleration and deceleration (Bruce et al., 
1984), (Colleran & Rogers, 1983), (Nevelsteen & Aragon, 1989). 
In this chapter, the authors present a study of energy efficiency obtained by using a soft 
starter to start a 300 HP induction motor. Experimental results are shown comparing the 
energy efficiency of a soft starter using two different control techniques: current control and 
torque control. 

2. Induction motor starting characteristics using a soft starter 
Soft starters are devices that use silicon-controlled rectifiers (SCRs) for providing a low 
voltage to the motor from a grid voltage and fixed frequency. The value of the voltage 
applied to the motor can be varied over a wide range, from very small values up to the 
value of the grid by controlling the firing angle of the SCRs. 
The consequences of this reduction in the value of the applied voltage are the decrease in 
electric current drawn from the grid and the reduction of the torque developed during the 
process of starting or stopping. Fig. 2 shows a basic schematic diagram of a soft starter with 
anti-parallel SCRs and the feedback from current and voltage. 
The interface circuit is responsible for acquiring and processing measured voltage and 
current signals, which are processed digitally by the control program. The command signals 
from the digital processing are then sent by control to a firing circuit, responsible for driving 
the SCRs and consequently, the induction motor. 
Soft start devices provide two major benefits in their application (Gritter et al., 2000): 
 Less stress on the motor mechanically coupled to the load due to the reduced amplitude 

of the pulse of the starting torque motor; 
 Smoothing the motor acceleration and reducing the demand for energy flow in electric 

power systems due to the reduction of peak current when starting the motor. 
Usually two techniques are employed to control the soft starter: voltage-ramp and current 
control. 
The voltage-ramp technique is performed through a firing-angle ramp of SCRs. Thus, 
although better than the non-electronic starter methods, it does not guarantee a more 
effective control over current and acceleration during starting process and over deceleration 
during stopping process. 
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Fig. 2. Basic diagram of a soft-starter. 

The angle ramp, shown in Fig. 3, is called voltage-ramp, due to the fact that the majority of 
commercial soft starters do not possess voltage feedback applied to the motor, i.e., the 
induction motor voltage is controlled through a firing angle ramp in an open loop. This 
technique is simple, and it is used in low-cost commercial soft starters. It will always 
produce a starting quadratic torque curve that can be applied to small hydraulic pumps and 
small fans. 
 

 
Fig. 3. Basic block diagram of the voltage-ramp technique. 

Considering the starting motor using the voltage-ramp technique, the waveforms of 
electromagnetic torque and motor current are shown in Fig. 4. 
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Fig. 4. Electromagnetic torque and motor current waveforms using the voltage-ramp 
technique. 

Figure 4 illustrates the motor starting using the voltage-ramp technique with a load which 
has a quadratic torque curve (TC). As can be verified, for each interval of 10% of 
synchronous motor speed, 10% of rated motor voltage is added. Still, the variation of 
electromagnetic torque (Te) and motor current (I) due to the variation of stator voltage can 
be clearly seen. Using this type of ramp-voltage technique, the electromagnetic torque 
produced by the motor is always quadratic (Palma, 1999). 
On the other hand, the current control technique controls the current at a constant value and 
one that is appropriate for the requirements for starting, solving the problem of the high 
inrush current transient inherent in induction motors with direct starting. However, it does 
not  satisfactorily solve the issue of stress on mechanical coupling with the load. It also can 
induce a more pronounced acceleration during the final period of the starting process 
(Zenginobuz et al., 2001). 
Fig. 5 shows the diagram of the current control technique. The three current signals are used 
to calculate the true RMS current value. This current value (IRMS) is used by the controller as 
the feedback signal in order to keep the current constant at the pre-set value (IREF) during 
the motor starting process. 
This technique will always generate an almost constant starting torque curve that can be 
applied to a constant load torque. This technique has the advantage of adapting the 
induction motor starting within the capabilities of the supplying utility. 
For an example of a load with quadratic torque characteristics (Tc), Fig. 6 presents the 
induction motor electromagnetic torque and current waveforms considering the motor 

 
Study on the Energy Efficiency of Soft Starting of an Induction Motor with Torque Control 

 

37 

starting using the current control technique, i.e., with current limitation. The current is kept 
constant at a predefined value during the whole motor starting time, but the current control 
can only operate under a rated voltage variation of 10 %. 
From Fig. 6, it can be noted that through the current limitation (IMAX) the initial 
electromagnetic torque developed (Te) varies very little until 70% of the synchronous motor 
speed. However, during the final period of the motor starting process, one can verify the 
existence of a torque pulse, in which, for certain kinds of loads, an abrupt acceleration can 
be generated (Palma, 1999). This technique also has problems with the starting of non-
constant loads, such quadratic loads, linear loads and loads with high resistive torque, 
because it is difficult to predict the torque profile produced in this type of technique. 
 

 
Fig. 5. Basic block diagram of the current control technique. 

 

 
Fig. 6. Electromagnetic torque and motor current waveforms using the current control 
technique. 
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From the electromagnetic torque characteristics shown in Figs. 4 and 6, it is noted that, using 
the voltage-ramp technique or the current control technique for limiting current, in both 
cases a torque profile is obtained that does not adequately match with the load profile. 
Although these motor starting techniques can provide an almost constant torque during the 
beginning of the starting process, one can verify the existence of a torque pulse, in which for 
certain kinds of loads, an abrupt acceleration can be generated. 
Therefore, it seems that a good solution to solve the existence of a torque pulse is to directly 
control the electromagnetic torque developed by the induction motor during the starting 
and stopping processes, adapting it to the torque profile of the driven load. 

3. Torque control technique 
The difficulties related to implementing a soft-starter with torque control are more related to 
limitations resulting from hardware (inability of the drive frequency variation due to SCRs) 
than the theoretical knowledge associated with the control design. 
Figure 7 shows the diagram of the torque control technique for limiting the electromagnetic 
torque of the motor (Nied et al., 2008). From the motor voltages and currents measurements, 
the flux estimation is calculated, and from that, one obtains the estimated electromagnetic 
torque. The error signal generated from the difference between the torque reference signal 
and the estimated torque signal is applied to a controller, which generates the appropriate 
signal to the soft-starter trigger circuit. 
 

 
Fig. 7. Basic block diagram of the torque control technique. 

In Equations (1-3), E


 is the back electromotive force, SR  is the motor stator resistance, SV


 
and SI


 are, respectively, the measured stator supply voltages and currents in the 

  stationary reference frame: 

 .S S SE V I R 
  

 (1) 

 S
S

S

V
V

V




 
  
 


 (2) 

 
Study on the Energy Efficiency of Soft Starting of an Induction Motor with Torque Control 

 

39 

 
.S

S
S

I
I

I




 
  
 



 (3) 

The stator flux is estimated through the integration of the back electromotive force as 
described by the following equations: 
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Finally, the electromagnetic torque of the motor can be estimated using the following cross 
product: 
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where P is the number of poles of the induction motor. 
From Equation (4), one can note that the induction motor stator flux can be estimated 
through the integration of back electromotive force (Idris & Yatim, 2001), (Holtz, 2003), 
(Zerbo et al., 2005). This method requires only the stator resistance parameter. Besides, it is 
independent of the rotor position or the speed information. However, this method presents 
inherent problems related to pure integration, mainly the motor operating at nearly zero 
speed when the voltage drop in stator resistance become significant. This approach tends to 
be inaccurate because the integrators do not operate well at speeds near zero as there is no 
motor-induced back electromotive force. 
When a pure integration is implemented in the discrete form, an error can arise. This error 
comprises the drift produced by the discrete integration and also the drift produced by 
measurement offset error present in the back electromotive force (Holtz, 2003), (Xu, X. & 
Novotny, D. W. 1991). A small DC component can drive the pure integration into 
saturation. 
To reduce integration problems, (Nied et al., 2010) adopted a simple approach utilizing a 
low-pass filter to estimate the induction motor stator flux. 
As can be verified in Fig. 8, using the estimated stator flux and the measurement stator 
current, the instantaneous electromagnetic torque produced by the induction motor is 
obtained. The flux estimation method is based on the following steps: 
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a. Using a high-pass filter after the stator voltage and current analog readings, designed 
with cutoff frequency one decade below the excitation frequency to eliminate DC offset 
presented in stator voltage and current analog readings, (Zerbo et al., 2005); 

b. Using a low-pass filter designed with cutoff frequency one decade below the excitation 
frequency to substitute the pure integrator and to eliminate high frequency noises 
presented in analog readings (Idris & Yatim, 2001). 
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Fig. 8. Diagram of the induction motor electromagnetic torque estimator based on an 
integrator with offset minimization. 

To eliminate the ripple presented in estimated electromagnetic torque, another first order 
low-pass filter was used. The second low-pass filter was designed in the same manner as the 
first low-pass filter, generating the filtered electromagnetic torque curve. 
In the next section, the comparative results of two techniques are presented: current control 
and torque control. Using the torque control technique for tracking a reference torque 
results in an improved energy efficiency of induction motor starting. 

4. Study of energy efficiency 
Experiments were carried out to verify the performance of the torque control technique. One 
standard induction motor with the following motor data in physical units was tested: power 
300 CV (220 kW), rated voltage 440 V, rated current 345 A, rated speed 1790 rpm, 4 poles. 
Due to the high current and power values, the experimental setup comprised a soft starter 
with torque control and a rated current of 365 A, a dc machine (300 kW) working as a 
dynamometer, an oscilloscope and an energy analyzer. Fig. 9 shows the hardware that was 
used to obtain the experimental results. In addition, it must be noted that, for the two first 
experiments the load torque (TL) was a constant value. 
The induction motor starting waveforms of speed, acceleration and RMS line current versus 
time are shown in Figs. 10–12. Three experiments were performed: 
 Experiment 1: starting performance using the current control technique (Fig. 10); 
 Experiment 2: starting performance using the torque control technique (Fig. 11); 
 Experiment 3: starting performance using the torque control technique and considering 

three reference points for TREF (Fig. 12). 
Figures 10 and 11 show the starting results obtained from the motor using two different soft-
starting strategies. As can be seen in Fig. 10, despite the fact that the line current is limited, 
there is an acceleration pulse, i.e., the acceleration is almost constant except at the final 
period of the starting process when the acceleration increases, at least, by two times. This 
behavior is not desired, and it may damage the mechanical system components. 
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Considering the current control technique, when starting the motor, the SCRs’ trigger angle 
is controlled until the current limit is reached and remains under this limit until the motor 
reaches its rated speed, when the SCRs’ trigger angle is minimum, i.e., the same as that of 
the supply voltage. The current can thus be kept constant at a predefined value during the 
whole motor starting time. However, with regard to the torque at the motor shaft, the 
existence of a torque pulse close to nominal rotation is due to the SCRs’ trigger angle which 
becomes minimum, imposing a feeding voltage and sudden motor acceleration. 
 

 
 

 
Fig. 9. View of the hardware used to obtain experimental results. 
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there is an acceleration pulse, i.e., the acceleration is almost constant except at the final 
period of the starting process when the acceleration increases, at least, by two times. This 
behavior is not desired, and it may damage the mechanical system components. 

 
Study on the Energy Efficiency of Soft Starting of an Induction Motor with Torque Control 

 

41 

Considering the current control technique, when starting the motor, the SCRs’ trigger angle 
is controlled until the current limit is reached and remains under this limit until the motor 
reaches its rated speed, when the SCRs’ trigger angle is minimum, i.e., the same as that of 
the supply voltage. The current can thus be kept constant at a predefined value during the 
whole motor starting time. However, with regard to the torque at the motor shaft, the 
existence of a torque pulse close to nominal rotation is due to the SCRs’ trigger angle which 
becomes minimum, imposing a feeding voltage and sudden motor acceleration. 
 

 
 

 
Fig. 9. View of the hardware used to obtain experimental results. 
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In Fig. 10, it can be noted that the motor starting time is about 25 seconds. It can be verified 
too that the current maximum value was limited to around two times as the nominal current 
value. 
It can be observed that the current control technique limits the high inrush current transient 
inherent in induction motors with electromagnetic line starters. Besides, it can be noted 
during most of the motor starting process that the acceleration is constant and around 1 
rot/s2. However, during the final period of the motor starting process, one can observe an 
abrupt acceleration around 2.5 times more than the constant acceleration. 
 

 
Fig. 10. Speed, acceleration and current obtained in Experiment 1 using the current control 
technique. 

Measures of energy consumption for this experiment were taken. The measured value for 
the energy consumed due to active power was 0.531 kWh and the amount due to reactive 
power was 3.592 kVArh. 
Similar current behavior is verified for the torque control technique in Fig. 11, which can be 
obtained by setting TREF to a constant value, i.e., one point of reference. However, in this 
case, there is no torque pulse, the speed is quite smooth, and an abrupt acceleration is no 
longer recognized. Observe that the control is acting directly on the torque profile which is 
different from the current-control case, where the control did not act directly on the torque 
profile. 
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From the torque control technique characteristics, it can be verified that: 
 The speed slope is linear throughout the starting process, avoiding the pulse 

acceleration recorded in the current control technique; 
 The acceleration waveform presents approximately linear behavior; 
 The current waveform was very close to that observed in the current control technique. 
 

 
Fig. 11. Speed, acceleration and current obtained in Experiment 2 using the torque control 
technique. 

Measures of energy consumption for Experiment 2 were taken too. The measured value for 
the energy consumed due to active power was 0.550 kWh and the amount due to reactive 
power was 3.691 kVArh. 
In Fig. 12, three reference points for TREF were considered. In this case, unlike the waveforms 
shown in Fig. 11, a torque ramp of two different shapes was tailored: In the first-half starting 
period, a rising torque ramp was defined, and after that, a descending torque ramp was 
defined. This behavior can be observed in the acceleration waveform. As a consequence, the 
speed waveform looks like an S with a smooth behavior at the beginning and at the end of 
the starting period. The motor RMS line current follows the shaft-torque reference behavior. 
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Fig. 12. Speed, acceleration and current obtained in Experiment 3 using the torque control 
technique and considering three reference points for TREF. 
 

 
Fig. 13. Bar graph of the experimental results. 
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Measures of energy consumption for Experiment 3 were taken. The measured value for the 
energy consumed due to active power was 0.430 kWh and the amount due to reactive 
power was 2.484 kVArh. 
The bar graph shown in Figure 13 compares the values of consumed energy (active power 
and reactive power) for the three experiments. 
Comparing the values of energy consumed in Experiments 1 and 2, it appears that the 
difference is not appreciable. This fact can be justified because of the similarity in the 
behavior of the magnitudes shown in Figs. 10 and 11. 
Based on the values of energy consumption obtained in Experiments 1 and 3, there is an 
energy savings of about 19% in active power and reactive power at 31%. These savings of 
energy were expected due to the fact that in Experiment 3, a current value higher than in 
Experiments 1 and 2 was allowed in a shorter time. 

5. Conclusion 
Minimum standards for energy efficiency have been the basis for policies used by states and 
government to save energy. The study presented in this chapter followed the idea of 
developing innovations that bring better performance. It was shown that with a new control 
technique for the soft-starter, it is possible to save energy by improving induction motor 
drive. 
The soft-starters for working with fixed frequency are devices that have some limitations for 
the implementation of more sophisticated control strategies, for example, those employed in 
three-phase inverters used in controlled speed drives. Despite this fact, it was shown that it 
is feasible to implement a soft-starter with control of electromagnetic torque. Using this 
control technique in the soft-starter allows the adjustment of motor torque curve to the 
needs of the driven load, thus improving the performance of the drive during transient 
starting and stopping. This technique becomes important in cases where the motor is 
subjected to a regime of very intense work, such as elevators and large commercial presses. 
The experimental results showed the effectiveness of the presented technique, eliminating 
the peak torque occurring at the end of the motor starting process when using the current 
control technique. Moreover, depending on the flexibility to adapt to the type of load inertia, 
made possible by adjusting the torque reference, it was shown that it is possible to obtain an 
energy savings of about 19% in active power and reactive power at 31% depending on the 
type of drive that you need to perform. 
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1. Introduction

Motion control systems represent a main subsystem for majority of processing systems that
can be found in the industrial sector. These systems are concerned with the actuation of
all devices in the manufacturing process such as machines, robots, conveyor systems and
pick and place mechanisms such that they satisfy certain motion requirements, e.g., the pre
specified reference trajectories are followed along with delivering the proper force or torque
to the point of interest at which the process occurs. In general, the aim of force/torque control
is to impose the desired force on the environment even if the environment has dynamical
motion.
The previous motion requirements can be achieved when torque and position/velocity
sensors are utilized. However, it is commonly agreed that force/torque sensors have many
drawbacks such as (Iida & Ohnishi, 2003; Katsura et al., 2007):

• Sensor noise: the force/torque sensing process depends on amplifying the strain gauge
strain. Therefore, the noise signal is amplified along with the measured signal.

• Narrow bandwidth: due to the previous sensor noise problem, force measurement has
to be realized through a low-pass filter. Therefore, the bandwidth of the force sensor is
limited by the bandwidth of the sensor noise.

• Complicity and non-collocation: utilization of force/torque sensors add an extra degree of
freedom to the control system due to the soft structure of the force sensor, i.e., an energy
storage element will exist between the actuated degree of freedom and the end effector in
contact with the environment

• Instability: the previous problems cause instability

• The complex electronic setups and their associated wirings with each force or torque sensor
embedded to the control system.

The previous drawbacks make the force measurement process undesirable and motivated
many researchers over the past few decades to develop force observers to provide alternatives
for the problematic force sensing process (Katsura et al., 2007). It was also shown that stable
contact between the robot end effector and environment in the presence of force sensing
is difficult due to the non-collocation and the soft structure of the force sensor (Li & Chen,
1998). The bandwidth of the force control using force observers is analyzed and the tradeoffs
between stability and response were studied by many researchers to provide a comprehensive
guidelines for force observer utilization (Katsura et al., 2008). In addition, the sensorless
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2 Torque Control

force/torque control techniques found many applications in variety of disciplines such as
bilateral teleoperation, microsystems and micro manipulation. Furthermore, the previous
force observers can be combined with most of the relevant existing force control techniques
such as the hybrid position/force control, stiffness control, the resolved acceleration based
force control and the impedance control to provide an efficient tool which can be used in
most of the industrial force control applications. The sensorless force control techniques are
not only useful in the sense of avoiding force sensors but also in reducing the complicity
of the entire control system and increasing their stability. In addition, this work present
a novel sensorless force servoing techniques based on the action reaction state observer
(Khalil & Sabanovic, 2011) which allows realizing the sensorless force control without taking
any measurement from the robot or the environment except a single measurement form the
robot actuator. The conventional force observer requires having velocity measurement of
the end-effector in contact with the environment and using it as basis for the estimation
process. The action reaction state observer allows realizing the interaction force observer
without measuring position or velocity of the non-collocated end-effector in contact with
the environment (Khalil & Sabanovic, n.d.), therefore allowing the force control to be realized
with minimum amount of measurements from the dynamical system.
This chapter is organized as follows: Modeling of the force sensing process is included in
Section 2 in order to illustrate the effect of the force sensing on the force control process.
Force observers are analyzed and included in Section 3 which can be conceptually considered
as alternatives for force/torque sensors. In section 4, a novel force control framework is
presented which allows realization of the force control without force sensors and even with
less measurements than those needed to construct the conventional force observers, thus
reducing effect of the noise induced by each embedded sensor to the system. Experimental
results are conducted on two experimental setups, a microsystems workstation and a
single input lumped mass spring system with multiple degrees of freedom in contact with
environment with varying impedance. The experimental results are distributed throughout
the paper in order to provide a graphical interpretation and to support the presented ideas.
Eventually, Conclusions and final remarks are included in Section 5.

2. Modeling of force/torque sensing

Contact between a robot end-effector with single degree of freedom and an environment in
the presence of force sensing is illustrated in Fig. 1 where m and ms are the masses of the

Fig. 1. Force sensor model

robot end-effector and the force sensor respectively. ks, ke and De are force sensor stiffness,
environmental stiffness and the environment viscous damping coefficient, respectively. x and
xs are the positions of the robot end-effector and the force sensor, respectively. The following
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motion equations describe the contact mechanism depicted in Fig. 1

mẍ + ks(x − xs) + fdist1
= f (1)

msẍs − ks(x − xs) + fdist2
= − fext (2)

f ext = zexs (3)

where ze is the environmental impedance. fdist1 , fdist2 and f ext are the disturbance forces on
the first and second system degrees of freedom and the interaction force with the environment,
respectively. In a regular force servoing problem the control system is designed such that the
robot end-effector exerts a force fext that is equal to the desired force reference f des. It is
worth noting that in the previous example the environment is assumed stationary therefore
its acceleration is not included among the previous motion equations. In addition, the
environmental impedance can be modeled with either an energy storage element and energy
dissipation elements or both. Therefore, in the presence of a force sensor, an extra degree of
freedom is added to the system. In addition, the previous model shows that the end-effector
is non-collocated via an energy storage element with stiffness ks due to the soft structure of
the force/torque sensor. The root locus of the system when the force sensor is attached to
the robot end effector is depicted in Fig. 2-b, whereas, Fig. 2-a illustrates the root locus of
the same system in the absence of force sensor. In both cases the root locus is plotted for
different values of the environmental stiffness gain ke. It can be easily shown from Fig. 2
that adding a force sensor to the dynamical model of the system affects the system stability
dramatically. Controlling a collocated point is much easier then a non-collocated point along
the dynamical system as it can be shown from Fig. 2. In order to impose the desired force on
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(a) collocated system
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(b) non-collocated system

Fig. 2. root locus of system with and without force sensor for ke = 0 −→ 300

the environment, the force measurement taken through a force sensor has to be used to realize
the motion control system as depicted in Fig. 3. However, due to the force measurement
nature at which the strain is measured and amplified along with the noise vs, the actual
interaction force with the environment cannot be precisely measured. In Fig. 3, kv and kp
are the velocity feedback gain and proportional gains, respectively (Katsura & Ohnishi, 2007).
kr is the reaction force feedback gain. Due to the presence of noise in the force measurement,
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force/torque control techniques found many applications in variety of disciplines such as
bilateral teleoperation, microsystems and micro manipulation. Furthermore, the previous
force observers can be combined with most of the relevant existing force control techniques
such as the hybrid position/force control, stiffness control, the resolved acceleration based
force control and the impedance control to provide an efficient tool which can be used in
most of the industrial force control applications. The sensorless force control techniques are
not only useful in the sense of avoiding force sensors but also in reducing the complicity
of the entire control system and increasing their stability. In addition, this work present
a novel sensorless force servoing techniques based on the action reaction state observer
(Khalil & Sabanovic, 2011) which allows realizing the sensorless force control without taking
any measurement from the robot or the environment except a single measurement form the
robot actuator. The conventional force observer requires having velocity measurement of
the end-effector in contact with the environment and using it as basis for the estimation
process. The action reaction state observer allows realizing the interaction force observer
without measuring position or velocity of the non-collocated end-effector in contact with
the environment (Khalil & Sabanovic, n.d.), therefore allowing the force control to be realized
with minimum amount of measurements from the dynamical system.
This chapter is organized as follows: Modeling of the force sensing process is included in
Section 2 in order to illustrate the effect of the force sensing on the force control process.
Force observers are analyzed and included in Section 3 which can be conceptually considered
as alternatives for force/torque sensors. In section 4, a novel force control framework is
presented which allows realization of the force control without force sensors and even with
less measurements than those needed to construct the conventional force observers, thus
reducing effect of the noise induced by each embedded sensor to the system. Experimental
results are conducted on two experimental setups, a microsystems workstation and a
single input lumped mass spring system with multiple degrees of freedom in contact with
environment with varying impedance. The experimental results are distributed throughout
the paper in order to provide a graphical interpretation and to support the presented ideas.
Eventually, Conclusions and final remarks are included in Section 5.

2. Modeling of force/torque sensing

Contact between a robot end-effector with single degree of freedom and an environment in
the presence of force sensing is illustrated in Fig. 1 where m and ms are the masses of the

Fig. 1. Force sensor model

robot end-effector and the force sensor respectively. ks, ke and De are force sensor stiffness,
environmental stiffness and the environment viscous damping coefficient, respectively. x and
xs are the positions of the robot end-effector and the force sensor, respectively. The following
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motion equations describe the contact mechanism depicted in Fig. 1

mẍ + ks(x − xs) + fdist1
= f (1)

msẍs − ks(x − xs) + fdist2
= − fext (2)

f ext = zexs (3)

where ze is the environmental impedance. fdist1 , fdist2 and f ext are the disturbance forces on
the first and second system degrees of freedom and the interaction force with the environment,
respectively. In a regular force servoing problem the control system is designed such that the
robot end-effector exerts a force fext that is equal to the desired force reference f des. It is
worth noting that in the previous example the environment is assumed stationary therefore
its acceleration is not included among the previous motion equations. In addition, the
environmental impedance can be modeled with either an energy storage element and energy
dissipation elements or both. Therefore, in the presence of a force sensor, an extra degree of
freedom is added to the system. In addition, the previous model shows that the end-effector
is non-collocated via an energy storage element with stiffness ks due to the soft structure of
the force/torque sensor. The root locus of the system when the force sensor is attached to
the robot end effector is depicted in Fig. 2-b, whereas, Fig. 2-a illustrates the root locus of
the same system in the absence of force sensor. In both cases the root locus is plotted for
different values of the environmental stiffness gain ke. It can be easily shown from Fig. 2
that adding a force sensor to the dynamical model of the system affects the system stability
dramatically. Controlling a collocated point is much easier then a non-collocated point along
the dynamical system as it can be shown from Fig. 2. In order to impose the desired force on
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the environment, the force measurement taken through a force sensor has to be used to realize
the motion control system as depicted in Fig. 3. However, due to the force measurement
nature at which the strain is measured and amplified along with the noise vs, the actual
interaction force with the environment cannot be precisely measured. In Fig. 3, kv and kp
are the velocity feedback gain and proportional gains, respectively (Katsura & Ohnishi, 2007).
kr is the reaction force feedback gain. Due to the presence of noise in the force measurement,
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the force response of the force control system can be expressed as follows

f ext
re f (s)

f re f (s)
=

kpk f (ke + sDe)

s(ms + kv)(mss2 + ks + ze) + kskr(ms2 + ze) + kpks(ke + sDe)
(4)

f ext
n (s)
Vs(s)

=
kpk f (ke + sDe)

s(ms + kv)(mss2 + ks + ze) + kskr(ms2 + ze)− kpks(ke + sDe)
(5)

The previous transfer functions describe the force response for both the reference and force
sensor noise inputs, respectively. Therefore, the total response of the system can be written as
the superposition of the reference input response f ext

re f (s) and the noise input response f ext
n (s)

f ext = f ext
re f (s) + f ext

n (s) (6)

The previous equations indicate the effect of the force sensor noise on the desired force
response. In addition, the force control parameters (kv) and (kp) have to be selected such
that the characteristic equation of the transfer function (4) is stable. This can be easily
done be using the denominator of (4) to formulate the Routh Hurwitz array and determine
the gains such that stability is achieved according to the Routh Hurwitz stability criterion.
The root locus of the force servoing system described by (4) is illustrated in Fig. 4 for
different values of environmental stiffness (ke) and velocity feedback gain (kv). In general,
environmental stiffness and the velocity feedback gain are of great importance for any force
control problem since the cause of instability is that the environmental stiffness matrix
increases the equivalent position gain of the control system. Therefore, the velocity gain
has to be chosen not only based on the position gain but also on the large environmental
stiffness. Otherwise the resulting system will be highly under damped and possibly unstable
(Karunakar & Goldenberg, 1988). The previous analysis indicates how the utilization of

Fig. 3. Robot in contact with environment with force sensing

force sensors adds an extra degree of freedom to the control system, this in turn makes the
robot end-effector non-collocated from its actuator. In addition, the response of the desired
interaction force is affected by the noise input given by (5). Therefore, modeling of the
force sensing shows how problematic the force sensing is, due to the non-collocation, the
extra degree of freedom and the measurement noise. Before going into how to provide the
sensorless force control techniques, we have to consider a more general form of the problem,
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Fig. 4. root locus of system with force servoing

the generalized equation of motion of a robot manipulator can be therefore written as,

M(q)q̈ + Vq̇ + C(q, q̇) + G(q) + Jt f ext = τ (7)

msẍs + ks(xe − xs)− zexs = 0 (8)

where, q, q̇ and q̈ are the joint position, velocity and acceleration vectors respectively. τ is the
generalized joint torque vector. M(q) is the inertia matrix. V is the viscous damping matrix,
C(q, q̇) and G(q) are the centrifugal and coriolis forces and gravity vectors, respectively. J is
the robot Jacobian and f ext is the interaction force with the environment. xe is the robot end
effector position. It will be shown in the upcoming sections that force observers and the other
sensorless force control techniques will allow simplifying the dynamical model as the extra
degree of freedom can be avoided.

3. Force/torque observers

In order to utilize force observers instead of the force sensors, we will first start with analyzing
the disturbance observer structure since the reaction force observer is depending on the
disturbance observer techniques. The conventional structure of the disturbance observer is
depicted in Fig. 5. As depicted in Fig. 5, the reference input (u) along with the output (y)
of the actuator can be used to estimate the incident disturbances (d). G(s) represents the
model of the actuator while (Gn(s)) represents the nominal model of the actuator. Therefore,
disturbance can be computed as follows with force or torque units

do(s) = u(s)− G−1
n (s)(y(s)− v(s)) (9)

=
(
G−1(s)− G−1

n (s)
)
y(s) + d(s) + G−1

n (s)v(s)

= ΔG(s)y(s) + d(s) + G−1
n (s)v(s)

where, ΔG(s) is the real plant perturbation from the nominal one. Due to the presence of
derivatives in the inverse plant dynamics (G−1(s)), the disturbance force has to be estimated
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the force response of the force control system can be expressed as follows
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=
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the superposition of the reference input response f ext

re f (s) and the noise input response f ext
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The previous equations indicate the effect of the force sensor noise on the desired force
response. In addition, the force control parameters (kv) and (kp) have to be selected such
that the characteristic equation of the transfer function (4) is stable. This can be easily
done be using the denominator of (4) to formulate the Routh Hurwitz array and determine
the gains such that stability is achieved according to the Routh Hurwitz stability criterion.
The root locus of the force servoing system described by (4) is illustrated in Fig. 4 for
different values of environmental stiffness (ke) and velocity feedback gain (kv). In general,
environmental stiffness and the velocity feedback gain are of great importance for any force
control problem since the cause of instability is that the environmental stiffness matrix
increases the equivalent position gain of the control system. Therefore, the velocity gain
has to be chosen not only based on the position gain but also on the large environmental
stiffness. Otherwise the resulting system will be highly under damped and possibly unstable
(Karunakar & Goldenberg, 1988). The previous analysis indicates how the utilization of
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force sensors adds an extra degree of freedom to the control system, this in turn makes the
robot end-effector non-collocated from its actuator. In addition, the response of the desired
interaction force is affected by the noise input given by (5). Therefore, modeling of the
force sensing shows how problematic the force sensing is, due to the non-collocation, the
extra degree of freedom and the measurement noise. Before going into how to provide the
sensorless force control techniques, we have to consider a more general form of the problem,
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the generalized equation of motion of a robot manipulator can be therefore written as,

M(q)q̈ + Vq̇ + C(q, q̇) + G(q) + Jt f ext = τ (7)

msẍs + ks(xe − xs)− zexs = 0 (8)

where, q, q̇ and q̈ are the joint position, velocity and acceleration vectors respectively. τ is the
generalized joint torque vector. M(q) is the inertia matrix. V is the viscous damping matrix,
C(q, q̇) and G(q) are the centrifugal and coriolis forces and gravity vectors, respectively. J is
the robot Jacobian and f ext is the interaction force with the environment. xe is the robot end
effector position. It will be shown in the upcoming sections that force observers and the other
sensorless force control techniques will allow simplifying the dynamical model as the extra
degree of freedom can be avoided.

3. Force/torque observers

In order to utilize force observers instead of the force sensors, we will first start with analyzing
the disturbance observer structure since the reaction force observer is depending on the
disturbance observer techniques. The conventional structure of the disturbance observer is
depicted in Fig. 5. As depicted in Fig. 5, the reference input (u) along with the output (y)
of the actuator can be used to estimate the incident disturbances (d). G(s) represents the
model of the actuator while (Gn(s)) represents the nominal model of the actuator. Therefore,
disturbance can be computed as follows with force or torque units

do(s) = u(s)− G−1
n (s)(y(s)− v(s)) (9)

=
(
G−1(s)− G−1

n (s)
)
y(s) + d(s) + G−1

n (s)v(s)

= ΔG(s)y(s) + d(s) + G−1
n (s)v(s)

where, ΔG(s) is the real plant perturbation from the nominal one. Due to the presence of
derivatives in the inverse plant dynamics (G−1(s)), the disturbance force has to be estimated
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Fig. 5. Disturbance observer

through a low-pass filer as follows

d̂(s) = P(s)do(s) (10)

where (P(s)) is the low-pass filter associated with the disturbance observer. In general,
disturbance can be modeled by

dkdo(t)
dtk = 0 (11)

and upon the degree of the polynomial used to model the disturbance signal, the order of
the low-pass filter is determined. k is an integer that indicates the model of the disturbance
(step, ramp, parabolic, etc) and can be further used in the selection of P(s). This in
turn determines the order of the disturbance observer. Regardless to the order of the
disturbance observer and the type of the disturbance signal, (9) along with (10) indicate
that the estimated disturbance signal consists of the incident reaction disturbance force d(s)
along with parameter deviation induced disturbances ΔG(s)y(s) and disturbance due to the
sensor noise G−1

n (s)v(s). Therefore, when the robot’s end effector comes into contact with an
environment, the interaction force is coupled in the disturbance signal. Therefore, reaction
force observer depends on the disturbance observer structure expect that the other terms
of the disturbance have to be subtracted in order to decouple the interaction forces from
the disturbance signal. For instance, disturbance observer can be applied on (7) in order
to estimate the disturbances, in this case disturbance force includes a coupled information
which consists of the viscous damping friction, centrifugal and coriolis forces friction forces,
gravity forces and external forces along with the parameter deviation induced disturbances,
namely, the self-varied inertia and the torque ripple. Therefore, reaction force observer
requires performing parameter identification in order to decouple the reaction force from the
disturbance signal. According to (7), disturbance can be expressed as follows

d = Vq̇ + C(q, q̇) + G(q) + Jt f ext + ΔM(q)q̈ − Δkt Ire f
a (12)

where ΔM(q)q̈ and Δkt Ire f
a are the actuator self-varied inertia and torque ripple. Disturbance

observer is generally implemented on the joint space of the robot at which an actuator is
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located. Therefore, the last two terms of the disturbance force are related to the actuator
parameters. kt and Ire f

a are the actuator torque constant and reference current respectively. It
is worth noting that equation (12) can be implemented on each joint of the robot. As shown in
Fig. 5, the estimated disturbance with force or torque units is commonly used in the realization
of an additional compensation control input which is used in the attainment of robustness.
In order to decouple the reaction force out of the disturbance force, or in order to construct
a force observer for the realization of the sensorless force control, system parameters have to
be identified. The constant angular velocity motion test (Murakami et al., 1993) can be used
in order to estimate the gravity and friction forces at each degree of freedom of the system.
A parameter identification process was proposed in (Khalil & Sabanovic, 2010a), in order
to observe the self-varied inertia and the torque ripple online (Ohnishi et al., 1996). These
parameter identification procedures have to be performed and used to assist in constructing
the force observer. The estimated reaction force can be expressed as,

f̂ ext =
greac

s + greac

(
Ire f
a ktn + greacmnq̇ − Vq̇ − C(q, q̇)− G(q)

)− greacmnq̇ (13)

mn and ktn are the nominal actuator inertia/mass and torque/force constant. The interaction
force with the environment is observed through a low-pass filter with a cut-off frequency greac.
It can be easily concluded from (13) that the force observer depends on a single measurement
from the actuator along with the reference current input. Therefore, the problems associated
with force sensors can be avoided by utilization of the force observer (13). There exist two
main points that we have to emphasize here about force observers, namely, the force observer
sensitivity and the tradeoff between the response and the noise attenuation. Concerning with
the second point, it can be easily shown that the reaction force is estimated through a low-pass
filter in order to assist in attenuating the effect of noise amplification due to differentiation.
Therefore, the bandwidth of the force observer or even the disturbance observer is limited
with the bandwidth of the sensor noise. On the other hand, sensitivity of the reaction force
observer is related to the accuracy of the position or velocity measurement. For instance, Fig.
6 indicates the force observer sensitivity for micro scale interaction forces. The observed force
peak shown in Fig. 6 was obtained experimentally through a force observer of the form (13)
based on position sensor with 10nm accuracy. This indicates that sensitivity of the disturbance
or reaction force observer depends on the precision of the velocity or position measurement.
The Block diagram representation of the force servoing control system with force observer
is depicted in Fig. 7. Force sensor is altered with the force observer, therefore the noise
associated with the force sensor, the non-collocation and the complicity of the associated
electronic setups and wirings are all avoided. Although the bandwidth of the control system
can be relatively increased when force observer is utilized, still the noise added due to the the
velocity measurement defines the new bandwidth of the force observer based force servoing
system. In the experimental result illustrated in Fig. 6, the force observer requires the velocity
information which was obtained by differentiating the position encoder signal through a
low-pass filter with cut-off frequency gl to attenuate the effect of noise amplifications due
to differentiation, experimental values of the force observer gain and the low-pass filter gains
are included in table. 1.
So Far, the previous analysis indicates that it is possible to alter force sensing with force
observer. However, the main drawback in this procedure is that the bandwidth of the
force observer based force servoing control system depends on the bandwidth of the noise
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Fig. 5. Disturbance observer
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observer is generally implemented on the joint space of the robot at which an actuator is
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In order to decouple the reaction force out of the disturbance force, or in order to construct
a force observer for the realization of the sensorless force control, system parameters have to
be identified. The constant angular velocity motion test (Murakami et al., 1993) can be used
in order to estimate the gravity and friction forces at each degree of freedom of the system.
A parameter identification process was proposed in (Khalil & Sabanovic, 2010a), in order
to observe the self-varied inertia and the torque ripple online (Ohnishi et al., 1996). These
parameter identification procedures have to be performed and used to assist in constructing
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force with the environment is observed through a low-pass filter with a cut-off frequency greac.
It can be easily concluded from (13) that the force observer depends on a single measurement
from the actuator along with the reference current input. Therefore, the problems associated
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main points that we have to emphasize here about force observers, namely, the force observer
sensitivity and the tradeoff between the response and the noise attenuation. Concerning with
the second point, it can be easily shown that the reaction force is estimated through a low-pass
filter in order to assist in attenuating the effect of noise amplification due to differentiation.
Therefore, the bandwidth of the force observer or even the disturbance observer is limited
with the bandwidth of the sensor noise. On the other hand, sensitivity of the reaction force
observer is related to the accuracy of the position or velocity measurement. For instance, Fig.
6 indicates the force observer sensitivity for micro scale interaction forces. The observed force
peak shown in Fig. 6 was obtained experimentally through a force observer of the form (13)
based on position sensor with 10nm accuracy. This indicates that sensitivity of the disturbance
or reaction force observer depends on the precision of the velocity or position measurement.
The Block diagram representation of the force servoing control system with force observer
is depicted in Fig. 7. Force sensor is altered with the force observer, therefore the noise
associated with the force sensor, the non-collocation and the complicity of the associated
electronic setups and wirings are all avoided. Although the bandwidth of the control system
can be relatively increased when force observer is utilized, still the noise added due to the the
velocity measurement defines the new bandwidth of the force observer based force servoing
system. In the experimental result illustrated in Fig. 6, the force observer requires the velocity
information which was obtained by differentiating the position encoder signal through a
low-pass filter with cut-off frequency gl to attenuate the effect of noise amplifications due
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are included in table. 1.
So Far, the previous analysis indicates that it is possible to alter force sensing with force
observer. However, the main drawback in this procedure is that the bandwidth of the
force observer based force servoing control system depends on the bandwidth of the noise

55Sensorless Torque/Force Control



8 Torque Control

5 10 15 20 25 30 35
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Time (sec)

F
o
r
c
e
 
(
N
)

 

 

Interaction
force

(a) interaction force

20 25 30 35 40
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

Time (sec)

F
or

ce
 (

N
)

 

 

Interaction force

(b) interaction force
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Fig. 7. Force servoing using reaction force observer

associated with the measured velocity signal. Although the force observer spares the control
system from having a force measurement, it necessitates having a velocity measurement as
shown in Fig. 7. This means that the force observer alters the force observer with a position
or velocity sensor. Indeed, the noise associated with the position or velocity sensors is less
than the noise associated with force sensor. Nevertheless, one would like to spare the control
system having position or velocity sensor attached to the robot end-effector. With the observer
presented in (Khalil & Sabanovic, 2010b;b), the position and velocity of the non-collocated
end-effector can be observed from measurements taken from the input (actuator) of the
dynamical system. This in turn, spares the non-collocated end-effector of the robot having
any attached sensors.
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In the next Section, a novel observer is introduced based on the action reaction law of
dynamics in order to allow realization of the force observer without taking the velocity
measurement from the dynamical system but rather its estimate.

4. Action reaction force control

It was shown in the previous Section that the force control can be realized without force sensor
utilization through force observers. Therefore, the word sensorless force control does mean
that force sensors is not utilized but it does not mean that sensors are not utilized since one has
to measure or sense some signal from the system and use it as basis for the estimation process.
The force observer explained in the previous section depends on measurement taken from the
dynamical system which interacts with the environment, i.e., the velocity of the subsystem
in contact with the environment. In this section, we will further try to avoid taking this
measurement (ẋ2) and/or (x2).
It was shown in (O’Connor, 2003; 2007b), that sensorless control of flexible systems can
be realized if the propagating mechanical waves throughout any dynamical system were
considered as natural feedback (O’Connor, 1998; 2007a). This wave based approach depends
on launching and absorbing mechanical waves with the right amount at the right time in
order to position a non-collocated end-effector to a target position without residual vibration.
However, the wave based approach requires having an additional measurement from a
non-collocated mass along the flexible lumped system in order to determine the propagating
mechanical waves along the system, in this section we would like to find a method to
avoid this measurement. In (Khalil & Sabanovic, 2010b) the action reaction well-known law
of dynamics was utilized in order to provide an instantaneous feedback-like force from a
class of dynamical system with inaccessible outputs. The proposed action reaction state
observer in (Khalil & Sabanovic, 2010b) allows realization of the previous force observer
without measuring ẋ2 or x2. The action reaction state observer can be implemented for a
class of dynamical system of the following form

ẋ = Ax + Bu (14)

y = Cx + Du

which can be shown to have the following structure

ẋa = Aaxa + Baua + Breac freac(xa, ẋa, x1
p, ẋ1

p) (15)

ẋp = Apxp + Bp freac(xa, ẋa, x1
p, ẋ1

p) (16)

where x ∈ Rn and y ∈ Rm are the state and measurement vectors, respectively. A, B, C
and D are the system matrix, distribution vector of input, observation column vector and
feed forward matrix with the appropriate dimensions, respectively. The dynamical system
we consider consists of two subsystems, the first subsystem is the single input while the
second is the flexible subsystem with the subscripts (a) and (p), respectively. xa and xp are
the actuator and plant state vectors, respectively. Actuator states can be measured, whereas,
the flexible dynamical subsystem states are inaccessible. freac(xa, ẋa, x1

p, ẋ1
p) is the incident

instantaneous reaction force on the actuator. x1
p and ẋ1

p are the position and velocity of the
first non-collocated degree of freedom along the flexible subsystem. Breac is the reaction force
distribution vector. Ba is the actuator input distribution vector and Bp is the plant reaction
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Fig. 7. Force servoing using reaction force observer

associated with the measured velocity signal. Although the force observer spares the control
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shown in Fig. 7. This means that the force observer alters the force observer with a position
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dynamical system. This in turn, spares the non-collocated end-effector of the robot having
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ẋp = Apxp + Bp freac(xa, ẋa, x1
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force distribution vector. The action reaction state observer consists of the following three
observers

d̂ =
gdist

s + gdist
[gdistmanẋa + iak f n]− gdistmanẋa =

gdist
s + gdist

[iak f n − smanẋa] =
gdist

s + gdist
d(17)

f̂reac(ia, ẋa) =
greac

s + greac

[
greacΔ̂maẋa + iaΔ̂k f + d̂

]− greacΔ̂maẋa (18)

˙̂x = Ax̂ + Bu + M
(

f̂reac(xa, ẋa, x1
p, ẋ1

p)− freac(xa, ẋa, x̂1
p, ˙̂x1

p)
)

(19)

Structure of the action reaction state observer is depicted in Fig. 8, this observer can be utilized
in order to estimate the dynamical states of a subsystem at which measurements cannot be
made. gdist ∈ R+, greac ∈ R+ and M ∈ Rn×1 are the action reaction state observer scaler

Fig. 8. Action reaction state observer

and vector gains respectively. The design of the action reaction state observer is not trivial
since it depends on the function ( f (.)) which can be determined upon the dynamics of the
interacting systems, e.g., if the systems denoted with the subscript (a) and (b) are connected
by the mean of a linear elastic element with stiffness k, then the function f (.) can be expressed
as f (.) = k(xa − xp), here (xa − xp) represents the deflection in the elastic element due to
the interaction of the two systems. If the two previous systems are connected via an elastic
element and energy dissipation element with linear viscous damping c, then the function
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f (.) can expressed as f (.) = k(xa − xp) + c(ẋa − ẋp). if the coupling between the previous
systems is defined by a non-linear spring with large deflection (y), the incident reaction force
can be defined as f (.) = k(1 − a2y2)y. Therefore, upon the function f (.), error dynamics
of the action reaction state observer can be determined. Obviously, the action reaction state
observer gains gdist, greac and M have to be selected such that the error dynamics of the
observer is stable. It can be shown from Fig. 8 that the action reaction state observer consists
of three observers in cascade, namely, disturbance force observer, reaction force observer and
a Luenberger-like state observer. It is worth noting that the action reaction state observer
shown in Fig. 8 is based on first order disturbance observer, first order reaction force observer
and n − 2 order Luenberger-like state observer, where n is the order of the dynamical system
(14). The order of the disturbance and reaction force observers depend on the order of the
polynomial used to model the disturbance force (11). Therefore, different structures of the
action reaction state observer can be designed upon the nature of the disturbance force. Fig.
9 illustrates experimental results of state estimation using the action reaction state observer.
This experiment is conducted on a dynamical subsystem (16) with 2 degrees of freedom driven
by a single input described by (15). Position and velocity of each degree of freedom of (16) are
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Fig. 9. State estimation experimental result using the action reaction state observer
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estimated using the action reaction state observer as shown in Fig. 9 where the estimated states
are plotted versus the measured ones in order to verify the validity of the action reaction state
observer. The previous experimental result depicted in Fig. 9 indicates that the measurements
(ẋ2) and (x2) can be replaced by their estimates obtained through the action reaction state
observer. Therefore, the reaction force observer depicted in Fig. 7 can be further modified
by incorporating the action reaction state observer in order to provide estimates of the states
(ẋ2) and (x2). The action reaction state observer is utilized along with the force observer with
cut-off frequency (g f o) as shown in Fig. 10 in order not to measure (ẋ2) and (x2), their estimates
( ˙̂x2) and (x̂2) obtained through the action reaction state observer are used instead. It can be

Fig. 10. Action reaction based force control

easily shown from Fig. 10 that the sensorless force control can be realized not only in the
absence of the force measurement but also in the absence of the velocity and position of the
non-collocated mass in contact with the environment. Therefore, the previous action reaction
based force observer avoids the noise associated with force sensing and avoids the noise
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associated with measuring the end effector (might be non-collocated) position or velocity.
The dynamical system depicted in Fig. 10 can be considered as a two mass resonant system in
contact with an environment with impedance ze and the action reaction based force servoing
control system shown in the same figure can be considered as a sensorless control system since
measurements required to realize the force control are reduced to a single measurement taken
from the first degree of freedom, generally this degree of freedom stands for the actuator, i.e.,
force control can be realized from measurements taken from the actuator whereas the reset of
the dynamical system in contact with the environment is kept free from any measurements.
Strictly speaking, there exist a measurement taken from the dynamical system in contact with
the environment rather than the actuator measurements, namely, the incident reaction forces
( freac(xa, ẋa, x1

p, ẋ1
p)) which can be estimated as shown previously using a disturbance observer

and a reaction force observer in cascade. The central idea of the action reaction based force
servoing is based on the well-known action reaction principle of dynamics. The dynamical
system we considered in the previous analysis is a two mass resonant system, the second
degree of freedom is in contact with an environment. Therefore, whenever the second degree
of freedoms (end-effector) comes into contact with the environment the instantaneous reaction
can be observed if the velocity of the second degree of freedom is measured as shown in Fig. 7.
In order to keep the second degree of freedom or the end effector even free from this velocity
or position measurement, the action reaction state observer is utilized to provide the force
observer with the velocity and/or the position estimates of the second degree of freedom,
thus realizing the force control from measurement taken from the active degree of freedom of
the system, namely the actuator.
Application of the sensorless force control techniques and the action reaction based force
servoing are oriented toward systems at which measurements cannot be made such as
microsystems and micromanipulation operations. In these specific application, sensor
utilization is commonly believed to be one of the major reasons for not having these systems
automated till now as it was reported in (Savia & Koivo, 2009). A micromanipulation system
is shown in Fig. 11 which consists of a master side and a remote slave side used for biological
cell characterization. The end effector of the slave robot is used in manipulating, injecting and
characterization of biological cells through scaled bilateral teleoperations. Such applications
requires measuring the interaction forces in order to achieve safe interaction with these fragile
cells or any similar objects. However, the force sensing is very problematic due to the reasons
listed and discussed in the previous sections. In addition, due to the very limited workspace,
having force sensor embedded to the end effector of the remote slave robot is hard to be
achieved. The current ongoing research in the area of microsystems and micromanipulation
is based on utilization of the AFM probes which are expensive and have the same typical
problem listed in the previous sections. Many authors on the other hand tried to utilize visual
feedback in order to realize the interaction forces between the end-effector and biological
cells, however this process cannot provide online estimated force feedback which is needed to
realize the force control (Huang et al., 2007). Therefore, the sensorless force control techniques
proposed in this section can be utilized in such application in order to spare the remote slave
robot from having force sensors attached to it. In addition, utilization of these sensorless force
control techniques reduces the complicity of the entire control system.
In the realization of the force control, the estimated forces are used instead of the measured
forces. However, a verification is always required in order to demonstrate that the estimated
forces are converging to the actual ones. This can be done by comparing the actual forces
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having force sensor embedded to the end effector of the remote slave robot is hard to be
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cells, however this process cannot provide online estimated force feedback which is needed to
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proposed in this section can be utilized in such application in order to spare the remote slave
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Fig. 11. Micro-system experimental setup for sensorless force control operations on biological
cells

with the estimated ones. Similar to the experimental result conducted to verify the validity
of the action reaction state observer, another experiment has to be performed in order to
compare the estimated forces obtained through the action reaction force observer depicted
in Fig. 10. Experimentally, a lumped mass spring system with three degrees of freedom is
used in order to verify the validity of the action reaction based force observer. The lumped
mass spring system has a single input from which measurements can be taken, namely the
velocity of the actuator along with the current reference input. The single input is labeled
with the symbol (A) as depicted in Fig. 12, at the end effector of the lumped system another
actuator (B) is mounted and conceptually considered as an environment with impedance (ze).
Thus using actuator or the environment (B) the impedance can be varied and experiments
can be conducted easily on a soft and hard environments by changing the impedance of
actuator (B). The sensorless force control can be achieved by forcing the end effector of the
lumped mass spring system (The last non-collocated mass) to exert the desired force on the
environment (B) without using force sensors, the force servoing sensorless control framework
depicted in Fig. 7 requires measuring the velocity of the end effector and using it as basis
of the force observer, whereas, the action reaction based force servoing approach depicted in
Fig. 10 does not require taking this measurement or any measurement from the dynamical
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subsystem attached to the single input (A). This means that the sensorless force control is
realized from measurements taken from actuator (A), whereas the dynamical subsystem is
kept free from any measurement and attached sensors. The parameters of this experiment are
included in Table. 1. Optical encoders with 1μm resolution are attached to each degree of
freedom as depicted in Fig. 12 in order to compare the estimated states with the actual ones.
These encoder signal are just used for the sake of verification only.

Fig. 12. Sensorless force control experimental setup

The experimental results of the action reaction external force estimation are depicted in Fig.
13 and Fig. 14 at which the estimated interaction force using the action reaction based force
observer is compared with the measured interaction forces. The experiments were performed
in different frequencies and amplitudes and in each case the actual interaction force was
compared with the estimated one in order to verify the validity of the proposed action reaction
based force observer. The experimental results shown in Fig. 13 and Fig. 14 indicate that
the estimated interaction force ( f̂ ext) can further be used in the realization of the sensorless
force control as depicted in Fig. 10. Fig. 14 illustrates the force estimation experimental
result at higher frequency of the external interaction force, this result shows that the observer
satisfactory operate in a wide frequency range of the dynamical system.
The force observer depicted in Fig. 10 consists of four observers in cascade, namely the
disturbance force, reaction force, the Luenberger-like state observer and the force observers.
Therefore, the action reaction based force observer has four degrees of freedom or scaler
and vector gains which have to be selected properly to accomplish stable convergence of the

63Sensorless Torque/Force Control



14 Torque Control

Fig. 11. Micro-system experimental setup for sensorless force control operations on biological
cells

with the estimated ones. Similar to the experimental result conducted to verify the validity
of the action reaction state observer, another experiment has to be performed in order to
compare the estimated forces obtained through the action reaction force observer depicted
in Fig. 10. Experimentally, a lumped mass spring system with three degrees of freedom is
used in order to verify the validity of the action reaction based force observer. The lumped
mass spring system has a single input from which measurements can be taken, namely the
velocity of the actuator along with the current reference input. The single input is labeled
with the symbol (A) as depicted in Fig. 12, at the end effector of the lumped system another
actuator (B) is mounted and conceptually considered as an environment with impedance (ze).
Thus using actuator or the environment (B) the impedance can be varied and experiments
can be conducted easily on a soft and hard environments by changing the impedance of
actuator (B). The sensorless force control can be achieved by forcing the end effector of the
lumped mass spring system (The last non-collocated mass) to exert the desired force on the
environment (B) without using force sensors, the force servoing sensorless control framework
depicted in Fig. 7 requires measuring the velocity of the end effector and using it as basis
of the force observer, whereas, the action reaction based force servoing approach depicted in
Fig. 10 does not require taking this measurement or any measurement from the dynamical

62 Advances in Motor Torque Control Sensorless Torque/Force Control 15

subsystem attached to the single input (A). This means that the sensorless force control is
realized from measurements taken from actuator (A), whereas the dynamical subsystem is
kept free from any measurement and attached sensors. The parameters of this experiment are
included in Table. 1. Optical encoders with 1μm resolution are attached to each degree of
freedom as depicted in Fig. 12 in order to compare the estimated states with the actual ones.
These encoder signal are just used for the sake of verification only.

Fig. 12. Sensorless force control experimental setup

The experimental results of the action reaction external force estimation are depicted in Fig.
13 and Fig. 14 at which the estimated interaction force using the action reaction based force
observer is compared with the measured interaction forces. The experiments were performed
in different frequencies and amplitudes and in each case the actual interaction force was
compared with the estimated one in order to verify the validity of the proposed action reaction
based force observer. The experimental results shown in Fig. 13 and Fig. 14 indicate that
the estimated interaction force ( f̂ ext) can further be used in the realization of the sensorless
force control as depicted in Fig. 10. Fig. 14 illustrates the force estimation experimental
result at higher frequency of the external interaction force, this result shows that the observer
satisfactory operate in a wide frequency range of the dynamical system.
The force observer depicted in Fig. 10 consists of four observers in cascade, namely the
disturbance force, reaction force, the Luenberger-like state observer and the force observers.
Therefore, the action reaction based force observer has four degrees of freedom or scaler
and vector gains which have to be selected properly to accomplish stable convergence of the

63Sensorless Torque/Force Control



16 Torque Control

0 5 10 15 20
−4

−3

−2

−1

0

1

2

3

4

5

Time (s)

T
o
r
q
u
e
 
(
N
m
m
)

 

 
External torque
Estimated external torque

A−A

(a)

7 7.5 8 8.5 9 9.5
−3.5

−3

−2.5

−2

−1.5

−1

−0.5

0

0.5

Time (sec)

T
o
r
q
u
e
 
(
N
m
m
)

 

 

A−A

(b)

0 5 10 15 20
−4

−3

−2

−1

0

1

2

3

4

5

6

Time (s)

T
o
r
q
u
e
 
(
N
m
m
)

 

 
External torque
Estimated external torque

B−B

(c)

5.5 6 6.5 7 7.5 8 8.5 9 9.5

−3.5

−3

−2.5

−2

−1.5

−1

−0.5

Time (s)

T
o
r
q
u
e
 
(
N
m
m
)

 

 

B−B

(d)

Fig. 13. Action reaction based force estimation experimental results

Actuator force constant k f n 6.43 N/A

Actuator Nominal mass man 0.059 kg

Lumped masses m1,2,3 0.019 kg

Identified spring constants k1,2,3 503.96 N/m

Identified viscous damping coefficients c1,2,3 0.262 Ns/m

Reaction force observer gain greac 628 rad/s

Disturbance observer gain gdist 628 rad/s

Force observer gain g f o 628 rad/s

Low-pass filter gain gl 1000 rad/s

Sampling time Ts 1 ms

Table 1. Experimental and simulation parameters
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Fig. 14. Action reaction based force estimation experimental results

estimated interaction force to the actual one. The experimental values of the scaler observers
gains (gdist, greac and g f o) are included in Table. 1 while the Luenberger-like state observer
gain vector (M) can be determined using the following characteristic equation

|sI − (I − cML)−1(A + kML)| = (s − μ1) . . . (s − μn) (20)

L =
[
0 0 1 0 . . . 0

]

where |sI − (I − cML)−1(A + kML)| is the desired characteristic polynomial and μ1, . . . , μn
are the desired observer poles. The previous equation can be determined by subtracting the
state space equation of the dynamical system from the action reaction state observer equation
and further performing few algebraic manipulation to obtain a dynamical equation for the
estimation error (e = x − x̂). The error dynamic therefore can be shown as

ė = (I − cML)−1(A + kML)e = Ae (21)
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estimated interaction force to the actual one. The experimental values of the scaler observers
gains (gdist, greac and g f o) are included in Table. 1 while the Luenberger-like state observer
gain vector (M) can be determined using the following characteristic equation

|sI − (I − cML)−1(A + kML)| = (s − μ1) . . . (s − μn) (20)

L =
[
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]

where |sI − (I − cML)−1(A + kML)| is the desired characteristic polynomial and μ1, . . . , μn
are the desired observer poles. The previous equation can be determined by subtracting the
state space equation of the dynamical system from the action reaction state observer equation
and further performing few algebraic manipulation to obtain a dynamical equation for the
estimation error (e = x − x̂). The error dynamic therefore can be shown as

ė = (I − cML)−1(A + kML)e = Ae (21)
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Here, the function f (.) is assumed to be a combination of a linear spring with stiffness k
and linear energy dissipating element with viscous damping (c), A ∈ Rn×n is the system
matrix, I ∈ Rn×n is the identity matrix and L ∈ R1×n. The previous estimation error
dynamical equation is not trivial, it is rather depending on the interaction force model between
the dynamical subsystem and the input of the system, i.e., in driving the error dynamical
equation, the interaction force model have to be determined and further used in the derivation
of the estimation error dynamics.
The Luenberger-like state observer vector gain (M) can be determined by directly substituting
the desired observer poles in (20). On the other hand, the scaler observer gains have to be
selected in a way that satisfies two criterions, i.e., convergence time and noise attenuation
since disturbance force, reaction force and the environmental interaction force a observer
through low-pass filters. Therefore, the tradeoff between convergence time and noise
attenuation restrict the selection of these scaler observers gains. It is worth noting that
the action reaction force observer or state observer increases the flexibility and the range
of these scaler gains since the noise associated with sensors is minimized as the number
of measurements is reduced. The action reaction state observer or the action reaction force
observers depends on a single measurement from the actuator along with the reference current
input. Therefore, a single sensor has to be used in the realization of these state or force
observers. The reference current signal is supplied through the computer control. Therefore,
it is not a measurement it is rather a reference supplied signal. The pervious argument
indicates that the action reaction force observer is depending on a single measurement from
the dynamical system, the sensor noise is therefore reduced as the number of sensors utilized
in the entire control system is minimized. It is worth noting that throughout the previous
experiments the velocity measurement was obtained by differentiating the position encoder
signal through a low-pass filter with cut-off frequency gl , this explains the noise nature of the
estimated interaction force depicted in Fig. 13 and Fig. 14. Therefore, it is recommended to
obtain this velocity signal through an optimal filter such as Kalman filter rather than using a
simple low-pass filter to attenuate the noise effect. Nevertheless, the results obtained in this
chapter demonstrate the validity of the proposed sensorless force estimation techniques which
can be further enhanced by utilizing optimal filter to reduce the sensor noise associated with
the velocity measurement required to realize the action reaction state and force observers.

5. Conclusion

Sensorless force/torque control can be realized through utilization of the force observer
techniques along with the action reaction state observer in order to provide an action reaction
based force observer which can be used in the realization of sensorless force control. The
action reaction based force observer does not require having any measurement from the
dynamical system in contact with the environment except a single measurement from the
input (actuator). The action reaction based force observer consists of four observers in cascade.
The scalers and vector gains of these observers have to be selected such that convergence of
the estimated interaction force to the actual one is guaranteed. The central idea of the action
reaction state observer or the action reaction force observer is based on the realization of a
natural feedback or a feedback-like force from the dynamical system which interact with the
environment. This feedback-like force is then used in the design of a state and force observer
by injecting the estimated reaction force onto the Luenberger-like state observer structure,
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thus allowing the estimated states or forces to converge to the actual ones through a stable
error dynamics that can be accomplished by the proper selection of the observer scaler and
vector gains. The action reaction based force servoing is introduced based on the action
reaction state observer and the force observer. This force control technique is considered as a
sensorless force control technique since force sensors are not utilized in the realization of the
force control. In addition, velocity measurement of the non-collocated end effector in contact
with the environment does not have to be measured. Experiments are conducted on a single
input flexible lumped system with multi degree of freedom in contact with an environment
with varying impedance. The estimation results of the states and the interaction forces were
satisfactory showing fast convergence over a wide bandwidth of the dynamical system. Since
the action reaction force observer depends on a single measurement from the system along
with the reference current input, the associated noise problem is minimized and this allows the
observer to work in a wide bandwidth. This in turn allows increasing the cut-off frequencies
associated with each observer low-pass filter in order to reduce the convergence time of each
observer of the action reaction state or force observer.

6. References

Huang, H., Sun, D., Mills, J. K. & Li, W. J. (2007). Visual-based impedance force control of
three-dimensional cell injection system, Proceedings of IEEEInt. Conf. on Robotics and
Automation, ICRA’07, IEEE, Roma, pp. 4196–4201.

Iida, W. & Ohnishi, K. (2003). Sensorless force control with force error observer, Proceedings of
IEEEInt. Conf. on Industrial Technology, ICIT’11, IEEE, Maribor, pp. 157–162.

Karunakar, S. B. & Goldenberg, A. A. (1988). Sensorless action-reaction-based residual
vibration suppression for multi-degree-of-freedom flexible systems, Proceedings of
IEEEInt. Symp. on Intelligent Control, ISIC’98, IEEE, Arlington, VA, pp. 412 – 417.

Katsura, S., Irie, K. & Ohishi, K. (2008). Wideband force control by position-acceleration
integrated disturbance observer, IEEE Trans. Ind Electron 55.(4.): 1699–1706.

Katsura, S., Matsumoto, Y. & Ohnishi, K. (2007). Modeling of force sensing and validation of
disturbance observer for force control, IEEE Trans. Ind Electron 54.(1.): 530–538.

Katsura, S. & Ohnishi, K. (2007). Force servoing by flexible manipulator based on resonance
ratio control, IEEE Trans. Ind Electron 54.(1.): 56–67.

Khalil, I. S. M. & Sabanovic, A. (2010a). Action-reaction based parameters identification and
states estimation of flexible systems, Proceedings of IEEEInt. Conf. Industrial Technology,
ISIE’10, IEEE, PARI, pp. 46–51.

Khalil, I. S. M. & Sabanovic, A. (2010b). Sensorless action-reaction-based residual vibration
suppression for multi-degree-of-freedom flexible systems, Proceedings of IEEEInt.
Conf. Industrial Technology, IECON’10, IEEE, Glendale, AZ, pp. 1633–1638.

Khalil, I. S. M. & Sabanovic, A. (2011). A novel state observer for dynamical systems
with inaccessible outputs, Proceedings of IEEEInt. Conf. Mechatronics, ICM’11, IEEE,
Istanbul, pp. –.

Khalil, I. S. M. & Sabanovic, A. (n.d.). Action reaction state observer for single input systems
with compliance, IEEE Trans. Ind Electron .

Li, Y. F. & Chen, X. B. (1998). On the dynamic behavior of a force/torque sensor for robots,
IEEE Trans. Ind Electron 47.(1.): 304–308.

67Sensorless Torque/Force Control



18 Torque Control

Here, the function f (.) is assumed to be a combination of a linear spring with stiffness k
and linear energy dissipating element with viscous damping (c), A ∈ Rn×n is the system
matrix, I ∈ Rn×n is the identity matrix and L ∈ R1×n. The previous estimation error
dynamical equation is not trivial, it is rather depending on the interaction force model between
the dynamical subsystem and the input of the system, i.e., in driving the error dynamical
equation, the interaction force model have to be determined and further used in the derivation
of the estimation error dynamics.
The Luenberger-like state observer vector gain (M) can be determined by directly substituting
the desired observer poles in (20). On the other hand, the scaler observer gains have to be
selected in a way that satisfies two criterions, i.e., convergence time and noise attenuation
since disturbance force, reaction force and the environmental interaction force a observer
through low-pass filters. Therefore, the tradeoff between convergence time and noise
attenuation restrict the selection of these scaler observers gains. It is worth noting that
the action reaction force observer or state observer increases the flexibility and the range
of these scaler gains since the noise associated with sensors is minimized as the number
of measurements is reduced. The action reaction state observer or the action reaction force
observers depends on a single measurement from the actuator along with the reference current
input. Therefore, a single sensor has to be used in the realization of these state or force
observers. The reference current signal is supplied through the computer control. Therefore,
it is not a measurement it is rather a reference supplied signal. The pervious argument
indicates that the action reaction force observer is depending on a single measurement from
the dynamical system, the sensor noise is therefore reduced as the number of sensors utilized
in the entire control system is minimized. It is worth noting that throughout the previous
experiments the velocity measurement was obtained by differentiating the position encoder
signal through a low-pass filter with cut-off frequency gl , this explains the noise nature of the
estimated interaction force depicted in Fig. 13 and Fig. 14. Therefore, it is recommended to
obtain this velocity signal through an optimal filter such as Kalman filter rather than using a
simple low-pass filter to attenuate the noise effect. Nevertheless, the results obtained in this
chapter demonstrate the validity of the proposed sensorless force estimation techniques which
can be further enhanced by utilizing optimal filter to reduce the sensor noise associated with
the velocity measurement required to realize the action reaction state and force observers.

5. Conclusion

Sensorless force/torque control can be realized through utilization of the force observer
techniques along with the action reaction state observer in order to provide an action reaction
based force observer which can be used in the realization of sensorless force control. The
action reaction based force observer does not require having any measurement from the
dynamical system in contact with the environment except a single measurement from the
input (actuator). The action reaction based force observer consists of four observers in cascade.
The scalers and vector gains of these observers have to be selected such that convergence of
the estimated interaction force to the actual one is guaranteed. The central idea of the action
reaction state observer or the action reaction force observer is based on the realization of a
natural feedback or a feedback-like force from the dynamical system which interact with the
environment. This feedback-like force is then used in the design of a state and force observer
by injecting the estimated reaction force onto the Luenberger-like state observer structure,

66 Advances in Motor Torque Control Sensorless Torque/Force Control 19

thus allowing the estimated states or forces to converge to the actual ones through a stable
error dynamics that can be accomplished by the proper selection of the observer scaler and
vector gains. The action reaction based force servoing is introduced based on the action
reaction state observer and the force observer. This force control technique is considered as a
sensorless force control technique since force sensors are not utilized in the realization of the
force control. In addition, velocity measurement of the non-collocated end effector in contact
with the environment does not have to be measured. Experiments are conducted on a single
input flexible lumped system with multi degree of freedom in contact with an environment
with varying impedance. The estimation results of the states and the interaction forces were
satisfactory showing fast convergence over a wide bandwidth of the dynamical system. Since
the action reaction force observer depends on a single measurement from the system along
with the reference current input, the associated noise problem is minimized and this allows the
observer to work in a wide bandwidth. This in turn allows increasing the cut-off frequencies
associated with each observer low-pass filter in order to reduce the convergence time of each
observer of the action reaction state or force observer.

6. References

Huang, H., Sun, D., Mills, J. K. & Li, W. J. (2007). Visual-based impedance force control of
three-dimensional cell injection system, Proceedings of IEEEInt. Conf. on Robotics and
Automation, ICRA’07, IEEE, Roma, pp. 4196–4201.

Iida, W. & Ohnishi, K. (2003). Sensorless force control with force error observer, Proceedings of
IEEEInt. Conf. on Industrial Technology, ICIT’11, IEEE, Maribor, pp. 157–162.

Karunakar, S. B. & Goldenberg, A. A. (1988). Sensorless action-reaction-based residual
vibration suppression for multi-degree-of-freedom flexible systems, Proceedings of
IEEEInt. Symp. on Intelligent Control, ISIC’98, IEEE, Arlington, VA, pp. 412 – 417.

Katsura, S., Irie, K. & Ohishi, K. (2008). Wideband force control by position-acceleration
integrated disturbance observer, IEEE Trans. Ind Electron 55.(4.): 1699–1706.

Katsura, S., Matsumoto, Y. & Ohnishi, K. (2007). Modeling of force sensing and validation of
disturbance observer for force control, IEEE Trans. Ind Electron 54.(1.): 530–538.

Katsura, S. & Ohnishi, K. (2007). Force servoing by flexible manipulator based on resonance
ratio control, IEEE Trans. Ind Electron 54.(1.): 56–67.

Khalil, I. S. M. & Sabanovic, A. (2010a). Action-reaction based parameters identification and
states estimation of flexible systems, Proceedings of IEEEInt. Conf. Industrial Technology,
ISIE’10, IEEE, PARI, pp. 46–51.

Khalil, I. S. M. & Sabanovic, A. (2010b). Sensorless action-reaction-based residual vibration
suppression for multi-degree-of-freedom flexible systems, Proceedings of IEEEInt.
Conf. Industrial Technology, IECON’10, IEEE, Glendale, AZ, pp. 1633–1638.

Khalil, I. S. M. & Sabanovic, A. (2011). A novel state observer for dynamical systems
with inaccessible outputs, Proceedings of IEEEInt. Conf. Mechatronics, ICM’11, IEEE,
Istanbul, pp. –.

Khalil, I. S. M. & Sabanovic, A. (n.d.). Action reaction state observer for single input systems
with compliance, IEEE Trans. Ind Electron .

Li, Y. F. & Chen, X. B. (1998). On the dynamic behavior of a force/torque sensor for robots,
IEEE Trans. Ind Electron 47.(1.): 304–308.

67Sensorless Torque/Force Control



20 Torque Control

Murakami, T., Yu, F. & Ohnishi, K. (1993). Torque sensorless control in
multidegree-of-freedom manipulator, IEEE Trans. Ind Electron 40.(2.): 259–265.

O’Connor, W. J. (1998). Position control of flexible robot arms using mechanical waves, ASME
J. Dyn. Syst., Meas. Control 120.(3.): 334–339.

O’Connor, W. J. (2003). A gantry crane problem solved, ASME J. Dyn. Syst., Meas. Control
120.(4.): 569–576.

O’Connor, W. J. (2007a). Theory of wave analysis of lumped flexible systems, Proceedings
of IEEEInt. Conf. American Control, ACC’07-NEW YORK, IEEE, NEW YORK,
pp. 4215–4220.

O’Connor, W. J. (2007b). Wave-based analysis and control of lump-modeled flexible robots,
IEEE Trans. Robotics 23.(.): 1552–3098.

Ohnishi, K., Shibata, M. & Murakami, T. (1996). Motion control for advanced mechatronics,
IEEE/ASME Trans. Mechatronics 1.(1.): 56–67.

Savia, M. & Koivo, H. N. (2009). Contact micromanipulation-survey of strategies, IEEE/ASME
Trans. Mechatronics 14.(4.): 504–514.

68 Advances in Motor Torque Control

Part 5 

Direct Torque Control 



20 Torque Control

Murakami, T., Yu, F. & Ohnishi, K. (1993). Torque sensorless control in
multidegree-of-freedom manipulator, IEEE Trans. Ind Electron 40.(2.): 259–265.

O’Connor, W. J. (1998). Position control of flexible robot arms using mechanical waves, ASME
J. Dyn. Syst., Meas. Control 120.(3.): 334–339.

O’Connor, W. J. (2003). A gantry crane problem solved, ASME J. Dyn. Syst., Meas. Control
120.(4.): 569–576.

O’Connor, W. J. (2007a). Theory of wave analysis of lumped flexible systems, Proceedings
of IEEEInt. Conf. American Control, ACC’07-NEW YORK, IEEE, NEW YORK,
pp. 4215–4220.

O’Connor, W. J. (2007b). Wave-based analysis and control of lump-modeled flexible robots,
IEEE Trans. Robotics 23.(.): 1552–3098.

Ohnishi, K., Shibata, M. & Murakami, T. (1996). Motion control for advanced mechatronics,
IEEE/ASME Trans. Mechatronics 1.(1.): 56–67.

Savia, M. & Koivo, H. N. (2009). Contact micromanipulation-survey of strategies, IEEE/ASME
Trans. Mechatronics 14.(4.): 504–514.

68 Advances in Motor Torque Control

Part 5 

Direct Torque Control 



5 

Speed Estimation Using Extended Filter Kalman 
for the Direct Torque Controlled Permanent 

Magnet Synchronous Motor (PMSM) 
M. S. Merzoug and H. Benalla  

LEC- Research Laboratory de Constantine 
Department of Electrical Engineering  

Constantine,  
Algeria 

1. Introduction  
Permanent magnet (PM) synchronous motors have attracted increasing interest in recent 
years for industrial drive application. The high efficiency, high steady state torque density 
and simple controller of the PM motor drives compared with the induction motor drives 
make them a good alternative in certain applications. Moreover, the availability of low-cost 
power electronic devices and the improvement of PM characteristics enable the use of PM 
motors even in some more demanding applications. Advantages of PMSM include low 
inertia, high efficiency, high power density and reliability. Because of these advantages, 
PMSM are indeed excellent for use in high-performance servo drives where a fast and 
accurate torque response is required. In PMSM drives, the electromagnetic torque is usually 
controlled indirectly via the stator current components in a reference frame fixed to the rotor 
flux field. The idea of combining the advantages of DTC and PMSM into a highly dynamic 
drive appeared in the literature in the late 1990’s. In the past decade several authors have 
proposed ways to adapt DTC to work with PMSM.  
Moreover DTC uses no current controller and no motor parameters other than the stator 
resistance, which yields a faster torque response and lower parameter dependence than with 
field oriented control.  
Recently, motor drive systems without electromechanical sensors, so called ‘sensorless 
drives’, have gained increasing popularity in industrial applications because of inherent 
drawbacks of electromechanical sensors. In general, electromechanical sensors are used to 
obtain speed or position information of motors. A drawback of these sensors is performance 
degradation due to vibration or humidity . 
Consequently, the extended Kalman filter is considered to be the best solution for the speed 
estimation of an induction motor. The extended Kalman filter has been applied to the direct 
torque control control system .  

2. The Model of PMSM 
The electrical and mechanical equations of the PMSM in the rotor reference (d-q ) frame are 
as follows [6]:  
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And the electromagnetic torque eT  is given by: 
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The equation for the motor dynamics, on the other hand is 
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Figure. 1, presents the model of PMSM in d-q axis 
 

 
Fig. 1. Model of PMSM in d-q axis. 

3. Direct torque control system 
Since M. Depenbrock and I. Takahashi proposed Direct Torque Control (DTC) for induction 
machines in the middle of 1980’s, more than one decade has passed. It is getting more and 
more popular nowadays. The basic idea of DTC for induction motor is to control the torque 
and flux linkage by selecting the voltage space vectors properly, which is based on the 
relationship between the slip frequency and torque.  

3.1 Estimation of the torque and the ux linkage  
The basic principle of the DTC is to select proper voltage vectors using a pre-defined 
switching table. The selection is based on the hysteresis control of the stator ux linkage and 
the torque. In the basic form the stator ux linkage is estimated with: 
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Let us replace the estimate of the stator voltage with the true value and write it as:  
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Sa, Sb and Sc represent the states of the three phase legs 0 meaning that the phase is 
connected to the negative and 1 meaning that the phase is connected to the positive leg. 
The stator current space vector is calculated from measured currents , ,a b ci i i : 
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And the electromagnetic torque eT  is given by: 
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The equation for the motor dynamics, on the other hand is 
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Figure. 1, presents the model of PMSM in d-q axis 
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The voltage vectors obtained this way are shown in Figure 3.  
 

 
Fig. 3. Voltage vectors for DTC. 

The composite   and   of vector s  can be obtained: 
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Stator flux linkage written: 

    22
s S S        (10)  

The angle S  is equal to: 

 S
S

S
arctg 




 


  (11) 

The torque can then be estimated with: 

 3 ( )
2e S S S ST P I I         (12) 

The voltage vector plane is divided into six sectors so that each voltage vector divides each 
region into two equal parts. In each sector, four of the six non-zero voltage vectors may be 
used. Also zero sectors are allowed. All the possibilities can be tabulated into a switching 
table (Table I). The output of the torque hysteresis comparator is denoted as   , the output 
of the ux hysteresis comparator as   and the ux linkage sector is denoted as  .  
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 ,  ,   1  2  3  4  5  6  

1 

1   V2 V3 V4 V5 V6 V1 
0   V7 V0 V7 V0 V7 V0 
1   V6 V1 V2 V3 V4 V5 

0
 

1  V3 V4 V5 V6 V1 V2 

0  V0 V7 V0 V7 V0 V7 
1 V5 V6 V1 V2 V3 V4

Table 1. Switching Table Presented By  Takahashi  and Noguchi. 

3. Kalman filter 
The Kalman filter was developed by R.E. Kalman in 1960. Due to advances in the 
development of digital computing, the Kalman filter is a subject of extensive research and 
application. Kalman filtering has been applied in the areas of aerospace, navigation, 
manufacturing, and many others. [9] 
The Kalman filter provides a means for inferring missing information from indirect (and 
noisy) measurements. It provides the optimal (minimum variance) state estimate when the 
dynamic system is linear and the statistical characteristics of the various noise elements are 
know 
The EKF is an optimal recursive estimation algorithm based on the least-square sense for 
estimating the states of dynamic nonlinear systems. That is, it is an optimal estimator for 
computing the conditional mean and covariance of the probability distribution of the state 
of a nonlinear stochastic system with uncorrelated Gaussian process and measurement 
noise. 
Since the state models are nonlinear, the EKF can be applied to estimate state variables. In 
this case, the back-EMF is considered as a state variable. Nonlinear discrete models with 
white noise are given as follows: 
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  (13)      

w and v are the system and measurement noise. 
For linearization process in the model, the partial derivative is introduced and discrete state 
models are: [10] 
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Estimation of an error covariance matrix 

 ( 1) ( ). ( ). TP k F k P k F Q      (16) 
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Computation of a Kalman filter gain 

 
1

( 1) ( 1) ( ) ( ) ( 1) ( )T TK k P k H k H k P k H k R
         (17)  

Update of a error covariance matrix 

  ( 1) ( 1). ( ) ( 1)P k I K k H k P k        (18) 

State estimation 

  ˆ ˆ ˆ( 1) ( ) ( 1) ( 1) ( 1)X k X k K k y k h X k           (19) 

Where: 
( 1)P k   is a priori error covariance matrix  

Q and R respectively and are independent from the system state [4]. 

4. EKF implementation for a PMSM 
The extended Kalman filter implementation for a PMSM motor requires three basic steps. 
 Continuous PMSM  model 
 Discretization of the PMSM motor model 
 Simulation 

4.1 Continuous PMSM model 
The model of PMSM in the d-q reference frame can be written: 
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The system can be modeled as : 
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We are measuring current Id and Iq. 

 
1 0 0 0
0 1 0 0
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d q
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   (22) 

4.2 Discretization of the PMSM model 
The corresponding discrete time model is given by: 

 ( 1) ( ) ( ). .k d k d kX A X B u      (23) 

 ( 1) ( ).k d ky C X    (24) 

The conversion is done by the following approximation; 
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                                                              dC C  

We are assuming that the sampling -time TS is very small compared to the system dynamics. 
The discrete model of the PMSM motor is given as: 
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  (26) 

4.3 Simulation and implementation 
The matrices linearization F and H, we can linearize the system in every moment of 
operation. They are given as follows 
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4.4 Observer torque load 
The method proposed by Pioufle can be estimated the torque load, Figure 4, illustrates the 
principle of the estimate. [11] 
 

 

 
 

Fig. 4. Estimation load torque. 

The error between the speed measured and the estimated speed entry is presented as a 
regulator PI whose output is 
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Fig. 5. Estimation load torque. 
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5. Sensitivity study and simulation results 
Computer simulations have been carried out in order to validate the effectiveness of the 
proposed scheme. The speed current and rotor position responses are observed under 
various operating conditions such as change in reference speed, step change in load and 
parameter variation. 

6. Simulation results 
Extensive simulations have been performed using Matlab/ Simulink Software to examine 
control algorithm of the DTC applied for PMSM presented in Figure 6. 
 
 
 

 

 
 
 

Fig. 6. Basic DTC for sensorless PMSM drive. 
 

6.1 Regulation speed 
The simulation results of the DTC where to apply a torque load equal to 5 N.m at t = 0.1s 
and a reference speed equal to 100 rad /s.  
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Figure 7, shows the actual and estimated speed of the proposed PMSM sensorless scheme, 
these responses illustrate high performance of the proposed EKF observer during transients 
and steady state. 

 
 
 
 

 
 

Fig. 7. Actual and estimated speed. 
Figure 8, present the speed zoom with and without torque compensation.  
Figure 9, presents the estimated electromagnetic torque. The torque follows perfectly the 
value of record with negligible effect on the speed that is rapidly restored to its reference. 
Figure 10, presents the estimated flux, we also note that the flow is not affected by the 
variation of the load. The flux reaches its reference control with no overshoot. 
 

 
 
 
 
 

 
 

Fig. 8. Speed zoom.  
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Fig. 9. Estimated electromagnetic torque. 

 

 
Fig. 10. Estimated stator flux. 

6.2 Inversion of the speed  
To test the robustness of technical command at the reverse direction of rotation, it 
introduced a change in record speed reference +100 rad /s to -100 rad /s time t=0.1s after a 
torque load equal to 3 Nm, Figure 11. 

 
Fig. 11. Actual and estimated speed. 
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Fig. 10. Estimated stator flux. 
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Fig. 12. Estimated electromagnetic torque. 

The estimation algorithm is robust because the variation of the speed is important and the 
estimated speed follows the real speed when the motor starts and at the moment of speed 
inversion. 
Figure 13. Presents trajectory of the estimated stator flux components, the stator flux 
trajectory is almost circular 
Figure 14. Shows the rotor position.  

 
 
 
 

 
 

Fig. 13. Trajectory of the estimated stator flux 
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Fig. 14. Evolution of rotor position 

7. Conclusion  

In this paper, the EKF approach for a speed sensorless direct torque control (DTC) is 
proposed to estimate the rotor position and speed. The performance of the algorithm was 
investigated over a wide range of speeds. Overall, the simulation results obtained for 
estimating the speed and position are very satisfactory viewpoint estimation error, strength 
and stability of global training system in any operating condition. 
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Advanced Torque Control Scheme for the High 
Speed Switched Reluctance Motor 

Dong-Hee Lee, So-Yeon Ahn and Jin-Woo Ahn 
Dept. of Mechatronics Engineering, Kyungsung University 

Republic of Korea 

1. Introduction 
High speed drive systems are much interested in the industrial application such as blower, 
compressor, pump and spindle due to the compact size and high efficiency. In recent, the 
demands of high speed drives are much increased due to the mechanical advantages of high 
speed system. SRMs (Switched Reluctance Motors) have simple structure and inherent 
mechanical strength without rotor winding and permanent magnet. These mechanical 
structures are suitable for harsh environments such as high temperature and high speed 
applications. Although SRMs have many advantages for the high speed applications, high 
torque ripple is still main problem to be applied to a high speed drives.  
SRM(Switched Reluctance Motor) has been researched in last 150 years. However, 
significant amount of attention to this motor type was given in last few decades thank to the 
development of microcontrollers, power semiconductors and CAD technology. But 
compared with other motor, SRM cannot be operated without inverter. Therefore, it is 
suitable for variable speed application because inverter is essential.  
SRM is a doubly salient machine because both the stator and rotor have salient poles. Flux is 
created by concentrated stator winding only. There are no permanent magnets, 
commutators, and windings in rotor side. So, SRM has simple and robust rotor structure 
that is very important in high speed application because centrifugal force is very high when 
rotor rotates at high speed. Due to a simple structure at the stator and the rotor, SRM can 
compete with other types of motor. And because SRM has only the windings at the stator, 
SRM achieves high efficiency especially in high speed region. With these advantageous 
features, SRM deserves to be investigated and it is good candidate for high speed drive 
systems in particular.  
 

          
Fig. 1. Applications of a high speed drive. 
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2. Switched reluctance motor (SRM) 
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 produces 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, 
but there are no windings or permanent magnets on the rotor. 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.  
 

 
(a) General 6/2 SRM 

 

 
(b) Output torque vs phase current 

Fig. 2. SRM drive system. 
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Fig. 2 shows a general SRM drive system. With a constant phase current, the ideal phase 
torque is produced according to the square of current and inductance slope of the motor. 
Two basic equations of an SRM can be derived in terms of phase voltage and torque as 
follows. 
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where, R: resistor of phase winding. θrm : rotor position, ωrm: rotor speed, L(θrm,i): inductance 
is linearly varying with rotor position for a given current. However, the torque 
characteristics of SRM can be improved by the rotor and stator design. 
Fig. 3 shows the various type of 4/2 SRMs. The modified types which have a staggered gap 
rotor pole surface, air teeth and air hole types of rotor pole are introduced.  
 

     
(a) Conventional type    (b) Staggered gap type        (c) Air teeth type 

Fig. 3. Various type of 4/2 SRM. 

Due to magnetic nonlinearity in an SRM, the phase inductance is nonlinear with respect to 
rotor position and phase current, and hence, constant torque profiling for torque ripple 
reduction is difficult compared to conventional AC motors such as PM and induction 
motors.  

2.1 Mechanical structures 
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 but also magnetic 
saturation, the power density of reluctance motor is lower than PM motor. The construction 
of SRM is shown in Fig. 4. 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 
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machines. The main source of acoustic noise could induce the radial magnetic. So higher 
torque ripple and acoustic noise are the most critical disadvantages of the SRM. 
 

 
Fig. 4. The construction of 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. 

2.2 Torque and torque ripple 
The torque ripple of the SRM is divided to three parts. The first source is from the inherent 
torque ripple due to the mechanical and magnetic structure. Single-and two-phase SRMs 
have inherent torque dead-band due to an absence of the torque over-lap region between 
phases. Fig. 5 and Fig. 6 show the output torque according to the phase current in 
conventional single-and two-phase SRMs. As shown in Fig. 5 and 6, the positive torque 
region has dead-band from the inherent magnetic structure. 
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(a) Single phase SRM                         (b) Two-phase SRM 

Fig. 5. Mechanical structure of single and two-phase SRMs. 
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(a) Single phase SRM   (b) Two-phase SRM 

Fig. 6. Inductance, current and output torque of single and two-phase SRMs. 

In order to overcome the inherent torque dead-band, asymmetric SRMs are investigated.  
These types have wide positive torque region with a short negative torque region, and are 
useful in an unidirectional application such as blowers and fans. For the single phase SRM, 
hybrid type using permanent magnet is researched. The inserted permanent magnet can 
produce cogging torque during torque dead-band. However, the torque of the inserted PM 
poles cannot be controlled, so it has high torque ripple but smaller than a conventional 
single-phase SRM. In two-phase SRM, rotor pole shapes can be changed to extend the 
torque region, and the inductance has asymmetric characteristics shown in Fig. 7. 
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(a) Stepper rotor type SRM   (b) Inductance, current and torque characteristics 

Fig. 7. Uni-directional 4/2 SRM with torque overlap. 

As shown in Fig. 7, the stepper rotor type has a wide rotor pole arc that produces torque 
overlap between two phases. In order to extend positive torque region, the inductance has 
asymmetric characteristics shown in Fig. 7(b), and is useful for an unidirectional application. 
It can remove torque dead-band, but torque ripple during stepper region is much serious. 
To reduce the torque ripple of stepper region, optimization design process can be adopted.  
From these research results, the inherent torque dead-band can be reduced. 
The other is from the non-linear characteristics of inductance and un-constant torque by the 
constant current due to the saturation effect. Although the output torque is proportional to 
the inductance gradient, the inductance gradient is not constant. The inductance has non-
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linear according to rotor position due to the saturation effect. So, the constant phase current 
cannot guarantee a constant torque shown as Fig. 8. In the compact size motor, flux 
saturation is essential. So, the output torque ripple is different according to the load 
condition. 
 

 
Fig. 8. Non-linear torque from the saturation effect. 

In order to reduce the torque ripple from the saturation and non-linear characteristics, 
advance torque control scheme is required. In the next chapter, the detailed torque control 
schemes will be explained. 
 

 
Fig. 9. Torque ripple from the tail current. 

One reason of torque ripple is negative torque due to the tail current. The output torque of a 
phase is changed by the inductance slope. If the phase current is extended to the opposite 
torque region, the current produces the opposite torque. In the high speed or heavy load 
condition, the phase current is not extinguished in the same torque region, and the extended 
tail current produces negative torque as shown in Fig. 9. When the turn-off angle is 
controlled to remove the tail current, negative torque can be removed. However, the tail 
current is much serious in the high speed application due to a short commutation time. In 
order to reduce the negative torque effect, additional torque compensation algorithm and 
boost converter with a high negative demagnetization voltage have been researched. If the 
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turn-off angle is much advanced to reduce the tail current, the effective torque region is 
much decreased with low efficiency and low output torque. The boost converter which can 
supply the high excitation and demagnetization voltage can reduce the commutation time, 
and it is useful to remove the tail current. 

3. Torque control schemes 
Various torque control schemes are investigated for the efficiency and torque ripple 
reduction. The torque control of SRMs is classified by three categories : on/off angle control, 
current control and direct torque control. The on/off angle control and current control 
schemes are simple and don’t use any torque estimation. For a better performance, current 
control scheme uses on/off angle changing according to the load condition. In these control 
schemes, they didn’t consider non-linear characteristics. So, the output torque of SRM is 
dependent on the saturation effect and inductance characteristics.  
Fig. 10, 11 and 12 show the phase current and output torque of on/off angle control, current 
control and current control with on/off angle controller. The on/off angle control scheme 
uses a single pulse voltage during turn-on and-off angle (dwell angle). As shown in Fig. 
10(b), the output torque is controlled by average value during dwell angle , and PWM 
switching is not used. So, the switching loss is very small compared with the current control 
scheme, but the output torque has large ripple. In the Fig. 10(a), the torque of phase A is 
controlled by turn-on angle controller, and phase B is controlled by turn-off angle controller. 
When the turn-on angle is advanced ( onA1 < onA3 ), the phase current and output torque is 
changed according to the turned on region. Much increased phase current ima1 can increase 
the output torque than the small phase current ima3 . Similarly, when the turn-off angle is 
delayed ( offB1 < offB3 ), the phase current and output torque range is changed according to 
the turned off angle. Much extended phase current imb3 can increase the output torque than 
the short phase current imb1 . This control scheme just controls average torque, and cannot 
control the instantaneous torque.  
Fig. 11 shows a current control block diagram, phase current and output torque. Hysteresis 
current controller or PWM(Pulse Width Modulation) can be used to adjust the phase 
current. In the current controller, the activated phase is determined by the rotor position. By 
the switching of power devices, the switching loss is much increased than the on/off angle 
control method. But, excitation current can be controlled with flat-top shape. If the output 
torque is linearly proportional to the phase current, a constant output torque can be 
obtained. However, the output torque of SRM has non-linear characteristics due to the 
inductance and saturation effect. So, the output torque is dependent on the non-linear 
torque characteristics.  
 

 
Fig. 10. (a) On/off angle controller. 
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Fig. 10. (a) On/off angle controller. 
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(b) Phase current and output torque. 

Fig. 10. Phase current and output torque of the on/off angle control scheme. 
 

 
(a) Current control scheme 

 

 
(b) Phase current and output torque 

Fig. 11. Phase current and output torque of current control scheme. 
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In order to build up the desired current and extinguish the demagnetized current, turn-on 
and-off angles are very important. So, the current controller with angle adjusting can 
increase the torque performance. Although, the output torque is dependent on the non-
linear characteristics, but the torque region can be adjusted according to the load condition. 
In a heavy load with high reference current, the turn-on angle is advanced to ensure the 
excitation current building-up time. On the contrary, the turn-off angle is delayed in the 
light load with low reference current due to the efficiency. Because the output torque cannot 
be produced during minimum inductance and maximum inductance region, the phase 
current of these region is much contributed to the loss.  
 

 
(a) Current control scheme with angle controller 

 

 
(b) Phase current and output torque 

Fig. 12. Phase current and output torque of the current control with on/off angle controller 

The other torque control methods are current shape, direct torque control and TSF(Torque 
Sharing Function) technologies. These torque control methods are complex but torque ripple 
can be reduced. In order to reduce the torque ripple, the non-linear characteristics are 
considered in these control schemes. To compensate the output torque variation according 
to the current and rotor position, motor characteristics are included in the controller by look-
up table, data memory and simplified mathematical model.  
The current shape control method uses a compensation current according to the rotor 
position to compensate the saturation effect. In this control method, the compensation term 
is calculated with a simplified model. So, the torque ripple is not perfectly rejected.  
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(b) Phase current and output torque. 

Fig. 10. Phase current and output torque of the on/off angle control scheme. 
 

 
(a) Current control scheme 

 

 
(b) Phase current and output torque 

Fig. 11. Phase current and output torque of current control scheme. 
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More advance torque control method uses a torque to current data to reduce the torque 
ripple. In this approach, the reference current is changed according to the rotor position and 
reference torque with the motor characteristics. The torque to current data is determined by 
the actual motor characteristics and has 3-dimensions. Fig. 13 shows the torque control 
scheme using torque-to-current data, and its operating characteristics consideration. As 
shown in Fig. 13(b), the reference current to produce the desired output torque is not 
constant, and non-linear current reference is determined by the torque-to-current data. The 
current controller is designed to keep the reference current. This approach needs a complex 
database to compensate the motor characteristics, but the torque ripple can be reduced. The 
output torque is dependent on the accuracy of the torque-to-current data and current 
controller. When the torque-to-current data is very accurate, the output torque is very 
constant during a single phase excitation. But, it has torque ripple during the commutation 
region. 
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Fig. 13. Non-linear current control scheme and its operating characteristics. 
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Another approach such as TSF uses a torque references and torque sharing during 
commutation region. In the TSF method, torque region is divided by two region : single-phase 
mode and two-phase mode. In a single-phase mode, only one phase current produces the 
output torque. In a two-phase mode, the outgoing phase and incoming phase current produce 
the output torque, and the total torque is the sum of the two phases. In order to reduce the 
torque ripple during the commutation region, torque references should be changed, and the 
sum of the torque references of the each phases are constant. The reference torque of the 
outgoing phase is decreased, and the reference torque of the incoming phase is increased 
during this region. The increasing and decreasing torque reference can be determined as linear 
and sinusoidal function. Fig. 14 shows a TSF method using sinusoidal function.  
As shown in Fig. 14(b), torque reference of phase A is increased, and reached the target 
value between onA and offB, the reference of phase B is decreased from target value to zero, 
reversely. However, the sum of two-phase is same as target value. When the phase current 
can keep the reference current, the output torque of SRM can keep the constant value with a 
small torque ripple due to the current switching. Similar to the non-linear current control 
scheme, TSF needs a torque-to-current data to produce the reference current which 
generates a reference torque according to the rotor position. As we shown in previous 
control scheme, the output torque of the TSF method is dependent on the accuracy of the 
data and current control performance. 
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Fig. 14. TSF control scheme and its operating characteristics. 
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The torque reference during one-phase mode of the each phases is defined as follows. 
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And the torque commands during commutation are defined as follows in the cosine TSF. 
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Where, rm is rotor position. The ( )on k and ( 1)off k are turn-on and-off angles of the 
incoming and outgoing phases, respectively. 
Compared with TSF method, DTC(Direct Torque Control) scheme uses a torque estimator 
and simple switching rules to control the output torque. The torque estimator is similarly 
made using the non-linear torque characteristics of the motor according to the phase current 
and rotor position. And these data reflect the saturation effect and the inductance 
characteristics. The DTC uses a direct torque comparison method with the torque estimator, 
the switching rules are designed to compensate the torque error between the torque 
reference and the estimated torque. The switching technologies of the DTC algorithm act as 
hysteresis controller. For the effective compensation of the torque error, the switching 
technologies can use PWM method.  
 

0
3

6
9

12
15

0
30

60
90

120
150

180

-0.4

-0.2

0

0.2

0.4

 
(a) Block diagram of the direct torque control scheme. 

 

     
(b) Switching rule without PWM           (c) Switching rule with PWM 

Fig. 15. Direct torque control scheme. 
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Fig. 15 shows the DTC control block diagram and the examples of switching rules. The 
switching state of the switching rule means the operating modes of converter. And the TBW 
is the torque error band of the DTC. The switching state 1 is excitation mode which supplies 
the dc-link voltage in the phase winding. The switching state 0 is free-wheeling mode which 
supplies zero voltage, and one power devices of the converter is turned on. And the 
switching state -1 is the demagnetization mode which supplies negative dc-link voltage in 
the phase winding. During the demagnetization mode, power devices of the phase winding 
are fully turned off. With the PWM technology, the switching state can move more 
smoothly. The PWM duty ratio is controlled by the torque error within the switching states. 
The PWM method can guarantee the fixed switching frequency with small torque ripple.  
  The previous researches are very useful to reduce the torque ripple of SRM in the 
conventional speed region. In the region, the main torque ripple is from the inherent torque 
dead-zone and non-linear torque characteristics. So, the DTC and TSF can reduce the torque 
ripple from the non-linear torque characteristics with the accurate torque data. 

4. Advanced torque control scheme for a high speed SRM 
4.1 Advanced converter topologies 
When the motor speed is increased, the switching and excitation time are much decreased. 
The phase current of an AC machine has sinusoidal waveform, and current changing is very 
smooth. However, the phase current of SRM has square waveform. And the changing of the 
phase current is very rapid. Sometimes, the excitation current cannot be reached to the 
desired value, and the demagnetization cannot be extinguished during the commutation 
time due to a short excitation and demagnetization time in a high speed region. The 
insufficient excitation current makes an insufficient output torque, and the extended 
demagnetization can produce a negative torque. The much advanced turn-off angle can 
reduce the tail current in a high speed, but the output torque is not sufficient due to a short 
excitation region.  
Fig. 16 shows the current and torque waveforms in a high speed region.  
 

 
Fig. 16. Current and torque in a high speed. 
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The torque reference during one-phase mode of the each phases is defined as follows. 

 

* *
( )

*
( 1) 0

T k m

T k

f T

f 




  (3) 

And the torque commands during commutation are defined as follows in the cosine TSF. 

 
( )* *

( )
( 1) ( )

* *
( 1) ( )

1 cos
2

1

rm on k
T k m

off k on k

T k T k

f T

f f





         
      

 

 (4) 

Where, rm is rotor position. The ( )on k and ( 1)off k are turn-on and-off angles of the 
incoming and outgoing phases, respectively. 
Compared with TSF method, DTC(Direct Torque Control) scheme uses a torque estimator 
and simple switching rules to control the output torque. The torque estimator is similarly 
made using the non-linear torque characteristics of the motor according to the phase current 
and rotor position. And these data reflect the saturation effect and the inductance 
characteristics. The DTC uses a direct torque comparison method with the torque estimator, 
the switching rules are designed to compensate the torque error between the torque 
reference and the estimated torque. The switching technologies of the DTC algorithm act as 
hysteresis controller. For the effective compensation of the torque error, the switching 
technologies can use PWM method.  
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excitation region.  
Fig. 16 shows the current and torque waveforms in a high speed region.  
 

 
Fig. 16. Current and torque in a high speed. 
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As shown in Fig. 16, a short excitation and demagnetization time can produce a high torque 
ripple. Compared with ima1 and ima2, the phase current ima2 cannot be reach the desired value 
due to a short excitation time. So, the output torque has a high torque ripple. With the 
extended advance angle, the phase current can be reached to the desired value. Similarly, 
the turn-off angle should be advanced to reduce the tail current. In Fig. 16, the phase current 
imb1 is extended to the negative torque region, and it produces a negative torque due to the 
tail current. With an advance turn-off angle, the phase current imb2 is extinguished during 
the proper torque region, but the active torque region is decreased. The decreased active 
torque region from the advanced turn-off angle makes high torque ripple due to the torque 
dead-band. 
Fig. 17 shows the phase current in the high speed region with an asymmetric converter. As 
shown in Fig. 17, the motor is excited at on advanced ad from the start point of positive 
torque region min to establish sufficient torque current. The desired phase current is 
represented by dashed line in Fig. 17 and is demagnetized at off, and decreased to zero 
before the starting point of the negative torque region max so as not to develop negative 
torque.  
 

rm

 
Fig. 17. Current in a high speed region. 

In order to secure enough time to build-up the desired phase current Im*, the advance angle 
ad can be adjusted according to motor speed ωrm. From the voltage equations of the SRM, 
the proper advance angle can be calculated by the current rising time as follows regardless 
of phase resistance at the turn-on position 
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Where, Im* is the desired phase current, and Vm is the terminal voltage of the phase winding. 
As speed increases, the advance and demagnetization angles are increased and turn-of and 
turn-off positions may be advanced to the negative torque region of the previous phase.  
If the actual terminal voltage is assumed as dc-link value, the actual maximum phase 
current can be obtained when the advance angle is in the previous unaligned position.  
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And, the maximum output torque at min can be derived as follow. 
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With a fixed turn-on position, the actual phase current which is denoted by a solid line 
cannot reach the desired value in the high speed region as shown in Fig. 17.  
In a high speed, the advance and demagnetization time are much decreased. In order to 
reduce the torque ripple, the phase current should be well controlled. However, the short 
excitation and demagnetization times make a high current error in a high speed region.  
In order to overcome these problems, boost voltage convertershas been researched. Fig. 18 
shows the 4-level converter for high speed SRM.  
 

      
(a) 4-level type 1                    (b) 4-level type 2 

Fig. 18. 4-level converter for high speed drive. 

The 4-level converter has an additional charge capacitor C2, a power switch QB and a diode 
DF compared with general asymmetric one. In the type 2, the power diode DF is included as 
an anti-parallel diode of power switch QB. So, it can reduce the additional power devices to 
implement the 4-level converter. The charge capacitor C2 recovers energy from the phase 
during demagnetization, and the phase current is quickly reduced due to the high negative 
bias. Then the charged high voltage is through the power switch QB to the next excitation 
phase winding for the fast phase current build-up in type 1. Differ from the type 1, the 
power switch of the type 2 is controlled to keep the boost voltage as a fixed value. And the 
excitation voltage is same as the conventional asymmetric converter.  
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Where, Im* is the desired phase current, and Vm is the terminal voltage of the phase winding. 
As speed increases, the advance and demagnetization angles are increased and turn-of and 
turn-off positions may be advanced to the negative torque region of the previous phase.  
If the actual terminal voltage is assumed as dc-link value, the actual maximum phase 
current can be obtained when the advance angle is in the previous unaligned position.  
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Fig. 18. 4-level converter for high speed drive. 

The 4-level converter has an additional charge capacitor C2, a power switch QB and a diode 
DF compared with general asymmetric one. In the type 2, the power diode DF is included as 
an anti-parallel diode of power switch QB. So, it can reduce the additional power devices to 
implement the 4-level converter. The charge capacitor C2 recovers energy from the phase 
during demagnetization, and the phase current is quickly reduced due to the high negative 
bias. Then the charged high voltage is through the power switch QB to the next excitation 
phase winding for the fast phase current build-up in type 1. Differ from the type 1, the 
power switch of the type 2 is controlled to keep the boost voltage as a fixed value. And the 
excitation voltage is same as the conventional asymmetric converter.  
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Fig. 19, 20 and 21 show the operating modes of the 4-level type 1 and 4-level type 2. In the 
fast excitation mode(Fig. 19(a)), dc-link voltage Vdc and charged voltage Vcd are supplied to 
excite the phase winding, then the excited phase current builds up fast by the high positive 
voltage. Similarly, the demagnetized phase current during turn-off is decreased quickly by 
the high negative bias in the fast demagnetization mode(Fig. 19(d) and Fig. 20(d)). The 
excitation and wheeling modes are same as the conventional asymmetric converter. 
However, the demagnetization mode(Fig. 20(c)) supplies the negative boost voltage to the 
phase current.   
The 4-level type 1 is very useful to the high speed drive due to the fast excitation and fast 
demagnetization modes. However, the boost voltage which is charged in C2 should be 
controlled to keep the constant value. To prevent the higher charged voltage, the boost 
voltage is always adjusted, so the additional voltage sensor is required. In order to discharge 
the higher boost voltage, the fast excitation voltage can be supply in the positive torque 
region. So, the control scheme is very complex. Compare with type 1, the boost voltage of 
the type 2 is automatically adjusted by the gate resistor Rm1 and Rm2. And the operating 
modes are always independent. This makes easy control of the SRM. And it can reduce the 
power devices to implement 4-level, although fast excitation is impossible. But, it supplies 
negative boost voltage during the demagnetization mode, and the current control is easier 
than the type 1. 
 

         
(a) Fast excitation mode                  (b) Excitation mode 

 

    
 (c) Wheeling mode              (d) Fast demagnetization mode 

Fig. 19. Operating modes of the 4-level converter (type 1). 
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(a) Excitation mode                  (b) Wheeling mode 

 

       
 (c) Demagnetization mode                 (d) Fast demagnetization mode 

Fig. 20. Operating modes of the 4-level converter (type 2). 

With a PWM(Pulse Width Modulation) technology, two operating modes can be used in a 
sample time to control the phase current.  
 

  
(a) Phase voltage of the type 1                (b) Phase voltage of the type 2 

Fig. 21. Phase voltage of the 4-level converter. 

Fig. 22 shows current waveform of the 4-levle converter type 1 and asymmetric one at 
10,000[rpm] from experiment in a 12/8 SRM. As shown in Fig. 22, excitation current of the 4-
level converter can support fast build-up and commutation of phase current when 
compared with a conventional asymmetric converter. Another approach using 4-level 
converter is DITC method. In the torque control, the additional control mode is very 
effective.  
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sample time to control the phase current.  
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Fig. 22 shows current waveform of the 4-levle converter type 1 and asymmetric one at 
10,000[rpm] from experiment in a 12/8 SRM. As shown in Fig. 22, excitation current of the 4-
level converter can support fast build-up and commutation of phase current when 
compared with a conventional asymmetric converter. Another approach using 4-level 
converter is DITC method. In the torque control, the additional control mode is very 
effective.  
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(a) Asymmetric converter                  (b) 4-level converter type 1 

Fig. 22. Comparison of current waveform(10,000[rpm]). 

Fig. 23 shows the proto-type high speed 4/2 SRM. The outer radius of the rotor is not 
constant to produce a wide and a constant positive torque. From this, it has asymmetric 
inductance which is wide positive and a short negative torque region. 
 

 
(a) Rotor 

 

     
(b) Stator               (c) Assembled SRM 

Fig. 23. Proto-type high speed 4/2 SRM. 

Fig. 24 and 25 show the simulation results of the 4-level type 2. The proto-type motor is 4/2 
SRM which has asymmetric inductance. The proto-type SRM has wide positive torque 
region with over-lap between the phases, and designed for unidirectional applications.  
Fig. 24 shows the compared simulation results with conventional asymmetric converter and 
the proposed 4-level type 2 at 30,000[rpm] with rated load 0.2[Nm] in the proto-type motor. 
As shown in Fig. 24, the tail current which is extended to the negative torque region 
produces an additional torque ripple. Compared with Fig. 24(a), the proposed control 
scheme shown in Fig. 24(b) can reduce the tail current and torque ripple due to the fast 
demagnetization with a high negative voltage level. 
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(a) Asymmetric converter                  (b) 4-level converter type 2 

Fig. 24. Compared simulation results(30,000[rpm]). 

 

   
(a) Asymmetric converter                  (b) 4-level converter type 2 

Fig. 25. Compared simulation results with reference variation. 

When the reference current is sudden changed, an additional boost wheeling and fast 
demagnetization mode of the proposed 4-level type 2 can reduce the torque ripple and 
enhance the control dynamics shown in Fig. 25. Compare to Fig. 25(a), the proposed control 
scheme (Fig. 25(b)) shows less torque ripple next to the variation point as result of the boost 
wheeling and fast demagnetization.  

4.2 Negative torque compensation  
Another approach in the torque control for the high speed SRM, is torque compensation 
method. Fig. 26 shows the TSF algorithm in the general speed and the high speed region. As 
shown in Fig. 26(a) and Fig. 26(b), the each torque references are changed to the current 
reference to produce the reference torque with the considerations of non-linear torque 
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(a) Asymmetric converter                  (b) 4-level converter type 1 

Fig. 22. Comparison of current waveform(10,000[rpm]). 

Fig. 23 shows the proto-type high speed 4/2 SRM. The outer radius of the rotor is not 
constant to produce a wide and a constant positive torque. From this, it has asymmetric 
inductance which is wide positive and a short negative torque region. 
 

 
(a) Rotor 

 

     
(b) Stator               (c) Assembled SRM 

Fig. 23. Proto-type high speed 4/2 SRM. 

Fig. 24 and 25 show the simulation results of the 4-level type 2. The proto-type motor is 4/2 
SRM which has asymmetric inductance. The proto-type SRM has wide positive torque 
region with over-lap between the phases, and designed for unidirectional applications.  
Fig. 24 shows the compared simulation results with conventional asymmetric converter and 
the proposed 4-level type 2 at 30,000[rpm] with rated load 0.2[Nm] in the proto-type motor. 
As shown in Fig. 24, the tail current which is extended to the negative torque region 
produces an additional torque ripple. Compared with Fig. 24(a), the proposed control 
scheme shown in Fig. 24(b) can reduce the tail current and torque ripple due to the fast 
demagnetization with a high negative voltage level. 

 
Advanced Torque Control Scheme for the High Speed Switched Reluctance Motor 

 

105 

   
(a) Asymmetric converter                  (b) 4-level converter type 2 

Fig. 24. Compared simulation results(30,000[rpm]). 

 

   
(a) Asymmetric converter                  (b) 4-level converter type 2 

Fig. 25. Compared simulation results with reference variation. 

When the reference current is sudden changed, an additional boost wheeling and fast 
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enhance the control dynamics shown in Fig. 25. Compare to Fig. 25(a), the proposed control 
scheme (Fig. 25(b)) shows less torque ripple next to the variation point as result of the boost 
wheeling and fast demagnetization.  

4.2 Negative torque compensation  
Another approach in the torque control for the high speed SRM, is torque compensation 
method. Fig. 26 shows the TSF algorithm in the general speed and the high speed region. As 
shown in Fig. 26(a) and Fig. 26(b), the each torque references are changed to the current 
reference to produce the reference torque with the considerations of non-linear torque 
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characteristics. The controlled current can keep the reference torque in the conventional 
speed region shown in Fig. 26(a). However, the practical current cannot be kept the 
reference value due to the short commutation time in the high speed region. So, the tail 
current which is extended to the negative torque region, produces negative torque when the 
phase is inactive. From this tail current, the total torque of the high speed SRM has high 
torque ripple shown in Fig. 26(b). 
 

  
(a) Conventional speed region                   (b) High speed region 

Fig. 26. Torque and current in TSF according to the speed. 

In order to compensate the torque ripple from the tail current, the modified TSF control 
scheme is proposed. The proposed TSF has compensating torque block in the active phase. 
And the compensating torque can reduce the torque ripple from the negative torque of the 
inactive phase in a high speed. In order to reduce the tail current during commutation 
region, the switching signal of the outgoing phase is fully turned off. If the phase current is 
not extended to the negative torque region, the switching patterns of the each phases are 
determined by the torque errors during commutation region. However, the swtching signals 
of the outgoing phase are fully turned off, when the demagentization time is over than the 
designed commutation angle to reduce the negative torque from the tail current. And the 
torque error of the outgoing phase is compensated by the incoming phase current reference. 
After the commutation region, the negative torque of the outgoing phase is compensated by 
the compensation torque of the active phase. 
Fig. 27 shows the block diagram of the proposed TSF control scheme for a high speed 
region. Compared with the conventional TSF method shown in Fig. 27(b), it has torque 
compensators and PWM limit signals.  
In the Fig. 27, TcA* and TcB* are the compensating torques for the negative torques from the 
tail current. The compensating torque is simply calculated without any control gains as 
follows.  
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Where, TmA*and TmB* are torque references of the each phases. And the TmA and TmB are the 
estimated torques which are calculated by the look-up table according to the actual phase 
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current and rotor position. The ENA and ENB are the enable signals for the compensation 
controller. 
The Current Reference block in Fig. 27(b) is designed as look-up table whose data are 
defined by the reference torque and rotor position with the non-linear characteristics of the 
proto-type SRM. Fig. 28 shows the torque estimator and current reference data which are 
used in this paper. The current controller is designed by the PI controller. 
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Fig. 27. Proposed modified TSF control scheme. 
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current and rotor position. The ENA and ENB are the enable signals for the compensation 
controller. 
The Current Reference block in Fig. 27(b) is designed as look-up table whose data are 
defined by the reference torque and rotor position with the non-linear characteristics of the 
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(a) Look-up table of the torque estimator (b) Look-up table of the current reference 

Fig. 28. The torque estimator and current reference of the proto-type SRM. 

Fig. 29 shows the compared simulation results in the conventional TSF and the proposed 
control scheme at 10,000[rpm]. As shown in Fig. 29, the simulation results of the proposed 
type are marginally improved, and the torque ripple is almost same due to the a small tail 
current. In the 10,000[rpm], the negative torque is very small and the compensation effect is 
not much. The output torque of the high speed SRM can be controlled well by the TSF 
control scheme.  
 
 
 

  
(a) Conventional cosine TSF            (b) Proposed TSF control scheme 

Fig. 29. Compared simulation result at 10,000[rpm]. 

 
Fig. 30 shows the compared simulation results at 30,000[rpm]. As shown in Fig. 30, the 
torque ripple of the proposed control scheme is much reduced than the conventional one. 
The torque ripple of the conventional TSF is very serious after the commutation region due 
to the negative torque from the tail current of the outgoing phase winding. However, the 
proposed control scheme can compensate the negative torque with the active phase torque.  
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(a) Conventional cosine TSF           (b) Proposed TSF control scheme 

Fig. 30. Compared simulation result at 30,000[rpm]. 

Fig. 31 shows the compared experimental results according to the control schemes at 
10,000[rpm] and no-load. With the conventional cosine TSF shown in Fig. 31(a), phase 
current can compensate the non-linear torque and constant torque can be achieved. In the 
proposed control scheme, the torque control performance is similar to the conventional 
cosine TSF. It is because that the outgoing phase current can be exhausted during the 
commutation region in the low speed and no load. 
 
 
 

  
(a) Conventional cosine TSF       (b) Proposed TSF control scheme 

Fig. 31. Compared experimental results (At 10,000[rpm]). 

 
Fig. 32 shows the experimental results at 30,000[rpm]. As shown in Fig. 32, the current of 
outgoing phase is not exhausted in the commutation region. And the tail current produces 
torque ripple as shown in Fig. 32(a). In the proposed control scheme, the incoming phase 
current can compensate the negative torque from tail current, and the torque ripple can be 
much decreased as shown in Fig. 32(b).  
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Fig. 28. The torque estimator and current reference of the proto-type SRM. 
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Fig. 30. Compared simulation result at 30,000[rpm]. 
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Fig. 32 shows the experimental results at 30,000[rpm]. As shown in Fig. 32, the current of 
outgoing phase is not exhausted in the commutation region. And the tail current produces 
torque ripple as shown in Fig. 32(a). In the proposed control scheme, the incoming phase 
current can compensate the negative torque from tail current, and the torque ripple can be 
much decreased as shown in Fig. 32(b).  
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(a) Conventional cosine TSF         (c) Proposed TSF control scheme 

Fig. 32. Compared experimental results (At 30,000[rpm]). 

Fig. 33 shows the experimental results with a practical heavy load fan. The fan load is 
increased according to the speed. In the 10,000[rpm], the tail current which is extended to 
the negative torque region produces high torque ripple as shown in Fig. 33(a). The 
compensation current can suppress the negative torque as shown in Fig. 33(b).  
 

  
(a) Conventional cosine TSF                 (b) Proposed TSF control scheme 

Fig. 33. Experimental results of heavy fan load (At 10,000[rpm]). 

5. Conclusion  
The reasons of the torque ripple in SRM are the inherent torque dead-zone from the design 
scheme, non-linear torque characteristics and the negative torque in a high speed region.    
The inherent torque dead-zone can be removed by the design approach in two-phase SRM 
and Hybrid single-phase SRM. This torque ripple source cannot be removed by the control 
approach due to the inherent torque production mechanism of SRM.  
Various torque control approaches can reduce the torque ripple from the non-linear torque 
characteristics of SRM. DTC and TSF method are good choice to improve the torque control 
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performance although they require a complex torque data of the practical motor. However, 
the performance of the current controller is much decreased. So, the conventional torque 
control scheme has torque ripple due to the current error and tail current. In order to reduce 
the tail current and current error in a high speed region, advance converter topologies 
which can supply additional boost voltage to increase the current control performance are 
introduced. These converters can reduce the current error in the torque control scheme, and 
it can improve the torque control performance in the high speed region. The negative torque 
from the tail current during the high speed can be compensated by the simple compensation 
technology. The detailed control scheme to compensate the negative torque is presented. 
The simulation and experimental results show the effectiveness the advanced converter 
topologies and torque compensation technology. 
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