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Chapter 1 

 

Introduction 

 

1.1 Development trend of industrial motor 

 1.1.1 Greenhouse gas and motor development trend 

Todays, environment problems become important things to human beings. Especially, the 

greenhouse gases that cause temperature rise of atmosphere have been big issue. All countries 

have been making an effort to reduce the greenhouse gases. Of those gases, the carbon 

dioxide produced from fossil fuels and during industrial processes accounts for 65%. 66% of 

the carbon dioxide (CO2) is released from industry, transportation, building and electricity 

production sectors, as can be seen in figure 1.1(1). To reduce CO2, in case of the transportation 

sector, internal combustion vehicles have been being replaced with electric/hybrid electric 

vehicles (EV/HEV) using electric motors. In other sectors, all electric motors utilized in 

electric products or equipment have been forced to improve their efficiency. However, CO2 

emission is increasing year by year as can be seen in figure 1.2(2). In this situation, electric 

motors always have been enforced to have high efficiency. 

 Although there are so many types of motor, in this paper, representative five motors are 

compared in order to explain the development trends shown in figure 1.3. Because of CO2 

emission, efficiency has become most important index to motors. PMSM (Permanent Magnet  
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Figure 1.1 Global greenhouse gas emission in 2014 

 

 

Figure 1.2 The trend of global fossil CO2 emission 

 

Source : EPA (United States Environmental Protection Agency)

Source : Global Carbon Project.org
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Synchronous Motor) has become the most popular motor since 1990s. PMSM is classified 

into SPMSM (Surface PMSM) and IPMSM (Interior PMSM) accordance with rotor structure. 

In IPMSM, magnet is inserted into rotor, it has the drawback of large vibration and torque 

ripple due to high order harmonic of the variance of reluctance compared to SPMSM. 

However, IPMSM is more popular owing to strong points:  

1) IPMSM has both magnet torque and reluctance torque so that higher torque density 

compared with SPMSM utilizing only magnet torque is achieved. 

2) By applying field weakening control for high speed region, speed range becomes 

wider thanks to reluctance torque. 

3) In high speed operation, IPMSM has no magnetic scattering problem by centrifugal 

force. On the other hand, SPMSM requires a can-shaped structure around magnet to 

avoid scattering of magnetic. 

PMSM has been popular over the past few decades and now also being developed by 

conjunction with the following technologies. Thickness of magnet can be reduced through 

the development of rare earth magnets such as neodymium-iron-boron magnet (NdFeB) to 

increase coercivity and residual flux density. By using this, motor size could be reduced, and 

copper loss could be decreased by increasing back EMF and by decreasing d-axis current at 

field weakening control thanks to an increase of d-axis inductance especially in IPMSM. In 

addition, through increased coil filling factor by employing rectangular copper wire as well 

as sophisticated winding technology of magnetic wire, copper loss could be reduced. In 

addition, development of control technology of PMSM including position sensorless 

control(3)(4) and torque ripple minimization control(5) makes PMSM attractive to adapt to  
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Figure 1.3 The characteristics by motor type 

 

many applications. One of major applications of SPMSM is for industrial servo drive system 

where superior aspects of SPMSM such as high torque, low inertia and precise torque control 

capability owing to low torque ripple are well matched. On the other hand, IPMSM is 

favorably used for EV or HEV where wide speed range operation with high efficiency and 

high power density are required. 

 

 1.1.2 Problems of rare earth permanent magnet and SRM as the 

most promising alternative of PMSM 

As mentioned earlier, the development of NdFeB magnet using rare earth materials has 

Motor IM SPMSM IPMSM SynRM SRM

Structure

Torque source

Strong / Weak 

point

▪ Rigid structure

▪ Low vibration and 

noise

▪ Simple control 

(Line voltage drive)

▪ Rotor copper loss

▪ Low strength of 

rotor slot bridge

▪ High efficiency, Low noise

▪ High torque density

▪ Easy control by using commercial 

power module

▪ Demagnetization by temperature

▪ SUS CAN need for protection of 

magnet scattering of SPM

▪ Low cost

▪ High 

temperature 

endurance

▪ Low efficiency

▪ Low strength of 

rotor flux barrier

▪ Simple and strong 

rotor structure

▪ Low cost

▪ High temperature 

endurance

▪ Low efficiency

▪ High vibration and 

noise

Speed Not good Not bad Good Not good Good

Torque Bad Good Good Not good Good

Cost Good Bad Not Bad Good Good

Efficiency Bad Good Good Not bad Not bad

Torque ripple

/ vibration
Good Good Not good Not good Bad

분포권
Al 다이캐스팅

Magnetic

flux barrier

Torque by 

electromagnetic induction 

Magnetic Torque

Reluctance Torque

Salient pole

※Magnetic Torque: Suction / repulsive force between permanent magnet and electro magnet

※ Reluctance Torque: Suction force between rotor salient pole and electro magnet

Magnet Magnet
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brought about efficiency improvement in PMSM. In conjunction with carbon dioxide 

emission regulations, the use of PMSM employing NdFeB magnet has been rapidly expanded. 

Under this circumstance, China, which owns 65% of rare earth material reserves, accounts 

for 97% of the world’s supply of NdFeB magnet. This has raised concern about 

weaponization of the resources. The concern has become a reality. As shown in figure 1.4, 

the price of Dy(Dysprosium) and Tb(Terbium) doped to NdFeB magnet to improve coercivity, 

which provides NdFeB magnet with a capability of high operating temperature, has increased 

in 2011 rapidly due to the 2008 import restriction measures by China(6). As a result, the price 

of NdFeB magnet at 2011 also has increased more than 15 times compared with that at 2008(7). 

In addition, Roskill reported that the price of Nd has risen to 47% in 2019 compared to 2008, 

and by 2029, demand of NdFeB by drive train (NEV) is expected to grow to 82% compared 

to 2019 with 15% increase annually in Nd price as shown in figure 1.4 b) and c)(8). 

To solve the concern above, the development of new technologies that can reduce or get 

rid of the use of rare earth permanent magnets or apply non-rare earth permanent magnets 

while keeping motor performance as it is, has been being greatly expanded. As a result, motor 

development trends have been changed to suppress the usage of rare earth magnet in PMSM 

as can be seen in figure 1. 5. 

As the motor candidates for getting away from the rare earth magnet, there are IM(Induction 

Motor), SynRM(Synchronous Reluctance Motor), SRM (Switched Reluctance Motor) and 

so on. SRM has double salient pole structure both in rotor and stator and uses only reluctance 

torque and therefore, it doesn’t use any magnet material. SynRM also produces only 



 

 

 

 Chapter1 Introduction 

6 

 

 

a) price trends of Dy (Dysprosium), Tb (Terbium), and NdFeB (2008~2014) 

 

b) Nd ask price chart from Roskill (2014~2019)(8) 

 

c) application ratio and demand forecast at NEV(HEV, EV, etc.) for NdFeB(2018~2029)(8) 

Figure 1.4 Market trends of rare earth magnet materials 

Source : Electronic Design(7)[Charts for rare-earth material price in china](6)

Unit : USD/kg

2008 year

2019 year

(China, 80% supply)

47%

80%NdFeB demand

NEV:44%
62%

NdFeB applications

NEV:10%

2019 year 2029 year
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 reluctance torque, so doesn’t need magnet. However, the structure of SynRM is complicate 

and rotor structure is fragile compared with SRM because it needs distributed winding on 

stator body and flux barrier on the rotor to change reluctance with sinusoidal waveform with 

respect to rotor position displacement. The torque of IM is produced by the interaction 

between the rotating magnetic field produced by AC currents in the stator windings and the 

induced AC current in the rotor assembly. The general squirrel cage IM using aluminum die-

casting as rotor winding doesn’t need magnet. However, this motor also has complicate 

structure and rotor can be easily broken in high speed compared with SRM because it needs 

distributed winding on stator body and the thickness of rotor slot bridge is thin. Also the 

copper loss and temperature rise of IM are high compared with SRM because the induced 

current circulates through the cage winding in the rotor(9). Above three motors are not good 

for efficiency, however, if the SRM, which has many advantages among the above three 

motors, realizes high efficiency, it can be the best candidate as a motor that is rare-earth free. 

The following describes several ways to improve the efficiency of SRM. Because SRM 

consists of concentric windings on stator core, the efficiency of SRM can be improved easier 

than IM and SynRM with distributed windings. Through increasing the slot fill factor by 

using rectangular magnet wire, the efficiency of SRM can be increased(10)(11). In addition, by 

using low iron loss electrical steel sheet like amorphous steel sheet(12), efficiency can be 

increased. The iron loss of amorphous steel sheet is about one tenth of general electrical steel 

sheet because eddy current loss can be reduced by thin thickness (25m) and high resistivity. 

Also, because amorphous steel sheet has high permeability and hence, the current to make 

same magnetic loading can be reduced compared with the current required when general  
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Figure 1.5  Development trend of variable speed driving motor 

 

electrical steel sheet is used and thus, the copper loss reduction is expected by decreasing the 

current. Actually, by applying amorphous steel sheet to SRM(80kW), efficiency is increased 

to 91.4% as much as that of PMSM(13). Besides, to keep the same efficiency with PMSM, the 

optimal structure design of SRM with 0.1mm airgap for servo drive through GA(Genetic 

Algorithm) was studied(14). The SRM, which has similar torque density and efficiency with 

400W SPMSM for servo drive, was designed successfully. A design study to improve the 

efficiency of SRM for HEV(50kW) by 95.4% by minimizing iron loss through a super core 

(0.1mm thick electrical steel sheet) was also presented(15). 

SRM has excellent advantages among alternative rare-earth free motors(IM, SynRM, 

SRM) and can compete with PMSM in performance and thus, SRM is selected as the most 

promising rare earth free motor in this paper. 

To summarize the content so far, SRM just consists of copper and steel and has 
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concentrated windings and hence, the structure is simple, rugged and easy to manufacture. 

Besides, SRM is suitable for high-speed operation and can achieve comparable efficiency 

with PMSM, resulting in that it is expected to be employed for the applications where 

durability is required or where high-speed and high output power operations with high 

efficiency are required. SRM has most proper characteristics as the industrial motor used in 

severe environment like high temperature and high-speed operation. 

SRM, however, has still many problems to be solved compared with PMSM. The driving 

algorithm for the PMSM that used in industrial application has been developed steadily on 

the basis of sinusoidal voltage control. As a result, since the motor is controlled by sinusoidal 

current, the torque ripple and vibration of PMSM are smaller than those of SRM. In addition, 

for driving in harsh environment, position sensorless algorithm of PMSM have been 

developed to eliminate a position sensor with low durability. Therefore, many simple 

sensorless control methods(3)(4) for PMSM dives that work well in all speed range also have 

been in practical use for many applications. On the other hands, SRM produces large 

vibration and torque ripple due to nature of its unique operating principle. To overcome these 

issues, many control algorithms for low vibration(19)-(33) and low torque ripple(37)-(54) for 

precise control in servo system have been studied. However, there are still remaining many 

problems to be improved. In also sensorless control algorithms(57)-(72), most of them are 

generally complex and require a large capacity of memory to save the data table used for 

position estimation because the inductance or flux linkage data has nonlinearity with respect 

to the current and rotor position. To calculate the inductance or the flux linkage data, current 

and applied voltage information are required, which are detected by expensive sensors with 
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high frequency band width. Therefore, simple and economic position estimation algorithms 

that work well in wide speed range for precise control also must be developed. 

As mentioned earlier, SRM has still many problems to be solved so that it competes with 

PMSM. After reviewing the basic principle of torque generation and general control methods 

of SRM, the problems are revealed. Then, the target tasks to be solved in this study will be 

explained. 

 

1.2 Principle of torque generation and drive methods 

in SRM 

1.2.1 Torque generation principle on magnetizing curves 

To explain the operating principle, four-phase 8/6 pole 400W SRM shown in figure 1.6 is 

used as an example. Basically, torque is generated in the direction so that the reluctance 

between the excited A-phase stator tooth and rotor tooth becomes smaller, i.e. the inductance 

of the excited A-phase stator winding increases. In other words, torque is produced from 

unaligned position to aligned position. Rotation direction is assumed as clockwise direction 

shown in figure 1.6(a). The inductance profile is changed with respect to rotor position as 

shown in figure 1.6(b). The flux linkage of the excited A-phase winding can be calculated by 

using equation (1.1) on the assumption that affection of mutual flux linkage is small like 

equation (1.2). This is because the mutual flux 𝛷𝐴𝐵 and 𝛷Ā𝐵 can be cancelled each other 

assuming that the reluctance of the steel core is extremely smaller than one of airgap. 

However, in real motor, there is an affection by mutual flux. The affection about mutual flux  
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(a)  Rotor position change 30→60[deg], and magnetic flux flow when A-phase is turned 

on at 60 degree 

 

(b) Inductance profile of A phase by rotor position when i is constant  

Figure 1.6 Inductance profile and magnetic flux flow 

 

will be concerned later in torque ripple control of chapter 4 and 5. 
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Figure 1.7 Magnetization curve for test motor 
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flowing from A tooth to A̅ tooth, flux flowing from A tooth to B̅ tooth and flux flowing 

from A tooth to B tooth. The flux linkage is changed accordance with rotor position and 

current as shown in figure 1.7 which is magnetizing curves of A-phase. The flux linkage 
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saturation doesn’t occur. In contrast, at near aligned position, magnetic saturation easily 
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In order to calculate the torque characteristic from the magnetizing curves, partial 

differential of magnetic co-energy with respect to rotor position is used. As can be seen in 

figure 1.8, electric energy We is converted to magnetic energy Wm and mechanical energy 
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Wmech. Assuming that the voltage drop by resistance is small and the instantaneous torque τ 

in small time variance is constant, input voltage and the differential of mechanical energy 

can be given in, 

/ ,    mechv d dt dW d  = =       (1.3) 

From energy balance, the relation between the energies can be expressed as following fashion. 

( )  

( )

e m mech

m mech

dW iv dt dW dW

dW iv dt dW id d  

= = +

 = − = −
    (1.4) 

Generally, magnetic energy Wm and magnetic co-energy Wm
’ have the relationship,  

'

'

( , ) ,  ( , )

( , ) ( , )

m

m

m
const const

m

W id W i di

W i i W

 
    

   

= =
= =

 =  −

 
.   (1.5) 

The meaning of equation (1.5) can be figured out from the figure 1.9 and equation when i=i1 

and λ=λ1 is given in, 

'

1 1 1 1( , ) ( , )
m mW i i W   =  −      (1.6) 

Differentiating the co-energy Wm
’ in equation (1.5), equation can be rearranged by, 

' ( , ) ( ) ( , )
m mdW i d i dW   =  −      (1.7) 

By using equation (1.4), equation (1.7) can be like below. 

' ( , ) ( )

               =  

m
dW i di id id d

di d

     

  

= + − −

+
     (1.8) 

In other way, the differential of co-energy can be expressed as, 

' '

'
( , ) ( , )

( , ) m m

m

W i W i
dW i di d

i

 
 



 
= +

 
    (1.9) 
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Figure 1.8 Concept of energy flow in SRM 

 

  

Figure 1.9 Magnetic energy and co-energy at θ = constant 
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Using the same argument in equations (1.8) and (1.9), torque can be derived as following 

fashion. 

' ( , )
m

i const

W i 



=


=


      (1.10) 

Assuming that the inductance is changed by only rotor position, the co-energy of equation 

(1.5) can be expressed like below. 

' 21
( , ) ( , ) ( ) ( )

2m
W i i di L idi L i    = = =    (1.11) 

Using equation (1.10), torque can be calculated by,  

21 ( )

2

dL
i

d





=       (1.12) 

From equation (1.12), if the gradient of inductance variance with respect to position 

displacement is constant, the constant torque control is possible by controlling the current 

with constant value. The constant current control method is explained in chapter 1.2.2. 

From the equation (1.10), if the co-energy variance ∂Wm
’ with respect to small position 

variance ∂θ is positive, positive torque can be produced. As can be seen in figure 1.10, 

assuming that the phase current is controlled to be constant value i2 between 30 and 60 degree 

and the speed is controlled constant angular speed ∂θ/∂t, in the energy-conversion loop with 

trajectory of O→A→B→O, the co-energy variance ∂Wm
’ of supplied energy is converted to 

mechanical energy for small position variance ∂θ. In this case, the instantaneous torque τ at 

each small position variance ∂θ can be written like below. 

'

2( , )
m

W i 





=


      (1.13) 

The average torque over one revolution produced in one energy-conversion loop, that is, in  
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(a) Current variance with respect to position 

  

(b)Energy-conversion loop by current change 

Figure 1.10 Energy-conversion ratio at constant current 
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one stroke, can be derived by integrating equation (1.13) like following manner. 

2

0
at one stroke

1

2 2
avg

W
T d



 
 

= =     (1.14) 

The average torque can be determined from the number of strokes per revolution. Because 

the all rotor pole Nr is acting on all phase Np over one revolution, total stroke will be Nr×Np. 

Therefore, the average torque can be written like below. 

2
avg r p

W
T N N


=       (1.15) 

In order to design a SRM drive system with high torque density and high efficiency, the 

area W in the figure 1.10 must be larger than the area R that is the magnetic energy returned 

to the supply system. That is a fundamental way to design and control SRM using saturation 

region effectively. The high permeability of amorphous steel sheet or the increasing of MMF 

by high slot filling factor also contributes to increasing of the area W. Through the control of 

voltage parameters such as turn-on angle, commutation angle and reference voltage, the 

current profile is generally controlled so as to maximize the area W for resulting copper loss. 

 

1.2.2 General driving method and problems in SRM  

 From the previous descriptions, to generate positive torque, the change of co-energy 

with respect to position displacement must be positive. From the equation (1.12), this implies 

that the inductance variance with position change must be increased. Therefore, the current 

must be supplied to the region where the inductance variance with respect to the position 

displacement is positive. For this reason, the current flow discontinuously and rapidly 

attenuate before reaching at the region where the inductance variance becomes negative. 
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Figure 1.11 Connection of motor coil and asymmetric H-bridge converter 

 

Since the current flows in one direction and each phase is energized independently, drive 

circuit generally is composed of asymmetric H-bridge converter per phase shown in figure 

1.11. The applied voltage per phase varies with the switching state shown in figure 1.12. 

 Conventional driving methods are classified into three methods as follows.  

1) Single pulse voltage control 

Control parameters of this method are just on angle θo and commutation angle θc as 

shown in figure 1.13. When both of upper and lower switches are simultaneously 

turned on at θo, the DC bus voltage is applied to the winding per phase. At 

commutation angle θc, negative DC bus voltage is applied because all switches are 

turned off and the freewheeling diodes are turned on due to the inductance. Generally, 

this method is suitable for high speed operation. At low speed, this method is 

unsuitable because of small back EMF, which makes the current increase rapidly 
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（a）Both switch on, v=Vdc 

 

（b）Upper switch on, v=0 (current freewheeling) 

 

（c）Both switch off, v=－Vdc (current freewheeling) 

Figure 1.12 voltage and current depending on switching pattern 
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when the switches are turned on. 

 

2) PWM voltage control 

For safe operation in all speed range including low speed region, the average voltage 

applied to the winding per phase is adjusted by PWM (pulse width modulation) as 

shown in figure 1.14. The average of applied voltage Vavg is controlled by changing 

duty D for a control interval T and given in,  

 _avg dc link

D
V V

T
=  . (1.16) 

According to the operating torque and speed, the duty D, θo  and θc can be adjusted. 

To suppress instantaneous current fluctuation due to PWM, the soft chopping voltage 

PWM using zero voltage is generally employed. 

 

3) Constant current control 

This method is used for relatively ripple less torque control. As shown in figure 1.15, 

the current is controlled with a target current i* by using hysteresis control with the 

soft PWM chopping. After turning on both the switches at θo, current control is 

executed by the hysteresis control, and the both the switches are turned off at θc. 

Assuming the magnetic linearity, instantaneous torque can be expressed by equation 

(1.12). If the variance of inductance L with respect to rotor position θ and current i 

are constant, instantaneous torque is controlled to be constant.  

 

Above methods are very simple and basic methods to drive the SRM by producing torque. 
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However, these methods have problems as follows. 

1) Vibration and acoustic noise 

In SRM, as can be seen from the current waveform in each method, the current is 

rapidly changed at θo, θc and discontinuous in both voltage and current control. As a 

result, the current waveform contains many high order harmonics. The high order 

current harmonics generate undesirable electromagnetic force as an exciting force of 

the stator body, resulting in the stator vibration. If the stator vibration meets the 

resonant frequency component of the stator body, the large vibration and acoustic 

noise occur. On the other hand, the vibration of PMSM or IM is smaller than that of 

SRM because the sinusoidal voltage and current are supplied under vector control for 

each motor.  

2) Torque ripple 

For constant torque control, the constant current control can be employed. Even if the 

current is controlled to be constant value between the turn-on and the commutation 

angles, high torque ripple, however, can be produced because it is impossible that the 

rising current after the turn- on angle or tail current after the commutation angle are 

controlled to be constant. Moreover, in the constant current control region, torque 

ripple could be observed because the dL/dθ in equation (1.12) is not constant value 

due to the nonlinearity of inductance depending on position and current. On the other 

hand, PMSM has little torque ripple because the phase torque which has sinusoidal 

waveform is produced by interaction of the rotor flux and the stator flux produced by 

input phase current with sinusoidal waveform, and the summation of three phase 
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torques with 120deg shift yields theoretically no pulsation. 

3) Position sensing 

In SRM, the position sensors such as an encoder or a resolver to detect an exact rotor 

position is indispensable for precise torque control. However, the position sensors 

require mounting space and are easy to break in harsh environment where vibration 

is large and temperature is high. Therefore, the position sensor is an impediment to 

the advantage of the SRM which is especially suitable for application in severe 

environments. As a result, the development of position sensorless algorithm is one of 

important tasks to make the best use of the SRM’s advantages. 

Many studies on the position sensorless control methods in SRM have been 

presented(57)-(72). Most of methods have focused on the position dependency of 

inductance or flux linkage of the windings. By comparing the value from data table 

with one calculated from voltage equation using detected currents and 

detected/commanded voltages, the rotor position can be estimated. For sensorless 

algorithm of SRM, next is generally required. 

(i) For exact position estimation, precise inductance or flux linkage data as function 

of current and position are needed. These require a huge data memory to save these 

data as look-up-table(LUT). (ii) To compute the inductance or flux linkage based on 

the voltage equation using the detected voltage and current per a given phase, an 

additional circuit like FPGA or a high grade micro processing unit (MPU) is required. 

(iii) According to operating speed, different algorithm is required because a term in 

the voltage equation used for the position estimation depends on whether the 
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rotational speed is low and high. As a result, algorithm tends to be complex, resulting 

in the system cost-up.  

 

 

 

Figure 1.13 Single pulse voltage control 
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Figure 1.14 PWM voltage control 
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Figure 1.15 Constant current control 
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1.2.3 Specification of experimental motor 

 In our laboratory, a SRM for industry servo application was designed to realize the same 

performances with an existing PMSM (400W) for an industrial servo drive(14). To replace a 

motor one-on-one, the SRM considered the design specifications and targets as follows. 

1) Motor volume: stator outer diameter 80[mm], stack length 40[mm], 

2) Maximum voltage and current of converter : DC link voltage 282.8[V], DC maximum 

current 8.1[A] 

3) Maximum torque and speed: to satisfy the maximum speed and toque curve of figure 

1.16. 

4) Maximum efficiency: to get the minimum copper loss and iron loss in representative 

operating points. 

To achieve high efficiency and torque density, the four phase 8/6 (stator/rotor) pole SRM 

with 0.1mm airgap was considered as its basic structure. By optimizing design parameters 

through GA (genetic algorithm) for the above targets, the design results can be obtained as 

shown in figure 1.17. Table 1.1 shows the main dimensions and specifications of a test motor 

fabricated as shown in figure. 1.18. 
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Figure 1.16 Required torque speed characteristics 

 

 

(a)Stator Assembly (b) Rotor Assembly 

Figure 1.17 Structure of four phase 8/6 SRM for test 
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Table 1.1 The specification of 4 phase 8/6 SRM for test 

 

 

 

 

Figure 1.18 Picture of designed four phase 8/6 SRM 

 

 

Rated power [W] 400 Stator pole angle [deg] 16.793

Rated torque [Nm] 1.27 Rotor pole angle [deg] 19.440

Rated speed [r/min] 3000 Stator pole height [mm] 7.35

Stator outer diameter [mm] 80 Rotor pole height [mm] 5.1

Stack length [mm] 40 Stator back yoke width [mm] 5.6

Shaft diameter [mm] 14 Rotor yoke width [mm] 14.85

Airgap [mm] 0.1 Number of turn per coil [turn/pole] 185

Stator / rotor core 35H360 Phase resistance[Ω] 5.2
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1.2.4  Characteristics of Servo drive systems using SRM 

 Generally, the servo drive system for position control consists of position feedback 

controller(PC), speed feedback controller(SC) and torque controller(TC) as shown in figure 

1.19. PC and SC calculate out the target speed ω* for the input position error(θ*-θ), and the 

target torque T* for the input speed error(ω*-ω) respectively. the TC calculates out the target 

voltage vx
* about each phase x for input target torque T*. vx is controlled by using PWM duty  

 

 

Figure 1.19 Position control block diagram of servo drive system using SRM 

 

 

 

Figure 1.20 Torque control block diagram according to operating speed 
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control. The TC is divided to current control and voltage control according to operating 

speed as shown in figure 1.20. Under the condition higher than base speed-300 r/min, the 

voltage control is performed with voltage parameters (on angle θo, commutation angle θc, 

voltage duty d*) to increase efficiency while making the average torque to be target value. 

On the other hand, under the condition lower than 300 r/min, the current profiling control 

that makes the phase current to track with the target current profile for constant torque control 

is conducted. 

When the position error is high, quick position moving is required. At this time that the 

speed is generally higher than 300 r/min, the voltage control is conducted. However, because 

the base frequency of voltage is high in high speed, therefore, the voltage contains high order 

harmonics, the harmonic component of voltage can cause a large vibration near the natural 

frequency of the motor. On the other hand, when the position error is low, accurate 

positioning is required. At this time that the speed is generally lower than 300 r/min, the 

current profiling control for minimization of torque ripple is conducted. However, this 

method has the problem that as the load increases, the torque ripple in the current overlap 

area increases. The explanation about this problem and details about current profiling control 

will be described in chapter 4. 

In conclusion, the two issues described above are major obstacles to competing with PMSM, 

which are large vibration by voltage control at high speed operation and high torque ripple 

by conventional current profiling control at low speed region. Through the solution of above 

two problems, the value of SRM as a motor for industrial servo systems can be improved, 

thus gaining a competitive edge over PMSM. 
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1.3 The purpose and configuration of paper 

The SRM designed for the industrial servo application has still drawbacks caused by 

control methods as explained in chapter 1.2.2. The control methods to mitigate the problems 

are proposed, respectively. Firstly, for minimization of vibration, the vibration cancellation 

method using 2-stage commutation was proposed in advance study. However, this method 

has the problem that does not work well under high speed and load condition. So, the 

modified 2-stage commutation method is proposed to mitigate this problem. Secondly, to 

minimize torque ripple in every position, the current profiling control method was proposed 

in advance. However, in current overlapping region between two phases, the torque ripple 

increases with the load torque increase due to an affection of mutual coupling effect. To solve 

this problem, the modified method considering the mutual coupling effect is proposed. Lastly, 

in order to solve the problems that can be found in the conventional position estimation 

algorithms such as complexity and expensiveness to apply, the economic and simple 

algorithm using gradient of phase voltage and their rate between two phases obtained from 

three voltage sensor is proposed. The purpose of this paper is to propose the drive system 

with control methods for minimizing vibration, acoustic noise, and torque ripple, and simple 

and economic position sensorless algorithm while keeping other performance sufficient for 

the general-purpose industrial servo motor drive application. 

 

 This paper consists of seven chapters. Chapter 1 is concerned with the back ground and 

the purpose of this study. Chapters 2 and 3 summarize the control method for minimizing 
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vibration and noise. Chapters 4 and 5 describe the control approach for torque ripple 

minimization. Chapter 6 presents a newly proposed position sensorless algorithm. Finally, 

Chapter 7 make a conclusion and discussion about remaining future works. The details will 

be explained as follows. 

 

Chapter 1 Introduction 

The trends of motor development for high efficiency and supply problems about rare earth 

magnets have been explained. The alternative rare-earth free motors were surveyed. 

Especially, this paper selects SRM as a promising motor comparable with the PMSM. Many 

remaining issues of SRM to be overcome have been presented for as the purpose of being 

comparable with PMSM. 

 

Chapter 2  Mechanism of vibration generation in SRM and active 

vibration cancellation techniques  

 The mechanism of vibration generation of general SRM will be explained. To reduce the 

vibration with resonant frequency, conventional 2-stage commutation method which studied 

in advance will be explained before clarifying the issues remaining in next chapter. 

 

Chapter 3  A new modified two stage commutation  method to 

achieve better AVC in SR servo motor 



 

 

 

 Chapter1 Introduction 

33 

 

 The problem that conventional method does not work well in high speed and high load 

condition firstly will be cleared. The reason of this problem will be investigated through 2D-

FEA simulation and theoretical analysis. Finally, modified 2-stage commutation method to 

mitigate this problem will be proposed and its effectiveness will be proven by experiments. 

 

Chapter 4  Conventional torque ripple minimization control of 

SRM for servo 

 The conventional torque control method using current profiling control will be explained. 

The target current profile derived from current-torque-position model and target torque 

contour function are controlled by using active current regulator called as current tracking 

controller. However, the torque ripple in current overlapping region between two phases is 

increased by an affection of mutual coupling effect between the energized two adjacent 

phases. The reason of this problem is investigated through 2D- FEA simulation.  

 

Chapter 5 Torque ripple minimization control based on magnetizing 

curves model considering mutual coupling 

 To minimize torque ripple in the current overlapping region, the modified method 

considering the mutual coupling effect will be proposed. The process to obtain the 

magnetizing curves and the current-torque-position model considering the mutual coupling 

effect will be explained. Finally, it will be demonstrated that the torque ripple is minimized 
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by using the target current profile derived from the modified current-torque-position model. 

 

Chapter 6  Sensorless position estimation for SRM using phase 

voltage and voltage rate 

 A survey of general position sensorless algorithms that have been proposed up to now will 

be given. The problems of conventional method will be clarified based on analyses of strong 

and weak points of the existing methods and then, the aim of this paper will be presented. To 

develop a simple and economic sensorless algorithm, this study focuses on linear gradients 

of phase voltage and voltage rate between two phases detected by three voltage sensors will 

be proposed. Through experiments, an accuracy of the algorithm proposed will be verified. 

 

Chapter7 Conclusion 

 The contents done by this thesis and the tasks to be addressed in the future will be 

summarized. 
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Chapter2 

Mechanism of vibration generation in SRM 

and active vibration cancellation techniques 

 

2.1 Prologue 

 In this chapter, the mechanism of vibration generation in SRM is overviewed. Firstly, 

Electromagnetic (EM) impact pulse is defined as an exciting source of vibration. This EM 

impact pulse is analyzed mathematically and the mechanism of vibration generation in SRM 

is investigated from a viewpoint of harmonics involved in the EM impact pulse. Secondly, 

two-stage commutation control method proposed by Pollock. C is explained as one of active 

vibration cancellation techniques to reduce the vibration(30). Finally, two-stage commutation 

control method employing negative PWM voltage control proposed in advance research(32) 

is reviewed. 

 

2.2 Basics of vibration generation mechanism(16)  

 Basically, the principle of vibration production from a single degree of freedom (SDOF) 

system to multi-degree of freedom (MDOF) system is described. Then, of the vibration mode 

{𝜑 } and force mode{F} described in MDOF system, the force mode {F}, i.e. the spatial 

harmonic of the radial force in test motor being a source of vibration is analyzed. 
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2.2.1 Vibration in a single degree of freedom system 

 In this subsection, a free and a forced dynamic responses in a single degree of freedom 

system (SDOF) are examined. The SDOF system in the mechanical system consists of mass, 

spring, and damper as can be seen in figure 2.1. The mass is allowed to move in only one 

direction by force. In this system, the equation of motion is obtained from the balance of 

forces against the mass. The forces against the mass consist of elastic restoring force fspring, 

damping force fdamping, and external force fexternal. Through Newton's second raw, the 

relationship between the forces is given in,  

2

2

( )
( )spring damping external

d x t
f f f f mx t m

dt

 
= + + = = 

 
   (2.1) 

( ) ( ) ( ) ( ).spring damping externalmx t f f f kx t cx t f t= + + = − − +   (2.2) 

As a result, the equation of motion will be derived as,  

( ) ( ) ( ) ( )mx t cx t kx t f t+ + =      (2.3) 

 

Figure 2.1 Single degree of freedom system 
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where, x, m  c and k are displacement [m], mass [kg], viscous damping coefficient [N·s/m] 

and elastic stiffness coefficient [N/m], respectively. To solve this differential equation for 

displacement x, Laplace transform is introduced and given in,  

2

0 0

(0 )
( ( ) (0 ) ) ( ( ) (0 )) ( ) ( )

(0 )
(0 ) ,    

dx
m s X s sx c sX s x kX s F s

dt

dx
x x v

dt

−
− −

−
−

− − + − + =

= =

 (2.4) 

where x0 and v0 are an initial position and an initial velocity, respectively. From the equation 

(2.4), the equation can be derived in following manner. 

0 0 0

2 2

0 0 0

2 2 2 2

1 1
( ) ( )

21 1
        ( )

2 2

n

n n n n

c
sx v x

mX s F s
c k c km

s s s s
m m m m

sx v x
F s

m s s s s

w 

w  w w  w

+ +

= +

+ + + +

+ +
= +

+ + + +

    (2.5) 

The first term is the forced response and the second term is the free response. ωn and ξ are a 

natural angular frequency and a damping ratio, respectively, and can be expressed by 

following fashion. 

 , 
2

n

k c

m mk
w = =      (2.6) 

Assuming that the system is under-damping (0<ξ<1) and taking inverse Laplace transform 

of the free response component in equation (2.5), one can be obtained as, 
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+

(2.7) 

where, ωd and θ0 is a damped natural angular frequency and an initial phase, which is 

expressed as following manner.  

1 20 0
0

0

tan  , 1n
d n

d

x v

x

w 
 w w 

w

−  +
= = − 

 

    (2.8) 

Figure 2.2 shows free response in time domain under the condition that the initial position 

and velocity are set to x0 and v0, respectively. If the external force is set to be f(t) = δ(t) 

(impulse function), the forced response, which is derived as F(s)=1 in the first term of 

equation (2.5), is given in, 

1

( ) sin( )n t

d

d

m
x t e t

w  w
w

−
−

=        (2.9) 

On the other hand, if the second order differential of the external force is set to be d2f(t)/dt2 

= δ(t), the acceleration a(t) as a result of the forced response, which is derived as s2F(s)=1 in 

the first term of equation (2.5), can be obtained as, 

1

( ) sin( ) n t

d

d

m
a t e t

w  w
w

−
−

=       (2.10) 

As can be seen in figure 2.3, when d2f(t)/dt2 is equal to δ(t), the time response of acceleration 

becomes damped oscillating waveform. Besides, if the external force varies sinusoidal like 

f(t) = F0·cos(ωdrt), the displacement x(t) can be deduced by,  
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( )

1

0 2 22 2 2 2

0 0

21
( ) cos tan

( ) (2 )

      cos

n dr
dr

n drn dr n dr

dr d

x t F t
m

G F t

w w 
w

w ww w w w 

w 

−
  

= −   −− +   

= −

 (2.11) 

where, F0 and ωdr are a magnitude and an angular frequency of the sinusoidal external force 

and G0 is a transfer gain, θd is a phase delay. As a result, the displacement x varies with 

sinusoidal waveform. For frequency analysis of the transfer gain G0, dynamic amplification 

factor M = kG0 is defined as,  

0
2 2 2

1

(1 ) (2 )
M kG

r r
= =

− +

     (2.12) 

where r = ωdr/ωn is frequency ratio. As can be seen in figure 2.4, the dynamic amplification 

factor M varies with the frequency ratio. When the angular frequency ωdr is same as the the 

damped angular frequency ωd, the gain takes its maximum and the maximum magnitude at 

this frequency depends on the damping factor . It is reasonable to suppose that the force 

component with the damped natural angular frequency yields the maximum vibration. 
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Figure 2.2 Free response of under-damping system in time domain. 

 

Figure 2.3 Impulse response of SDOF system in time domain. 

  

Figure 2.4 Dynamic amplification factor when an external sinusoidal force is applied. 
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2.2.2 Vibration in multi-degree of freedom system(16)
 

 Actually, the real system like an electric machine is composed of mechanical system with 

multi-degree of freedom (MDOF), in which multiple SDOF systems are connected. In a 

SDOF system, it has a single natural frequency and a single vibration mode. However, in an 

MDOF system consisting of m set of SDOFs, the different m vibration modes with individual 

natural frequency exist. For an ease of explanation, the two degrees of freedom (2DOF) 

system is introduced in figure 2.5 as an example. In this system, the equation of motion will 

be given in following manner. 

   

   

1 1 1 1 2 1 2 1 1 2 1 2 1

2 2 2 2 1 2 2 1 2

m x c x c x x k x k x x f

m x c x x k x x f

+ + − + + − =

+ − + − =
   (2.13) 

By using matrix expression, equation (2.13) is expressed as,  

1 1 1 11 2 2 1 2 21

2 2 2 2 22 2 2 2

0

0

x x x fm c k k kc c

m c c k kx x x f

− + −+            
+ + =            

− −            
. (2.14) 

To obtain natural frequency, zero input force and zero damping coefficient are assumed and 

then, natural frequency can be calculated from the equation below. 

1 11 1 2 2

2 2 22 2

0 0

0 0

x xm k k k

m k kx x

+ −        
+ =        

−        
    (2.15) 

Assuming that the free response is represented by harmonic in nature, 𝑥𝑛 = 𝑋𝑛𝑒
𝑗𝜔𝑡 with a 

complex value 𝑋𝑛, equation (2.15) can be rewritten as following fashion. 
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1 11 1 2 22

2 2 22 2

0 0

0 0

x xm k k k
j

m k kx x
w w

+ −        
− + =        

−        

   (2.16) 

Assuming that the x1 and x2 are not zero, to satisfy equation (2.15) the equation below must 

be satisfied. 

1 1 2 22

2 2 2

0
det 0

0

m k k k
j

m k k
w w

+ −   
− + =   

−   
    (2.17) 

Then, the natural frequency of 2DOF system will be derived as,  

2

1 1 2 1 1 2 1 2
1 2

1 2 1 2 1 2

1
, 4

2
n n

k k k k k k k k

m m m m m m
w w

 
   + + = +  + −   

    
 

  . (2.18) 

If two natural frequencies are inputted to equation (2.16), then x1 and x2 for each natural 

frequency are calculated. Eigenvector [x1, x2] for each natural frequency ωn1  ωn2 are called 

as vibration mode
1 2{ },  { }  . As a result, a shape of vibration by the displacements x1 and x2 

distributed in space will be different depending on the natural frequencies. Figure 2.6 

illustrates typical vibration modes in the 2DOF system.  

Generally, in the m-DOF system, m natural frequencies {ωn1  ωn2 …   ωnm} and m vibration 

modes {{φ1}, {φ2},… . . , {φ }} for the individual natural frequency are existed. In m-DOF 

system, the equation of moving can be written as,  

          + + =M x C x K x f      (2.19) 
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where, [M], [C], and [K] are the matrix of mass, damping, and stiffness respectively.  

On the assumption that the displacement is {x}={X}ejωt and the force is {f}={F}ejωt, the 

displacement at a certain point can be expressed by superimposition of spatially distributed 

vibration modes with a corresponding gain Gk and given in,  

 
1

{ }
m

k

k

G
=

=  kX φ       (2.20) 

By utilizing that eigenvector {𝝋𝒎} has orthogonality with mass matrix and stiffness matrix, 

 

Figure 2.5 Two degrees of freedom system 

 

Figure 2.6 Vibration mode in 2DOF(dampers are omitted) 
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the gain Gk will be obtained from following manner(16). 

   

              

   

2

2
     

T

k T T T

T

k k k

G
j

k m j c

w w

w w

=
− +

=
− +

k

k k k k k k

k

φ F

φ K φ φ M φ φ C φ

φ F

  (2.21) 

kk, mk and ck are modal stiffness, modal mass and modal damping coefficient, respectively, 

and they are expressed as following fashions. 

              , ,    
T T T

k k kk m c= = =k k k k k kφ K φ φ M φ φ C φ  (2.22) 

Eventually, the gain of kth vibration mode is concerned with the vibration mode  
T

kφ , the 

force mode {F} at each position and its angular frequency ω. Consequently, (2.20) will be 

rearranged and given in,  

 
         

2 2
1 1

1 2

T T
m m

k kk k k

k k k

k k

k m j c
k m j

w w w w


w w

= =

= =
− +     

 − +   
     

 
k k k kφ F φ φ F φ

X  (2.23) 

where, ξk is kth damping coefficient and can be defined as, 

2
k

k

k k

c

m c
 =  .      (2.24) 

As can be known through (2.23), if the vibration mode shape coincides with the mode shape 

of the external force distributed in space,    
T

kφ F   takes its maximum value and the 

denominator takes its minimum when the angular frequency ω of the external force meets to 
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the natural frequency ωk.  resulting in the maximum amplification of    
T

kφ F . 

2.3 Analysis of electromagnetic force in SRM 

 Based on the contents in section 2.2.2, it is investigated how the vibration source of SRM 

is produced in this chapter. As is well known, the total electric magnetic force Ft consists of 

tangential force Fθ and radial force Fr as shown in the left side of Figure 2.7. Most of the 

tangential force contributes to production of shaft torque T through the equation, T = Fθ × 

r[Nm], where r is a radius of the rotor. On the other hand, the radial force Fr acts as a source 

to produce motor vibration by pulling both stator and rotor in radial direction. To examine 

the space distribution of electromagnetic radial force (hereafter, called as EM force) in 4-

phase 8/6 SRM as an example, it is assumed that the current is commutated in order of 

A→B→C→D-phase with a phase shift of π/2 degrees electrically (mechanical 15 degrees). 

In this case, the EM forces FA, FB, FC and FD acting on stator tooth in each phase are also 

shifted with the same phase shift as shown in the right side of figure 2.7. By FFT analysis, 

the EM force of each phase can be expressed by Fourier cosine series expansion containing 

DC component Fdc and time harmonic components and are given in, 

( )

( )
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A dc n dr n
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B dc n dr n
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where, Fn is the magnitude of nth order time harmonic, ωdr is electrical angular rotor speed, 

n is a phase angle of nth order time harmonic. As the EM forces act as just pulling force for 

the stator teeth, the space distribution of EM forces on stational frame defined on the stator 

body at a certain instant can be displayed as shown in the right side of figure 2.8. As can be 

seen from the figure,  is defined as an angle on the stational frame whose origin is the center 

of A-phase stator tooth located at north. The spatial distribution of the EM force on the 

stational frame can be expressed by using Fourier cosine expansion and as,  

( )
/2

s_

0

( ) cos
N

s k k

k

F F k  
=

=  −            (2.26) 

where, N is a number of stator tooth. Fs_k and k are force amplitude and phase angle of kth 

order component, respectively, and derived from Discrete Fourier Transfrom (DFT) as 

follows.  
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  (2.27) 

where m is the angle of the center of each stator tooth from the origin of  and m is an number 

assigned to each stator tooth as shown in figure 2.8. A relationship between m and N and m 

is given in m=2π(m-1)/N. F|=m is defined as the EM force at each position m on the 

stational frame at a certain instant. The spatial distribution of each harmonic component is  
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Figure 2.7 Forces acting on stator tooth and EM force variation of each phase. 

  

Figure 2.8 Space distribution of EM force at certain instant. 

 illustrated in the right side of figure 2.8. From the figure, it is easy to identify that the 

dominant space distribution of the EM force is the second order space harmonic Fs_2. From 

now on, it will be founded out which time harmonic components containing the EM forces 

are related to the second-order space harmonics.  

In equation (2.27), F|=m that is the EM force at each position m on the stational frame 
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can be replaced with the EM force acting on each stator tooth as can be seen from figure 2.8 

and thus,  

1 5 2 6

3 7 4 8

,  

,  

A B

C D

F F F F F F

F F F F F F

       

       

= = = =

= = = =

= = = =

= = = =
    (2.28) 

The magnitude of second-order spatial harmonic Fs_2 of equation (2.27) will be expressed 

like equation (2.29) to analyze after calculating the cosine and sine series in the root 

respectively. 
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Substituting equation (2.28), θm = π(m-1)/4 and equation (2.25) into equation (2.29)  two 

terms Fs_2_cos and Fs_2_sin can be rearranged as follows.  
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   (2.31) 

 

According to equations (2.30) and (2.31), if n is an even number, the second order space 

harmonic disappears because both of Fs_2_cos and Fs_2_sin become zero. Therefore, only odd 

order time harmonics containing the EM force contribute to producing the second order space 

harmonic. Now, if we define a base frequency as fbase, a relationship between the electrical 

angular rotor speed ωdr and fbase can be expressed as ωdr = 2πfbase. As another expression, the 

base frequency fbase is given in   

/min

60

r
base r

N
f N=        (2.32) 

where Nr/min and Nr are motor rotational speed and the rotor pole number, respectively. Nr of 

test motor is six. For an example, assuming that the test motor has circular second order mode 

as its main vibration mode whose natural frequency is 4.4[kHz], the base frequency is 300[Hz] 

at Nr/min =3000[r/min]. If the 13th, 15th and 17th order time harmonics whose frequencies are 

near the natural frequency of motor are invloled in the EM force, will yield the second order 

space harmonic, that is, the circular second order vibration mode and will result large stator 

vibration due to mechanical resonance. 
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2.4 Vibration mode and hammering test result in test 

motor 

In this section, the vibration mode of the test motor is investigated through 2D-FEA and 

the vibration transfer characteristic hammering test is carried out to obtain the vibration 

transfer characteristic of the test motor. 

Figure 2.9 shows the models of test motor for 2D-FEA. Figure 2.9(a) is the full model for 

electromagnetic analysis. (b) is the simplified model for modal analysis, which consists of 

only a bracket and stator core. The vibration modes and their natural frequency can be 

computed by 2D-FEA-based modal analysis. The Poisson’s ratio and Young’s modulus 

obtained from the catalog are used. According to the modal analysis, the major vibration 

mode of test motor is the circular second order mode with natural frequency fn = 4038[Hz] as 

shown in figure 2.10. 

To clarify experimentally the vibration modes and their natural frequency of test motor, 

hammering test has been conducted. For the test, the impulse hammer (Ono-Sokki, GK-3100, 

bandwidth 8[kHz]) has been used. For measurement of acceleration, the accelerometer 

(ENDEVCO, 7250-A) is attached on the test motor surface. Frequency analysis of 

acceleration and impact force inputted by the impulse hammer is processed by FFT analyzer 

(A&D company, AD-3651). Through the analyzer the frequency analysis of transfer 

characteristic of vibration [m/sec2] for an exciting impact force [N/sec2] for the test motor is 

executed. The accelerometers are attached at 6 points on the top surface of the motor as 

shown in figure 2.11. The impact force is applied to the surface H by using the impulse  
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(a) model for electromagnetic analysis    (b) model for modal analysis 

 

Figure 2.9 Models of test motor for 2D-FEA simulation. 

 

Figure 2.10 Analyzed main vibration mode of test motor. 

hammer. Figure 2.12 demonstrates the frequency analysis results of input force and measured 

acceleration at the accelerometer assigned as the number 3. From the figure, the natural 

frequency of the main vibration is 4.4[kHz]. In addition, accordance with the sensing position 

with the assigned numbers from 1 to 6, the gains of transfer function (acceleration/impact 

force [(m/s2)/(N/s2)]) at the natural frequency can be calculated as shown in figure 2.13. From 

fn=4038Hz fn=4412HzCircular 2nd order mode

Fn = 4038[Hz]
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this test result, it is clear that the main vibration mode of the test motor is the circular second 

order mode, and the accelerometers with the assigned number 3 and 4 show maximum 

vibration gain. In this study, therefore, the middle point between the number 3 and 4 is 

selected as a representative position to measure and evaluate vibration due to the circular 

second order mode as the main vibration mode of test motor  

In the mechanical system having the circular second order vibration mode like the test 

motor, if the frequency of second order space harmonic as the main mode included in 

excitation force meets to the natural frequency, a large vibration occurs. At 3000[r/min], 15th 

order EM force component with respect to the base frequency 300[Hz] becomes a main  

source of vibration at the system having 4.4[kHz] natural frequency. To reveal the production 

of the high-frequency component of EM force, in the next chapter, we will examine the EM 

force under single pulse voltage control.  

 

Figure 2.11 Set up of impulse hammer test. 

 

Impact by 

impulse hammer

Sensing point of accelerometer
1 2 3 4 5 6

H
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Figure 2.12 Vibration response at sensing point 3 when hammer impact on point H 

 

 

Figure 2.13 Transfer gain of natural frequency (4.4 kHz) component on 6 point  

2.5 Vibration generation and its reduction method at 

commutation in SRM 

2.5.1 Vibration arising from EM impact pulse(17) 

 To investigate a source of vibration, the EM force of A phase in the test motor is analyzed 

mathematically as an example. Generally, in a single pulse voltage control, the applied 

voltage at the commutation angle 0 is changed rapidly from +Vdc to –Vdc and the rotor 

position at the commutation stays at near around the aligned position as shown in Fig. 1.13. 
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At near around the aligned position, the EM force is generally high and rapidly decrease with 

the voltage change as shown in figure. 2.7. Since the vibration transfer function can be 

represented as the function between acceleration A and second order differential of Fr with 

respect to time as mentioned later, it can be supposed that the vibration is produced due to 

the second order differential of EM force with respect to time (Hereafter called as EM impact 

pulse) at the commutation, which has high order harmonics. Therefore, we focus on analysis 

of EM impact pulse that is a source of vibration.  

From Maxwell’s stress tensor method, radial force component fr of local stress(18)(19) acting 

on a part of the stator tooth surface is given in, 

2 2

02

r
r

B B
f 



−
=        (2.33) 

where Br, Bθ and μ0 are radial and tangential flux densities at the excited tooth surface, and  

vacuum permeability, respectively. As the commutation in the SRM is executed near the  

aligned position, it is reasonable to suppose that the relationship between the radial and 

tangential flux densities can be approximated as Br
2

 ≫ Bθ
2 and Br is uniform on the excited 

tooth surface (19). To calculate the total EM force, closed surface integration is also applied 

along closed surface line S, which corresponds to the outlines of the stator and rotor teeth 

shown in figure 2.14. Therefore, the total EM force Fr acting on the stator tooth surface is 

given by the below equation. 

2

02

r
r r align

S

B
F f ds S


=        (2.34) 
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Figure 2.14 2D-FEM simulation and calculation result of radial force and magnetic flux 

linkage through the Maxwell stress tensor method under the rotor position 53deg. and current 

with 2.5[A]  

Salign is the overlap area between the rotor and stator teeth. Although radial force Fr_Sn at local 

closed surface Sn is not strictly same with respect to the position in area S as can be seen in 

figure 2.14, Br and Fr_Sn in the overlap area have uniform magnitudes with little differences(19). 

Consequently, there is only a 4.6% difference between the total EM force Fr_calc calculated 

by equation (2.34) using the average magnetic flux density Br_avg at Salign and the FEA-

simulated total EM force Fr_simul as shown in figure 2.14. In addition, assuming that most of 

the magnetic flux flows through overlap area of the rotor and stator teeth and the flux density 

is distributed uniformly, the following approximation can be introduced. 

r
r

align

B
nS


        (2.35) 

Where, λr, n is the flux linkage of one phase coil and a number of turn per coil of one phase, 

respectively. As a result, substituting (2.35) into (2.34), the following equation can be 

obtained.  
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       (2.36) 

The radial force can be expressed by the equation above concerned with flux linkage and 

rotor position θ because the flux linkage and overlap area is the function of rotor position. 

Both the flux linkage and the rotor position are the functions of time. As a result, the EM 

impact pulse will be obtained as below fashion. 

22 2 2

2 2 2
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r r r r r
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d F d F d F

dt dt dt

F Fd d

dt dt

d F Fd

dt dt

 

 

 

 

 

   

  
=  +  

  

  
+  +  

  

   
+   +  

    

    (2.37) 

Generally, at commutation instant, the phase inductance is high and easily can be saturated 

because the rotor position is located at near the aligned position. Therefore, the time constant 

of phase winding is high and the variance of current is very small compared to the variance 

of inductance with respect to position variance. For example, In the time variance Δt of 

1[μsec] under the case of 6000[r/min] running state, position variance is 0.036[deg] and 

current variance is a few [mA]. So generally, the variance of magnetic flux linkage is mainly 

affected by the variance of rotor position. However, in this small step, generally, the variance 

of flux linkage Δλr by low inductance variance is lower than the variance of rotor position 

Δθ. By using the relations from 1) to 5) introducing below, the terms in equation (2.37) can 

be reduced like equation (2.43).  
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1) Generally Δλr ≪Δθ at small time step Δt. (e.g. Δθ is over 63 times of Δλr during Δt =1μsec 

at commutation instant under rated power condition from 2D-FEA) 

2) The differential terms of 2nd, 4th, 5th, 6th in equation (2.37) are expressed as following 

fashion. 

2 2

2 2, ,r r
dc dc dc

d dd d
V V v V

dt dt dt dt

  
w w

   
       

  
 (2.38) 

Generally, Vdc is less than 1000[V]. when the mechanical angular speed ω is 

104~628[radian/sec] that a speed is between 1000 and 6000[r/min], Vdc
2 and Vdc·ω of the 

above values are higher than, and within maximum ten times of Vdc·ω and ω2 respectively. 

3) The partial differential terms appeared as 2nd and 6th terms in equation (2.37) have a 

relation like below, using the relation of 1). 

r r
r

r r r

F F
 

   

  
   

   
    (2.39) 

4) The partial differential terms appeared as 4th and 5th terms in equation (2.37) have a relation 

like below, using the relation of 1).  

r r
r

r

F F
 

   

  
   

   
    (2.40) 

5) The partial differential terms appeared as 2nd and 5th terms in equation (2.37) have a 

relation like below, using the relation of 1). 

r r r r

r r r r

F F F F

     

    
 

     
    (2.41) 
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 By using the relations from 2) to 5), equation (2.37) will be approximated as follows. 

22 2 2 2

2 2 2 2

r r r r r r

r r

d F d F d F Fd

dt dt dt dt

  

  

   
  +  +  

   
   (2.42) 

As constant speed operation of the motor makes d2θ/dt2=0, the above equation will be 

approximated by,  

22 2 2

2 2 2

r r r r r

r r

d F d F d F

dt dt dt

 

 

  
  +  

  
 .    (2.43) 

Next, assuming that the resistive voltage drop is negligible under middle or high speed 

operation, the voltage equation of SRM will be approximated as follows 

d d
v Ri

dt dt

 
= +        (2.44) 

The applied voltage when it is changed from +Vdc to –Vdc at the commutation instant can be 

expressed as following manner. 

2
t

dc dcv V V e 
−

= − +        (2.45) 

Where τ is time constant at the turn off of the switch, normally τ is one-fifth of the switch 

turn off time. By using the above equation, the differential of input voltage v with respect to 

time t will be given in ,  

2

2

2
t

dcVdv d
e

dt dt






−

  −  .      (2.46) 

By using equation (2.46) and equation (2.36), 1st and 2nd terms iu equation (2.43) can be 
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written as following expressions. 
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     (2.47) 

In the experimental system for the test motor, switch turn off time is lower than 1[μsec], so τ 

is lower than one-fifth of 1[μsec]. And the flux linkage of test motor at rated operating 

condition is about 0.2[Wb]. Generally, Vdc is lower than 1000[V]. Therefore, equation (2.47) 

can be rewritten as following fashion at the commutation instant (t≒0). 

2
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   (2.48) 

As a result, equation (2.37) can be reduced as folloing expression. 

2 2

2 2

r r r r

r r

d F d F Fdv

dt dt dt



 

 
   

 
     (2.49) 

The equation (2.49) can be expressed by using unit impulse function δ(t) and voltage 

variation ΔV at commutation. 
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The magnitude of EM impact pulse is proportional to voltage variation V and partial 

differential of EM force with respect to flux linkage. As a result, substituting (2.50) into 

(2.10), vibration as acceleration can be obtained like below. 

1

( ) sin( ) n t

impulse d

d

m
a t F e t

w  w
w

−
−

=       (2.51) 

From the equation above, it is observed that the vibration is produced by EM impact pulse 

with the shape of impulse function. The magnitude is proportional to the voltage variance if 

the variance of δFr/δλr is small. Vibration becomes the damped oscillation with the damped 

natural frequency as shown in figure 2.15. The natural frequency component of EM impact 

pulse is transferred to vibration at the commutation. 

 

 

Figure 2.15 Vibration production at commutation under single pulse voltage control. 
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2.5.2  Vibration reduction methods 

 As described in the preceding subsection, the stator vibration occurs at the commutation 

due to the EM impact pulse which is produced by the rapid change of voltage. In the general 

single pulse voltage control, at the commutation angle θc, the vibration with the damped 

natural frequency is generated as shown in figure 2.16. 

To reduce the vibration caused by the EM force variation, many kinds of methods have 

been proposed. These reduction methods can be classified into structural design approach of 

motor(19)-(22) and control approach without changing the motor structure(23)-(32). The First 

category includes the design of a number of rotor poles(20), the application of a cylindrical 

cage in rotor(21) and double stator with a segmented rotor to decrease the radial force that is 

a source of vibration and noise(19)(22). However, the design modification is basically out of 

our studies because other drive performances such as the maximum torque and realizing the 

required torque-speed range must be kept as it is. Therefore, our studies mainly focus on 

reducing the vibration based on the control method. Of them, the voltage smoothing method 

has been studied to minimize the variance of radial force at the commutation(28). Also, the 

method using dithers into turn-on and -off angles has been proposed(23)(29). Through the 

switching at random turn-on and -off angles, the degree of excitation in resonance frequency 

is reduced and as a result, the spectrum of vibration spreads broadly. This method is more 

proper for the system with multiple natural frequencies. On the contrary, active vibration 

cancellation (AVC) technique to eliminate the vibration occurring at the commutation by 

generating another vibration with out of phase has been proposed(30)(31). In this method, 
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another vibration with a delay of half cycle of dominant resonant frequency is produced under 

a fixed commutation angle, not random like dithering methods(23)(29). Dithering methods were 

more difficult to attenuate enough the vibration occurring at the commutation than AVC 

method. In a case of the test motor in this study which has just one dominant natural frequency, 

the AVC methods seem to be working better. 

2.5.3 Vibration reduction by two stage commutation method 

 In this study, the AVC method through two stage commutation method has been focused 

on to minimize the vibration(30). For wide speed range control, however, single pulse voltage 

drive has been not appropriate because PWM control has been usually necessary for variable 

speed drive. For the AVC under PWM control, a modified two stage commutation method 

employing negative voltage PWM has been proposed (32). In this method, the negative PWM 

voltage has been applied to a test motor after zero voltage period with a half period (Tn/2) of 

natural frequency, in which PWM duty has been set to be equal with that for positive PWM 

voltage before the zero voltage period as can be seen in figure 2.17. 

 At each commutation, the vibration of equation (2.51) is produced by each EM impact 

pulse. Through equation (2.50), the EM impact pulse at each commutation can be expressed 

as following fashion. 

2

_1 _12

2

_ 2 _ 22

 At 1  commutation : ( ),              ( 0)

 At 2 commutation : ( / 2),   (0 ( ))

st r r
impulse impulse ref

r

nd r r
impulse n impulse ref

r

d F F
F t F V

dt

d F F
F t T F V

dt








=  = −




=  − = − −



 (2.52) 

Assuming that the value of δFr/δλr at the first commutation is identical with that at the second 
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commutation, the EM impact pulse produced at each commutation is equal and then, the 

acceleration of vibration by using expression (2.51) can be derives as,  

1

1 _1

1
( /2)

2 _ 2

 After 1 commutation  : ( ) sin( )

 After 2 commutation : ( ) sin( ( / 2))

n

n n

tst

impulse d

d

t Tnd

impulse d n

d

m
a t F e t

m
a t F e t T

w 

w 

w
w

w
w

−
−

−
− −

= 

=  −

.  (2.53) 

Assuming that the decay of exponential term of the first vibration during the time delay Tn/2 

is small, the vibration after the 2nd commutation will be canceled each other as can be seen 

in figure 2.17. This is the principle of two stage commutation method.  

For the effective operation of this method, the necessary conditions must be satisfied and 

are:  

1) There must be no vibration except when the first commutation is executed,  

2) The phase shift between the 1st vibration a1 and the 2
nd vibration a2 must be 180 

degree, and 

3) The amplitudes of a1 and a2 must be the same. 

For 2), the zero-voltage period inserted between the 1st and 2nd commutations must be equal 

to half the period Tn/2 of the natural frequency of the stator body. For 3), the phase voltage 

magnitudes applied before and after the zero-voltage period must be equal. Assuming that 

the amplitudes of the EM impact pulse at the 1st and the 2nd commutations are identical, two 

vibrations with the same amplitude can be generated. 

As for a better execution of the two stage commutation method, special switching 

technique that has been proposed in prior research is employed(32). By changing switching 

patterns, the two voltage pulses that have a separate duty in one PWM period are produced. 
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In other words, the switching count in one PWM period is same, however, the number of ON 

pulse inputted into the winding of the motor is doubled and therefore, the actual PWM 

voltage frequency applied to the motor can be doubled although the switching frequency is 

kept as it is. For example, in the case of 10kHz switching frequency, the voltage PWM 

frequency becomes 20kHz by using this switching pattern. This special switching technique  

 

Figure 2.16 Vibration arising at commutation under single voltage pulse control. 

 

 

Figure 2.17 Vibration suppression by AVC under a modified two stage commutation 

method.  
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offers not only an accurate controllability of the zero-voltage period which is the most 

important in this method, but also reduced noise and vibration due to PWM switching.  

2.6 Epilogue 

 In this chapter, the principle of vibration generation was firstly introduced based on the 

SDOF and MDOF systems. The second order mode of spatial harmonic distribution of EM 

force and the harmonic components of instantaneous EM force generating the vibration of 

the motor were described. It was revealed that if the spatial harmonic component and 

frequency of EM force matched to vibration mode with the natural frequency of the test motor, 

the large vibration occured. In practice, the vibration in SRM was produced by the harmonic 

component of EM impact pulse produced at the commutation. The two stage communication 

method to eliminate this vibration was explained. The necessary conditions for executing this  

control algorithm effectively were explained.  
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Chapter3 

A new modified two stage commutation  

method to achieve better AVC in SR servo 

motor 

 

3.1 Prologue 

 The modified two stage commutation method employing negative PWM voltage control 

(hereafter, named as conventional method), which was already proposed as AVC of SRM, 

was described in chapter 2. Although this conventional method can be applied to general 

SRMs, the problems that why the conventional method does not work well are firstly revealed 

in this chapter. There are two problems. The first problem is that the large vibration is 

remained even after two-stage commutation because an unexpected vibration before the 

commutation exists. The second problem is that the vibration cancelation is not effective 

when an SRM is operated under the high speed and high load condition even if the first 

problem is solved. This study investigated why above problems occur through an 

electromagnetic structural coupled analysis using a finite element method and mathematical 

analysis of the EM impact pulse. Eventually, the reason of the first problem has been the 

vibration produced by EM impact pulse at the teeth overlapping point. The reason of the 

second problem has been the unbalance of the EM impact pulses produced at each 

commutation due to magnetic saturation. In order to solve the first problem, fillet shape pole 
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rotor will be designed and employed. To solve the second problem, a modified two-stage 

commutation method will be proposed. Through experiments and simulations, the vibration 

reduction performance of the modified two-stage commutation method using the test motor 

with the designed fillet shape pole rotor will be revealed. 

 

3.2 Problem of the conventional method for SRM 

with rectangular rotor pole and its solution employing a 

rotor with newly designed pole shape 

 In this section, the problems of unsatisfying of the first necessary condition for effective 

control of the conventional method described in chapter 2, are dealt with. The first necessary 

condition is that “There must be no vibration except when the first commutation is executed”. 

In real, however, except the vibration at the first commutation, another vibration exists. The 

reason for this is investigated and the solution will be also proposed(34). 

3.2.1 Vibration production at starting point of teeth overlap 

 In general SRMs, rotor pole shape is rectangular as shown in figure 1.17. When the single 

voltage pulse is applied to the test motor at the rated speed of 3000[r/min], the vibration at 

the area “A” before at the commutation θc is already produced as can be seen in figure 3.1. 

Despite that the DC-bus voltage Vdc and the turn-on angle θo are changed, the amplitude of 

the vibration before at the commutation rarely changes. In addition, no change of the position 

at which the vibration occurs is also observed. The reason of this vibration is due to sudden  
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change of magnetic flux at the position where the energized stator tooth just starts to overlap 

with the rotor tooth as shown in figure 3.2(a). This results in the EM impact pulse generation 

at “b” becomes the source of the unexpected vibration as can be seen in figure 3.2(b). The 

EM impact pulses found at “B” and “C” are produced by the two stage commutation. 

Generally, at “b”, in spite of current differences with respect to the DC-bus voltage Vdc 

differences, magnetic saturation at the tooth corner is quite high due to just corner of stator 

and rotor teeth overlapping. Therefore, the amplitude of EM impact pulse is dependent from 

neither the DC-bus voltage Vdc or the turn-on angle θo, but only proportional to motor 

speed(34). As the rotation speed increases, the unexpected vibration before at the commutation 

increases. As a result, even if the conventional method is employed, vibration after at the 

commutation is not minimized well due to the vibration produced before at the commutation 

as can be seen in figure 3.2(b). 

 

  

 (a) Vdc=180[V]                             (b) Vdc= 282[V]  

 

Figure 3.1 Vibration and current waveforms with respect to the changes of turn-on angle θ0 

and applied voltage at 3000[r/min] under a fixed commutation angle θC = 51[deg.]. 
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(a) contour plot of magnetic flux density (b) vibration and EM impact pulse 

Figure 3.2 Simulation result of unexpected vibration under the conventional method at 

the rated power and the maximum speed 5000 r/min. 

 

Figure 3.3 Simulation result of EM impact pulse with respect to the rotor pole shape at 

the rated power and the maximum speed 5000 r/min. 
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3.2.2 Design of a rotor with fillet shape pole to reduce vibration at 

starting point of teeth overlap 

To minimize the unexpected vibration, a rotor with fillet shape pole shown in figure 3.3 is 

considered. This rotor pole shape enables to eliminate the EM impact pulse at the teeth 

overlap point as shown in figure 3.3. However, the maximum torque under the maximum 

current limitation will be decreased because the saliency will be reduced by the fillet shape. 

For minimization of the unexpected vibration produced at the teeth overlap point while 

keeping the maximum torque under the maximum current limitation, the design optimization 

about five parameters (R, x, L, r1, r2) depicted in figure 3.4 is conducted. Finally, the test 

motor with the designed rotor with fillet shape is fabricated as can be seen in figure 3.5(a). 

Figure 3.5(b) demonstrates the maximum torque-speed characteristic measured by using the 

test motor under PWM voltage control with the optimized voltage control parameters. Figure 

3.6 illustrates the results simulated under the conventional two stage commutation at 5000  

  

Figure 3.4 Dimensional parameters of rotor with fillet shape pole for optimization. 

L
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(a) optimized rotor dimensions (b) measured torque-speed curve 

Figure 3.5 Optimized rotor shape and measured torque-speed characteristic.  

 [r/min] and 20% of the rated torque. It is found from the figure that the test motor employing  

the designed rotor with fillet shape pole is more effective in vibration minimization than the 

test motor coupled with the rectangular shape rotor. From now on, the test motor employing 

the designed rotor is used for a new modified two stage commutation method studied in this 

chapter.  
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Figure 3.6 Simulation of vibration and EM impact pulse with respect to two rotors at  

20% of the rated torque and the maximum speed 5000 [r/min]. 
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3.3 Investigations into a drawback of the conventional 

method and its reason through mathematical analysis 

and 2D-FEA simulation 

 The conventional two stage commutation method has still has a problem to be solved after 

employing the rotor with fillet shape pole. In this chapter, the problem and its reason are 

investigated and revealed through mathematical analysis and 2D-FEA simulation. 

3.3.1 Problem of the conventional method 

In the conventional two stage commutation method, if the voltage variance ΔV at each 

commutation is same, each vibration a1 and a2 which is produced by same EM impact pulse 

(Fimpulse_1 = Fimpulse_2) in equation (2.53) can be canceled each other theoretically after the 

second commutation. However, in a real system, it has different results depending on the 

operating condition. For an example, figure 3.7 shows simulation results of vibration in the 

test motor under 20% and 60% load of the rated torque, respectively, at 3000[r/min] running 

speed. In this simulation, we set the zero voltage period Tn/2 = 1/(2fn) = 

1/(2×4043)≒125[μsec]. As can be seen in this figure, the vibration cancelation does not work 

well under relatively heavy load condition (60%) compared with that under light load 

condition (20%). From figure 3.7(b), it is reasonable to suppose that the amplitude of the 

vibration occurring at the 2nd commutation is larger than that occurring at the 1st commutation. 

The reason for this phenomenon is investigated in next subsection. 
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3.3.2 Reason for the problem 

For mathematical analysis, the amplitude of EM impact pulse is considered. The amplitude 

of EM impact pulse at each commutation can be represented by substituting equation (2.36) 

into (2.52) and given in, 

1 1
_1 1 _1 1 2

1 0 1

2 2
_ 2 2 _ 2 2 2

2 0 2

 At 1  commutation : ,        

 At 2 commutation : ,       

st r r
impulse impulse

r align

nd r r
impulse impulse

r align

F
F V F V

n S

F
F V F V

n S



 



 


=  = 




=  = 



  (3.1) 

where ΔV1 and ΔV2 are the voltage variance at the 1
st and the 2nd commutations, 

respectively.In both operating conditions, the voltage variance at each commutation is set to 

be identical,  that is, ΔV1 = ΔV2. In the conventional method, it was assumed that the δFr/δλr 

is similar at the first and the second commutation. However, in 60% load condition, it is 

reasonable to suppose that the amplitude of the EM impact pulse Fimpluse_2 occurring at the 

2nd commutation is larger than the EM impact pulse Fimpluse_1 occurring at the 1
st commutation 

because a2 is larger than a1. As a result, in 60% load condition, the next relationship about 

δFr/δλr is obtained as following fashion. 

1 2 1 2

2 2

1 2 0 1 0 2

       r r r r

r r align align

F F

n S n S

 

   

 
  

 
    (3.2) 

In a real system, teeth overlap area Salign has the following relations: Salign1 at the 1
st 

commutation < Salign2 at the second commutation. From the relations of the teeth overlap area 

and equation (3.2), we can derive the following relationship. 
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      1 ,  
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S


 


         (3.3) 

This means that the increase in magnetic flux linkage is higher than the increase in the overlap 

area at 2nd commutation. From another simulation result shown in figure 3.8, it is assured  

 

(a) speed: 3000 [r/min], torque: 20% of the rated torque 

(θO: 41.6[deg], θC: 51.5[deg], voltage: +197→0→-197 [V]) 

 

(b) speed: 3000 [r/min], torque: 60% of rated torque  

(θO: 41.3[deg], θC: 53.0[deg], voltage: +283→0→-283 [V]) 

Figure 3.7 Simulation results of vibration under the conventional method. 
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that at 20% load condition, the EM impact pulse at each commutation is almost same. 

However, at 60% load condition, the EM impact pulse at the 2nd commutation is higher than 

that at 1st commutation. Also from the magnetic flux density contour diagram, the magnetic 

saturation which can be found at the 1st commutation is disappeared at the 2nd commutation. 

Thus, it is reasonable to say that the flux linkage at the 2nd commutation is increased as the 

saturation is disappeared. 

In conclusion, the reason why the problem arises is that the EM impact pulse at each 

commutation is not same because of the variance of magnetic saturation especially at heavy 

load condition despite that the voltage variance at each commutation is controlled with the 

same quantity. 

  

(a) speed: 3000 [r/min], torque: 20% of the 

rated torque 

(b) speed: 3000 [r/min], torque: 60% of the 

rated torque 

Figure 3.8 EM force, EM impact pulse and contour plot of magnetic flux density 

operating under the conventional method. 
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3.4 A new modified two stage commutation method 

 In order to solve the unbalance of EM impact pulse at each commutation which was 

explained in the former section, a new method to control positive and negative reference 

voltage before after the commutation separately is proposed. For the satisfaction of both the 

vibration minimization and the target performance (target torque, low copper loss), the 

necessity of optimization of voltage parameters is explained. 

3.4.1 Basic operation of the new modified method 

In the conventional method, the positive and negative reference voltage must be controlled 

with the same amplitude for achieving the same voltage variation at each commutation. That 

is the method to obtain the same EM impact pulse under the assumption which δFr/δλr at 

each commutation is same. However, at heavy load condition, the method to control the EM 

impact pulse by compensating the variance of δFr/δλr is necessary because δFr/δλr at each 

commutation is varied with the effect of magnetic saturation. It is possible to compensate by 

independently controlling the negative reference voltage and the positive reference voltage 

in accordance with following expression. 

 



 

 

 
 Chapter3 A new modified two stage commutation  method to achieve better AVC in SR servo motor  

78 

 

 

(a) applied voltage waveforms (θO: 41.5[deg], θC: 53[deg], proposed : +283 →0 →-160 

[V] , conventional: +283 →0 → -283 [V]). 

 

(b) phase current and torque 

 

(c) EM impact pulse and vibration 

Figure 3.9 Vibration reduction results when employing a new modified two stage 

commutation at 60% of the rated torque and speed of 3000 [r/min]. 
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   (3.4) 

As can be seen in equation (3.4), through separate control of positive and negative reference 

voltage, Fimpulse_1 and Fimpulse_2 can be controlled separately although δFr/δλr varies. For an 

example, to protect the increase in the EM impact pulse at the 2nd commutation which occurs 

at 60% load condition, the negative reference voltage is changed from 283V to 160V as 

shown in figure 3.9. The EM impact pulse at the 2nd commutation is decreased and the 

effectiveness of vibration minimization becomes better. This is called a new modified two 

stage commutation method as proposal in this study. 

3.4.2 Necessity of voltage parameter optimization 

The new modified two stage commutation method makes it possible to achieve better 

vibration reduction performance. However, as can be seen in figure 3.9(b), the decrease of 

the negative reference voltage yields a long tail current that causes an average torque 

reduction and an increase in copper loss. Although an advanced turn-on angle control can be 

applied to maintain the average torque, it will impose a further increase in copper loss by an  

increase in initial current at the turn-on angle. Therefore, to reduce the vibration while 

minimizing copper loss and producing demanded average torque, the optimization of a set of 
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control parameters is an indispensable task. The set of control parameters to be optimized in 

this method are turn-on angle θo, commutation angle θc, positive reference voltage amplitude 

+Vref before the 1
st commutation, and negative reference voltage amplitude -Vref after the 2

nd 

commutation. 

 

3.5  Optimization of voltage parameters based on 

GA(Genetic Algorithm) 

 A dynamic simulator combined with the GA proposed in reference(35) was also used to 

optimize the set of control parameters in this study. About both of simulation model and test 

motor, the optimization is conducted for vibration minimization while keeping the target 

performances such as commanded average torque and less copper loss. 

3.5.1 Introduction of GA 

Before the introduction of GA, the evaluation method for assurance of vibration 

minimization is needed at first. Until now, the EM impact pulse at each commutation that is 

derived from 2nd order differential of EM force with respect to time must have the same 

amplitude for perfect vibration cancellation theoretically. However, as the EM impact pulse 

obtained from the real test motor has high-frequency noise by 2nd order differential of EM 

force, it’s very difficult to evaluate the EM impact pulse directly as vibration minimization 

factor. In this study, to overcome this disturbance the harmonic component of the EM force 

near natural frequency is considered as the evaluation factor. Ideally, the EM impact pulse is 

the impulse function including infinite frequency components. The impulse function at time 
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domain is represented as the following form. 

0
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      (3.5) 

Through the Fourier transform of the impulse function, it is informed that each frequency 

component has unity gain through equation (3.6). 

{ ( )} ( ) ( )  =1j tt F j t e dtw w 
+

−

−
 = =       (3.6) 

The characteristic of the impulse function at time and frequency domain are shown in figure 

3.10. Considering that the impulse function with the time delay of half period of natural 

frequency (Tn/2), it can be described as following fashion. 
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The Fourier transform of the impulse function above is like below. 

  

(a) time domain (b) frequency domain 

Figure 3.10 Impulse function. 
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Considering that the impulse function with time delays such as equation (3.7) and the general 

impulse function such as equation (3.5) exist in the time domain at the same time, the Fourier 

transform of the summation of each impulse function is given in ,   

( /2)
{ ( ) ( ( / 2))} ( ) 1

( ) ( 2 ) 2 2cos(2 ( / 2))

nj T
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n

t t T F j e

F j F j f f T

w  w

w  

−
 + − = = +

= = +

 .    (3.9) 

Then, in the frequency domain, the value at the natural frequency is decreased to zero as 

shown in figure 3.11(b). This means that through the two-stage commutation control having 

EM impact pulses of the same magnitude at each commutation, the harmonic component 

close to the natural frequency can be reduced. As a result, if the perfect cancellation of 

harmonic component near the natural frequency of the EM impact pulse is achieved, the 

harmonic component at the natural frequency of vibration can be eliminated. In order words, 

the harmonic component near the natural frequency of EM force must be minimized for the 

  

(a) time domain (b) frequency domain 

Figure 3.11 Superimposing impulse function and time delayed impulse function (when 

using natural frequency 4048[Hz] of 2D-FEA model). 
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minimization of the vibration. This is only because there is a relationship that the harmonic 

component of EM impact pulse is (nωb)
2 times of the harmonic component of EM force from 

following equation. 

 

( ) 
0 1

22 2

1

  _               : cos( )

  _ _ : / cos( )

n b nn

b n b nn

DFT of EM force F f f n t

DFT of EM impact pulse F d F dt n f n t

w 

w w 



=



=

= + +

 = = − +




 (3.10) 

The minimization of nth order harmonic component (nωb)
2fn near the natural frequency of 

EM impact pulse has the same meaning with the minimization of nth order harmonic 

component fn near the natural frequency of the EM force. For this reason, for evaluation of 

vibration minimization explained later, the minimization of the harmonic component near the 

natural frequency of the EM force is evaluated as the alterative to that of the EM impact pulse.  

Next is the explanation of genetic algorism (GA). As can be seen in figure 3.12, one 

generation consists of fifty individuals. An individual is a set of the four control parameters 

mentioned earlier. To evaluate the fitness of all fifty individuals for every generation loop of 

the GA, a dynamic simulator based on a model of nonlinear magnetizing curves is employed 

to compute instantaneous current, flux linkage and torque profiles for a given set of control 

parameters as shown in figure 3.13. The dynamic simulator firstly computes the 

instantaneous current profiles based on the voltage equation of motor for inputted voltage 

profile and rotor position. Subsequently, corresponding flux linkages, torque profiles and EM 

force are also computed using the calculated instantaneous current profiles. By using these 

current, torque, flux linkage and EM force, copper loss, average torque and harmonic 

component of EM force through DFT analysis are computed and evaluated as performance 
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indices for each individual. After finishing the fitness evaluations for all fifty individuals,  

next population with 50 individuals is created through genetic operations (uniform crossover, 

adaptive mutation, and elite preserving)(35). Table 3.1 appears the ranges and resolutions of 

the parameters employed in this optimization. After repeating the genetic operations through 

5000 generations, an optimum set of control parameters can be determined. 

 

Figure 3.12 Flowchart of GA. 
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The first performance index is the average torque Tave. The criterion is whether the computed 

average torque Tave meets a given target torque T
* with a 2% tolerance, i.e. the torque error 

Terr is lower than 2% as described by following equation. 

 

 

 

Figure 3.13  Flowchart for fitness calculation. 
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*

*
1:  average torque T 100 2[%]ave

ave err

T T
Criterion T

T

−
 =      (3.11) 

The second performance index is the amplitude of the nth harmonic component near the 

natural frequency included in the EM force. The criterion is whether this amplitude of the 

harmonic component is lower than that obtained under the conventional method and given 

in,  

*2 :  EM force  order of th

r r rCriterion F x F F  .    (3.12) 

The amplitude of harmonic component near the natural frequency obtained under the 

conventional method is defined as the target value Fr
*. Figure 3.14 shows the target value of 

the EM force obtained from the FEA model of the test motor and that obtained in the real test 

motor, respectively.  

Table 3.1 GA specifications searching for optimal control parameters 

Parameters & Range/Assigned bit 

Turn-on angle, θo 35 to 42 / 7bit 

Commutation angle, θc 42 to 60 / 8bit 

PWM duty of +V 0 to Vdc / 8bit 

PWM duty of -V 0 to Vdc / 8bit 

Execution number of GA 
No. of individuals 50 

No. of generations 5000 
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The dominant natural frequency of the motor on FEA model and the real test motor are 

different due to, for an example, differences between mechanical properties of 

electromagnetic steel on catalog and those in the real test motor. To demonstrate the validity 

of the optimization of the control parameters for the FEA model as well as for the test motor, 

the control parameters for both the FEA model and test motor are optimized separately. 

The target values of the EM force for the FEA model are set to 0.32[N] as the 13th 

component and 0.51[N] as the 14th component. On the other hand, the target values for the 

 

(a) target value of EM force on FEA model of the test motor 

 

(b) target value of EM force in real test motor 

Figure 3.14 Frequency analysis of EM force optimized through the conventional method 

under the rated torque and speed conditions. 
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test motor is set to 0.2[N] as the 15th component of the DFT base frequency fbase at the motor 

speed of 3000[r/min] under the rated torque condition. The base frequency fbase of DFT in 

one electrical period is changed by speed Nrpm and rotor pole number according to equation 

(2.32) . When the motor is running at 3000[r/min], the base frequency fbase is 300[Hz]. 

However, in GA, the period of calculation step must be considered for the base frequency 

calculation because the EM force harmonic is obtained from the DFT using the EM force 

data obtained at each calculation step in one electric period. For an example, when the period 

Tcalc of one calculation step is 33.33[μsec], the calculation steps Ncalc in one electrical period 

under the 3000[r/min] driving condition are 101 steps (60/(Nrpm×Nr)/33.33[μsec]=100.01). 

Then, the 101 calculation steps are used for DFT and therefore, the base frequency is  

297[Hz]=1/(101×33.33[μsec]). The equation for recalculation of the base frequency 

considering calculation step in GA is given in,  

= 60 / ( ) /

1/ ( )

calc rpm r calc

base calc calc

N N N T

f N T



= 
       (3.13) 

At 5000[r/min], the base frequency is 492[Hz]=1/(61×33.33[μsec]). Before executing DFT 

for the EM force, the calculation of the EM force in one electrical period is important. In the 

FEA model, the EM force model is obtained by using the polynomial equation and DFT for  

the EM force data with respect to the variance of current and rotor position and therefore, the 

EM force data can be easily calculated from the EM force model. However, in case of the 

real test motor, since the EM force cannot be obtained experimentally, the calculation based 

on the equation (2.36) is approximately used. To calculate the EM force, the flux linkage and 

overlap area Salign are necessary. The flux linkage can be obtained from the dynamic simulator 
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in GA and Salign can be calculated by the dimension of motor structure and rotor position.  

However, the EM force Fr_calc calculated from this method has some error compared with the 

EM force Fr_simul computed by the FEA because the total flux linkage λr and flux linkage 

component (Br_avg×Salign) flowing into Salign is different. The total flux linkage λr flows 

through an area larger than Salign by fringing flux as shown in figure 2.14. Thus, for a more 

accurate EM force calculation, the Salign obtained from the FEA considering the fringing 

effect and magnetic saturation in the teeth is modeled and alternatively utilized. For more 

exact Salign data, the 3D-FEA results having similar magnetizing characteristic with the real 

motor are selected as the data for modeling of Salign after comparing the magnetizing 

characteristic of the real motor in 2D-FEA and 3D-FEA as shown in figure 3.15. This overlap 

area is called the effective overlap area Salign-eff and is given by the following form. 

 

Figure 3.15 Comparison of magnetizing characteristic 
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Where λr and Fr are the values calculated in the 3D-FEA. As a result, the following equation 

can be used to calculate the EM force more accurately using the λr computed in the dynamic 

simulator in the fitness calculation process. 
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Finally, the natural frequency component of the calculated EM force is obtained using the 

DFT (Discrete Fourier transform). 

The third performance index is the copper loss. The copper loss is a net performance index 

only calculated for the individual that satisfies both two criteria mentioned above.  

23:  copper loss P    As low as possible!cCriterion i R=      (3.16) 

The individual with less copper loss among the individuals that satisfy both two criteria of 

the torque and EM force becomes better one. To find the optimal parameters satisfying the 

above criteria, the fitness Fa, Fb, Fc, and Fd are calculated. Each fitness is calculated like 

below Fb = -Terr×10
2, Fc = -29×10

5, Fd = -(+Vref)/Vdc×255×10
4, Fa = 100/Pc. After finishing 

the genetic operations, the set of control parameters with the highest fitness values of Fa 

while the magnitude of target harmonics of EM force is less than that of the target value and 

Terr is satisfied, is selected as the optimal set. 
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3.5.2 Optimized voltage parameters accordance with the driving 

condition 

The optimization of control parameters is conducted for the FEA model and the real test 

motor using the previously mentioned GA. Table 3.2 and 3.3 show the optimization results 

of the FEA model and test motor respectively. Table 3.2 summarizes the optimal set of control 

parameters determined by the GA for the FEA model of the test motor based on two kinds of 

commutation methods under the given operating conditions. And the simulation results 

(copper loss and average torque) obtained by the FEA for the optimal voltage parameters are 

listed. Table 3.3 summarizes the optimal set of control parameters determined by the GA for 

the real test motor and the experimental result (copper loss and average torque) for the 

optimal voltage parameters. 

 In all cases, the average torque meets the target value and the difference between the copper 

losses from the conventional method and the new modified method is small. 
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Table 3.2 Optimal parameters and simulation results for average torque and copper loss 

for FEA model of test motor 

Condition 

(ω*,T*) 
Methods 

Optimal parameters Simulation results 

+ Vref 

[V] 

- Vref 

[V] 

θO 

[deg] 

θC 

[deg] 

Tave 

[Nm] 

Pc 

[W] 

3000 [r/min] 

1.27 [Nm] 

Conventional 280 -280 39.60 52.39 1.27 37.47 

Proposed 280 -239 39.82 53.17 1.27 38.29 

5000 [r/min] 

0.76 [Nm] 

Conventional 282 -282 36.85 52.00 0.76 22.61 

Proposed 282 -270 36.92 53.80 0.76 23.21 
 

Table 3.3 Optimal parameters and experimental results for average torque and copper loss 

for the real test motor 

Condition 

(ω*,T*) 
Methods 

Optimal parameters 
Experimental 

results 

+ Vref 

[V] 

- Vref 

[V] 

θO 

[deg] 

θC 

[deg] 

Tave 

[Nm] 

Pc 

[W] 

3000 [r/min] 

1.27 [Nm] 

Conventional 277 -277 38.93 52.16 1.27 44.15 

Proposed 283 -221 38.6 51.51 1.27 48.22 

5000 [r/min] 

0.76 [Nm] 

Conventional 281 -281 36.10 51.51 0.76 29.49 

Proposed 281 -216 35.43 48.78 0.76 32.08 
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3.6 Experiment and simulation result 

 With the optimal voltage parameters obtained from the simulation model and the real test 

motor, the vibration simulation on FEA model under the conventional control method and 

the new modified control method is conducted. In addition, the vibration and acoustic noise 

measurement tests using the real test motor are also conducted. 

3.6.1 Comparison of vibration reduction in the FEA model  

The vibration is compared through 2D-FEM electromagnetic structural coupled analysis 

using the optimized control parameters obtained from the FEA model appeared in Table 3.2. 

As can be seen in figure 3.16, under the rated speed 3000[r/min] and the rated torque 1.27[Nm] 

condition, the optimal voltage is changed from 280→0→-280[V] (θo=39.6[deg], 

θc=52.39[deg]) to 280→0→-239[V] (θo=39.82[deg], θc=53.17[deg]) for the new modified 

method. As a result, owing to the reduction of 13th and 14th order harmonic components of 

the EM force near the natural frequency, the vibration is suppressed compared with the single 

voltage pulse control and the conventional method. Moreover, as can be seen in figure 3.17, 

under the maximum speed 5000[r/min] and the torque of 0.76[Nm] condition resulting in the 

rated power output, the optimal voltage is changed from 282→0→-282[V] (θo=36.85[deg], 

θc=52.00[deg]) to 282→0→-270[V] (θo=36.92[deg], θc=53.80[deg]) for the new modified 

method. As a result, thanks to the reduction of 8th order harmonic component of the EM force 

near the natural frequency, the vibration is suppressed compared with the single voltage pulse 

control and the conventional method.  
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(a)  EM force 

 

(b) DFT analysis of EM force 

 

(c) vibration result 

Figure 3.16 Simulation results for different commutation methods using the optimum 

control parameters under the rated torque at the rated speed condition. 
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(a)  EM force 

 

(b) DFT analysis of EM force 

 

(c) vibration 

Figure 3.17 Simulation results for different commutation methods using the optimum 

control parameters under the rated power at the maximum speed condition. 
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 3.6.2 Comparison of vibration and acoustic noise reduction in real 

test motor 

The vibration and acoustic noise are compared through experiments employing the 

optimized control parameters for the real test motor appeared in Table 3.3. For the experiment, 

the equipment is set up as shown in figure 3.18. The PE-Expert III (Myway Plus Corporation) 

is used as a controller to generate gate signals for asymmetric H-bridge converter with a 

PWM frequency of 20[kHz]. For position sensing, a 4000[ppr] incremental encoder (OM 

corporation) is attached. As a load, a servo motor (Yaskawa Electric Corporation, SGMSH-

15A) is coupled with the test SRM and used as a constant speed dynamo. An accelerometer 

(ENDEVCO corporation, 7250A-2) and sound level meter (RION corporation, NL-31) are 

used to measure the vibration and acoustic noise, respectively. A noise and vibration analyzer 

(AND company, AD-3651) is used to record and analyze the noise and vibration results. 

Under single phase excitation test with one voltage pulse, vibration is compared as shown 

in figures 3.19 and 3.20. The voltage parameter of table 3.3 is used as the different 

commutation methods. At the condition of 3000[r/min] and the rated torque of 1.27[Nm], the 

vibration under the new modified method is minimized to 30% at the natural frequency of 

4.4[kHz] comparing with the conventional method. At the condition of 5000[r/min] and the 

torque of 0.76[Nm] resulting in the rated power, the vibration under the new modified method 

is suppressed to 60% at the natural frequency comparing with the conventional method. 

Through the continuous all phase excitation, the vibration and acoustic noise are compared 

as shown in figures 3.21, 3.22, 3.23 and 3.24. The optimized control parameters appeared in 
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table 3.3 are used.  

As can be seen in figure 3.21, under the rated speed and torque condition, the vibration at the 

natural frequency is reduced by 35% compared to the conventional method. As shown in 

 

(a) block diagram of experimental system 

  

(b) external view of experimental setup 

Figure 3.18 Experimental setup. 
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figure 3.22, under the rated power at the maximum speed of 5000[r/min], the vibration at the 

natural frequency is reduced by 80% compared to the conventional method. Acoustic noise 

is also reduced overall and at the natural frequency as shown in figures 3.23 and 3.24. Table 

3.4 is the measurement results of vibration and acoustic noise, copper loss and average torque 

under the different commutation methods. It can be seen from the table that the vibration and 

the acoustic noise at the natural frequency and the overall acoustic noise are attenuated by 

employing the proposed new modified commutation method while keeping the average target 

torque and suppressing the increase in copper loss. 
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(a) current waveform 

 

(b) vibration 

 

(c) DFT analysis of vibrations 

Figure 3.19 One voltage pulse excitation test results for different commutation methods 

using the optimum parameters under the rated torque and speed condition. 
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(a) current waveform 

 

(b) vibration 

 

(c) DFT analysis of vibration 

Figure 3.20 One voltage pulse excitation test results for different commutation methods 

using the optimum parameters under the rated power at the maximum speed. 
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(a) conventional commutation method 

 

(b) proposed new modified commutation method 

 

(c) comparison of results at (A) enlarging around the natural frequency 

Figure 3.21 Measured vibration spectra for different commutation methods using the 

optimal control parameters under the rated torque and speed condition. 
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(a) conventional commutation method 

 

(b) proposed new modified commutation method 

 

(c) comparison of results at (A) enlarging around the natural frequency 

Figure 3.22 Measured vibration spectra for different commutation methods using the 

optimal control parameters under the rated power at the maximum speed. 
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(a) conventional commutation method 

 

(b) proposed new modified commutation method 

 

(c) comparison of results at (A) enlarging around the natural frequency 

Figure 3.23 Measured noise spectra for different commutation methods using the optimal 

control parameters under the rated torque and speed condition. 
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(a) conventional commutation method 

 

(b) proposed new modified commutation method 

 

(c) comparison of results at (A) enlarging around the natural frequency 

Figure 3.24 Measured noise spectra for different commutation methods using the optimal 

control parameters under the rated power at the maximum speed.  
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3.7 Epilogue 

 Through this chapter, the problem why the conventional two stage commutation method 

did not work effectively at heavy load and high-speed condition was revealed and the reason 

also was investigated theoretically. To overcome this problem, the new modified two stage 

commutation method was proposed. As a result, it was revealed that the proposed method 

was more effective than the conventional method concerning the vibration and acoustic noise 

reduction while keeping the target torque and avoiding copper loss.  

In the future, 1) optimization of control parameters to achieve further high efficiency 

control considering both copper loss and iron loss in the proposed method and 2) study of 

control method to have the same vibration reduction performance without changing the rotor 

pole shape, i.e. with the motor using conventional rectangular pole shape rotor, will be 

required. 

Table 3.4 Summary of experimental results. 

method 
Speed 

[r/min] 

Tave 

[Nm] 

Pc 

[W] 

Vibration  

reduction 

[%] 

Noise 

(at Fn ) 

[dB] 

Noise 

(over all) 

[dB] 

Conventional 3000 1.27 44.15 - 89.4 93.5 

Proposed 3000 1.27 48.22 35 85.5 90.6 

Conventional 5000 0.76 29.49 - 92.0 96.5 

Proposed 5000 0.76 32.08 80 79.8 92.0 
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Chapter4 

Conventional torque ripple minimization 

control of SRM for servo 

 

4.1 Prologue 

 In chapter 1, the importance of torque ripple minimization control especially in the servo 

drive system which requires exact position control in low speed region has been described. 

In view of the importance, various approaches for minimizing torque ripple have been 

presented up to now. In this chapter, these earlier studies are firstly surveyed. Among various 

approaches, this study focuses on the current profiling control method. Through the 

description of control block for servo drive application, a basic principle of the current 

profiling control method based on magnetizing curves under single phase excitation is  

explained (hereafter, named as conventional method). In addition, the current profile 

generator and current profile tracking controller that make the conventional method up are 

briefly described. The conventional method, however, has a problem of large torque ripple at 

current overlapping region due to mutual coupling effect. Theoretical analysis for and 

investigation into the problem through 2D-FEA are conducted. Finally, the reason why the 

problem arises is revealed. 
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4.2  Survey of earlier studies on torque ripple 

minimization control of SRM 

To minimize torque ripple, many kinds of control methods had been proposed(37)-(50). In 

order to realize flat torque control in SRM, direct torque control (DTC) and/or current control 

(CC) were generally employed as stated in Ref. (37). DTC was a method to determine 

switching signals through torque hysteresis controller after comparing a target torque with 

an estimated torque obtained from torque estimator under predefined dwell angle(36). This 

method was difficult to achieve high-efficiency control because there was no attention about 

torque sharing between adjacent phases(37). In addition, DTC was difficult to eliminate  

torque ripple perfectly due to limitation of band width of hysteresis controller as its nature. 

Whereas, CC was classified roughly into two methods. One was chopping-current 

regulation(36), in which phase current was controlled with a constant amplitude over the dwell 

angle(36)(37). The other was an instantaneous current profiling control with respect to target 

torque and rotor position. The former had a problem of large torque ripple at commutation 

from one phase to next phase, while the latter was possible to minimize the torque ripple in 

entire region(39)-(50). For this reason, this study focused on the instantaneous current profiling 

control. 

The instantaneous current profiling control roughly consisted of two parts: (i) current 

profile generator and (ii) current profile tracking controller. To generate the current profile 

for achieving flat torque control in the part (i), many modeling approaches were proposed(39)-

(50). One of them used torque-rotor position-current (here-after, named as T-θ-i) model 

obtained from measured self-inductance profile(40)(41). Another employed T-θ-i model 
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computed by finite element analysis (FEA)(42)-(44) or direct torque measurement(45). However, 

these methods had essentially some error due to missing of consideration of magnetic 

saturation(40)(41), difference between real motor and ideal one on FEA(42)-(44), and torque 

measurement error existing(45). In order to overcome these modeling problems, current 

profiling techniques based on T-θ-i model derived from measured magnetizing curves were 

also reported(46)-(50). Although these current profiling control methods basically worked well, 

they failed to operate properly during current overlapping region. The reason was that mutual 

coupling effect between adjacent phases was not considered in the case of that the 

magnetizing curves of single phase were only measured and taken into account. It was 

investigated and revealed that the flux linkage of energized main phase was affected by the 

mutual coupling effect(51)(52). In Ref. (51), through the voltage equation which was able to be 

expressed by using self and mutual inductances obtained from FEA considering magnetic 

non-linearity, torque variation due to the mutual coupling effect was proved. In Ref. (52), 

through the torque component separation by using self and mutual fluxes computed by frozen 

permeability method on FEA, it was reported that the affection of torque variation by the 

mutual coupling effect was not able to be ignored. 

To suppress the torque ripple produced by the mutual coupling effect, the torque control 

algorithm taking the mutual coupling effect into account was proposed(53)(54). One was a 

method using motor model formulated by self and mutual inductances obtained from FEA(53), 

the other was based on flux linkage-current-position (hereafter, named as λ-i-θ) model 

obtained from FEA(54). In Ref. (53), only FEA simulation-based current profiling under the 

chopping-current regulation was studied, in which just a little suppression effect on torque 
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ripple was found. In Ref. (54), the chopping-current regulation with a little current profile 

optimization was proposed and tested. In the simulation, although the torque ripple was 

reduced well compared with the conventional chopping-current regulation more than 45% 

of torque ripple remained in the experimental test. The authors of Ref. (54) noticed that “the 

accuracy of this method for practical SRM  depends on how close to the FEA data  matches 

with the real SRM”(54). Moreover, these methods resulted in a large torque ripple remaining 

that seemed to be unacceptable for industrial servo drive applications.  

In this study, a modified current profiling control based on two phase model considering 

the mutual coupling effect is proposed, which is built on the current profiling control method 

based on single phase model(48) (hereafter, named as conventional method). The conventional 

method has employed current-torque-position (hereafter, named as i-T-θ) model derived from 

T-θ-i model that has been calculated from the measured magnetizing curves under single 

phase excitation. From i-T-θ model, the target current profile for target torque has been 

determined. In addition, for a fast and precise instantaneous current tracking control, PWM 

voltage control based on voltage equation using λ-θ-i model that has been also derived from 

the measured magnetizing curves has been built. Before introducing the two phases model, 

the reason why the conventional method has not worked at heavy load condition is reviewed 

by way of FEA for a 400W 4-phase 8/6 SRM shown in subsection 1.2.3. 
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4.3  Controller configuration of SR servo motor drive 

To describe the operation principle of the conventional method, a servo motor controller for 

SRM used in the conventional method is explained. Figure 4.1 shows the servo motor 

controller for positioning control(48). The controller consists of position feedback controller 

(PC), speed feedback controller(SC) and torque controller(TC). The PC produces the target 

speed ω* from the position error between the position reference θ* and the detected actual  

position θ. The SC generates the torque command T* from the speed error between the speed  

 

Figure 4.1 Block diagram of controller for SR servo motor drive(48). 

 

Figure 4.2 Block diagram of torque controller(48). 
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reference ω* and the detected actual speed ω. The PC and SC are composed of 

P(proportional)-controller and PI(proportional-integral)-controller, respectively. On the 

contrary, the torque is controlled by the TC that does not any of P- or PI-controller as shown 

in figure 4.2. In the TC, for exact position control in the low speed region less than the base 

speed of 300[r/min], the current profiling control for torque ripple minimization is employed. 

In the middle and high speed region beyond the base speed of 300 [r/min], the average torque 

is controlled to be identical with the reference while maintaining maximum efficiency, which 

is called as “high efficiency control”.  

The current profiling control is executed in accordance with following procedures. Firstly, 

the rotor position θ and the target torque T* are inputted into the current profile generator and 

then, instantaneous current profile reference of X-phase ix
* is calculated from i-θ-T model 

and torque contour function, which will be explained in detail later. Secondly, the current 

tracking controller based on voltage equation of SRM achieves that the instantaneous real 

motor current follows the current reference, which is also explained in detail later. In the high 

efficiency control for the middle and high speed region, the PWM voltage control is 

employed by using the voltage parameters (on angle θo, commutation angle θc, duty of phase 

voltage d*) that are optimized for a given torque and speed condition. In this study, the torque 

ripple minimization for accurate position control in low speed region is focused on. 

 

4.4 Brief explanation about conventional method 

In this section, the conventional method is briefly explained. Firstly, an instantaneous 

reference torque per a phase for a given average torque command at a detected rotor position 
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is determined via the torque contour function(40)(48) shown in figure 4.3. Subsequently, the  

corresponding instantaneous current profile is computed through i-T-θ model(48)-(50). Finally, 

the instantaneous current tracking control is executed under PWM voltage control based on 

the voltage equation(48)-(50). 

 4.4.1 Torque contour function(40)(48) 

 The torque contour function can be selected from many kinds of possible functions(40). As 

an example, figure 4.3 illustrates the torque contour function employed in this study for the 

4-phase test motor. The torque contour function per phase is expressed as fTx(θ) with 

generalized form. The total sum of the torque contour function per phase with respect to 4-

phase machine is given in, 

( ) 1
D

Tsum Tx

x A

f f 
=

= =       (4.1) 

where, x denotes the phase number. The instantaneous reference torque per a phase τx
* with 

respect to a given average torque command Tt
* and the rotor position θ is expressed by,  

 

Figure 4.3 Torque contour function used in the conventional method(48) 

fTA fTB fTC fTD fTsum

θlap θlap

θo θfo θc θq
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* *( ) ( )x t TxT f  =        (4.2) 

Then, the total torque is controlled to be flat shape according to following equation. 

* *( )
D

x t

x A

T 
=

=        (4.3) 

In this torque contour function, two angles θfo and θlap are free parameters. The former 

represents a start angle of non-overlapping conduction period and the latter is overlapping 

conduction angle, respectively. Since the test motor has a symmetric structure and the phase 

shift between adjacent phases is 15 degrees, other angle parameters become dependent 

variables on θfo and θlap and are given in, 

,  15,  15o fo lap c o q fo      = − = + = +     (4.4) 

where, θo is turn-on angle, θc is a commutation angle and θq is an extinction angle, 

respectively(36). To get unity gain at the overlapping region, the torque contour function of A-

phase can be expressed in following manner. 

01
( ) cos 1

2

f

TA

lap

f
 

 


  −
= +  

 
   

     (4.5) 

In the conventional method previously studied(48)  θf0 was set to 42 degree that the overlap of 

stator and rotor teeth in A-phase starts and θlap was set to 6 degree, respectively. 

 

4.4.2 i-θ-T model and target current computation(48)-(50) 

 In the conventional method, an assumption usually used in SRM is introduced, that is,  

the mutual inductance has been negligible small compared with the self-inductance. In this 

case, T-θ-i model obtained from the measured magnetizing curves under only single phase  
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excitation can be used as a base model to calculate the instantaneous current profile. As 

shown in figure 4.4, if the both switches SW1 and SW2 are turned on and turned off after 

reaching the maximum current 8.1[A] at a certain fixed rotor position, phase voltage vA and 

 

Figure 4.4 Voltage, current and magnetic flux linkage waveforms under measurement of 

magnetizing curve at a certain fixed rotor position. 

 

Figure 4.5 Measured magnetizing curve of A-phase used in the conventional method(48). 
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current iA vary with respect to time as shown in the figure, respectively. Then through the 

voltage equation of SRM, the flux linkage of excited phase can be calculated by,  

 ( )A A Av R i dt = −  .      (4.6) 

By changing every fixed position with a position interval, the magnetizing curves between 

the unaligned and the aligned position can be obtained by repeating the same measurement. 

Figure. 4.5 shows the measured magnetizing curves of A-phase in the test motor. The flux 

linkage λA can be expressed by a polynomial equation of A-phase current iA at every fixed 

rotor position θx and given in, 

max

1

( )
x x

n
n

A A n A

n

i L i    = =

=

=       (4.7) 

where, nmax denotes the highest order of polynomial equation. The coefficients Ln can be 

obtained by curve fitting for the magnetizing curve at every fixed rotor position θx. The 

corresponding spatial coefficient distribution of each current order is modeled by Discrete 

Fourier Transform (DFT) and given in, 

max

0

( ) cos( )
k

n nk

k

L L k 
=

=       (4.8) 

where, Lnk and kmax denote the coefficients and the highest order of cosine series expansion. 

α is the number of rotor poles. As a result, the magnetizing curves model can be derived as, 

max

1

( , ) ( )
n

n

A A n A

n

i L i  
=

=        (4.9) 

By using the magnetic co-energy WmA
’ expression, the instantaneous torque expression under 

only A-phase excitation can be deduced as, 
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'

0
( , )

Ai

mA A A AW i di =        (4.10) 

( )
'

, mA
A A

W
i 




=


      (4.11) 

Figure 4.6 depicts the T-θ-i characteristic of A-phase calculated from equation (4.11). 

Through this T-θ-i model, i-T-θ model can be also expressed as a polynomial equation and 

given in following fashion. 

max

* * *

1

( , ) ( )
m

m

A A m A

m

i K   
=

=        (4.12) 

where, Km() is the spatial coefficient distribution with respect to each torque order m  

stored in memory space. mmax denotes the highest order of the polynomial equation. Thus, 

once the instantaneous torque reference in A-phase A
* at the detected rotor position is 

determined by equation (4.2), the instantaneous current profile iA
* can be computed by 

equation (4.12). Assuming that the stator and rotor structures are symmetric, the same 

procedures can be applied to other phases B, C and D to compute the instantaneous current 

profile just considering 15degrees phase shift. Figure 4.7 illustrates the instantaneous torque  

 

Figure 4.6 T-θ-i model of A-phase employed in the conventional method. 
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reference in each phase and the corresponding current profiles under the rated torque 

command as an example. 

 

 4.4.3 Current profile tracking control(48) 

 The important thing for flat torque control is to control precisely to follow the target current 

 

Figure 4.7 Instantaneous torque reference and corresponding current profile of each phase 

in the conventional method. 

 

Figure 4.8 Block diagram of voltage reference generation for current tracking control(48). 
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profile obtained in subsection 4.4.2. In the prior study, for rapid and precise current control, 

the current tracking control based on voltage equation of SRM has been proposed(48). Figure 

4.8 shows the block diagram of the inside of current tracking control shown in figure 4.2. 

Assuming again that the mutual inductance in SRM is negligible small compared with the 

self-inductance, an applied voltage to A-phase can be computed by following voltage 

equation. 

*
* A

A A

d
v Ri

dt


= +        (4.13) 

In digital system, as shown in figure 4.9, to control the current to the target value after n+2 

sampling point, the voltage reference at n+1 sampling point can be estimated at n sampling 

point and calculated from following equation. 

* *
* [ 2] [ 1] [ 2] [ 1]
[ 1]

2

A A A A
A

s

i n i n n n
v n R

T

 + + + + − +
+ = +   (4.14) 

The calculated voltage reference is realized at n+1 sampling point. In equation (4.14), Ts is 

a cycle of PWM carrier signal. Each term of equation (4.14) is calculated in accordance with 

following steps. 

1) instantaneous current reference at n+2 sampling point iA
*[n+2]: through equation (4.2) 

and (4.12), the torque reference of A-phase TA
*[n+2] and iA

*[n+2] at θest [n+2] 

 

Figure 4.9 Target voltage control timming(48). 
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estimated from running speed ωdrv can be calculated. 

* *

* * *

[ 2] [ ] 2 ,    [ 2] ( [ 2])  

[ 2] ( [ 2], [ 2])

est drv s A A est

A A A est

n n T n n

i n i n n

  w   

 

+ = +   + = +

 + = + +
   (4.15) 

2) current at n+1 sampling point iA[n+1]: assuming that the real current at n+1 is 

following well the reference current iA
*[n+1], it can be obtained by, 

*[ 1] [ 1]A Ai n i n+  +        (4.16) 

3) the flux linkage reference at n+2 sampling point λA
*[n+2] : by using equation (4.9) 

and the current reference obtained from equation (4.15), it can be given in, 

* *[ 2] ( [ 2], [ 2])A A A estn i n n  + = + +      (4.17) 

4) the flux linkage at n+1 sampling point λA[n+1]: by using the flux linkage at n 

sampling point λA[n] and the flux linkage calculation by equation (4.6), it can be 

computed by,   

*
* [ 1] [ ]

[ 1] [ ] [ ]
2

A A
A A s A

i n i n
n n T v n R 

 + +
+ = + − 

 
 .   (4.18) 

Through PWM voltage control with the reference applied voltage calculated by equation 

(4.13) and the magnetizing curves model in equation (4.9)(38)(48)(49), the real phase current can 

track the reference profile. The RMS current control error is minimized to 0.189[Arms], which 

is about one fourth of the error when hysteresis controller is used(38). 
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4.5  Review of torque ripple minimization results in 

the conventional method 

In this section, through the 2D-FEA, the problem that the torque ripple increases with the 

increase in the load torque, and its reason is examined. 

 4.5.1  Problem in the conventional method 

 As a weak point, the conventional method did not work well in some operating condition. 

As an example, experimental studies using a three-phase SRM with 12/8 poles configuration 

demonstrated that torque ripple under high load condition increased at the overlapping region 

in which adjacent two phases were simultaneously energized (49).  

Similar simulation studies using the four-phase test motor used in this study are conducted. 

Figure 4.10 illustrates instantaneous torque waveforms under the conventional method 

computed by 2D-FEA (JMAG-Designer, ver. 17.0). The value in the bracket ( ) means a 

 

Figure 4.10 Torque ripple ΔT in different load conditions, 1.27Nm (100%), 2.54Nm 
(200%) and 3.81Nm (300%) at 100r/min. 
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torque ripple factor defined by the ration between a torque fluctuation T and an average 

torque command Tt
*. In common with the behavior mentioned above, it can be found that the 

torque ripple at 200% load condition (2 times of the rated torque 1.27Nm) is much bigger 

than that at 100% load condition. 

4.5.2  Detailed analysis of the reason of the problem 

 In order to reveal the reason of the increase in torque ripple mentioned above, theoretical 

considerations and further magnetic field analysis using 2D-FEA are conducted. At the 

overlapping region, the magnetic flux linkage of one phase is affected by mutual flux induced 

by adjacent exciting phase. In the case that the D- and A-phase are simultaneously energized 

in the overlapping region, the total flux linkage can be expressed as, 

( , , ) ( , , ) ( , , )A A D AA A D AD A Di i i i i i     = +     (4.19) 

where, λAA is self-induced flux linkage in A-phase, λAD is flux linkage in A-phase mutually-

induced by D-phase. The reason why AA and AD are function of iD and iA, respectively, is 

because of cross coupling effect arising from magnetic saturation. This results in that the 

magnetic co-energy of A-phase WmA
’ is affected by λAD. By rearranging equation (4.10), the 

magnetic co-energy WmA
’ considering the mutual coupling effect is given in following fashion. 

'

0 0

1
( , , ) ( , , )

2

A Ai i

mA AA A D A AD A D AW i i di i i di   = +     (4.20) 

Since the conventional method has no consideration on the mutual coupling effect, T-θ-i 

model as well as the magnetic co-energy calculation include errors for those in the real 

machine. Figure 4.11 shows the simulated magnetizing curves of A-phase without/with D-

phase current as the adjacent phase excitation. It can be seen from the figure that the 
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magnetizing curves of A-phase under D-phase excitation with 6Amps are obviously affected 

by the mutual coupling effect. As a consequence, the variance of the magnetic co-energy for 

the position displacement Δθ at a certain rotor position decreases due to the mutual coupling 

effect, resulting in torque reduction. Figure 4.12 demonstrates the stiffness characteristic of 

A-phase with/without taking into account of the mutual coupling computed by 2D-FEA. To 

 

Figure 4.11 Magnetizing curves of A-phase considering mutual coupling effect by D-phase 

through 2D-FEA 

 

Figure 4.12 Stiffness characteristic of A-phase with and without considering mutual 

coupling effect by D-phase. 
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consider the mutual coupling effect on the produced torque, both A- and D-phase currents 

are simultaneously fed and set to 3Amps as an example. As can be seen from the figure, the 

torque produced by A-phase in the possible overlapping region from 30 to 45degrees 

decreases due to the influence of the mutual coupling effect by D-phase. This decrease in the 

torque is found in figure 4.10 as the torque dip around 40degrees. 

4.6  Epilogue 

In this chapter, the conventional current profiling control method for torque ripple 

minimization was explained. It was revealed that the torque ripple in the current overlapping 

region increased at high load condition. Through 2D-FEA, it was also revealed that the torque 

ripple occurred because the phase torque was affected by the mutual magnetic flux produced 

by adjacent phase. To overcome this issue, the torque ripple minimization method 

considering mutual coupling effect will be proposed in next chapter. 
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Chapter5 

Torque ripple minimization control based on 

magnetizing curves model considering mutual 

coupling 

 

5.1 Prologue 

 In this chapter, a modified current profiling control taking into account of mutual coupling 

is proposed. This control is based on the current tracking control of target current profile 

obtained from modified i-T-θ model and torque contour function considering mutual coupling. 

Firstly, modified -i-θ and modified T-i-θ models considering mutual coupling effect are 

derived from magnetizing curves data computed by 2D-FEA. By using the modified T-i-θ 

model, modified i-T-θ model can be obtained. The modified current profile generator that is 

composed of the modified i-T-θ model and the torque contour function produces 

instantaneous current reference profile. The validity of the modified current profiling control 

is demonstrated by comparison with calculation results and simulation results by 2D-FEA. 

In order to prove the validity of this modified current profiling control by experiment, a way 

how to measure the magnetizing curves taking account of mutual coupling effect is explained. 

Finally, experimental studies using the test motor demonstrate that the resultant torque ripple 

factor under the proposed control are minimized less than 5% at any load conditions up to 

200% of the rated torque. 
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5.2 Torque ripple minimization by using T-θ-i model 

considering mutual coupling effect  

In this section, how to derive T-i-θ model and modified i-T-θ model from the magnetizing 

curves data considering mutual coupling computed by 2D-FEA is described. Then, how to 

obtain modified torque contour function taking account of mutual coupling is explained. By 

using modified i-T-θ model and modified torque contour function, calculation process of 

target current profile for achieving flat torque is mentioned. Through 2D-FEA, the validity 

of the modified current profile generator is simulated and evaluated from a viewpoint of 

torque ripple minimization control. 

 

 5.2.1 T-θ-i model considering mutual coupling effect 

 In order to minimize torque ripple, modified T-θ-i model taking account of mutual coupling 

effect is derived. For that, at first the magnetizing curves data containing the mutual coupling 

effect is needed. Figure 5.1 shows the magnetizing curves of A-phase including the mutual 

flux linkage induced by D-phase computed by 2D-FEA. For ease of seeing the figure, 

although only four cases of D-phase current with 0, 3, 6 and 8A are depicted, actually the 

computed data of D-phase current every 0.5A(=ΔI) step from 0 to the maximum 8A (=Imax) 

are used to derive the T-θ-i model. In addition, although the magnetizing curves data are 

computed for the different rotor position every interval =0.5deg. from the aligned positon 

 =0deg. to the next aligned position  =60deg., only those for every 5deg. are shown in the  
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a) Magnetizing curves from 0 to 30 [deg] 

 

b) Magnetizing curves from 30 to 60 [deg] 

Figure 5.1 Magnetizing curves of A-phase considering mutual coupling effect by D-phase 

excitation computed by 2D-FEA. 
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figure for an ease to see. As other additional explanation, A-phase current resolution is same 

with D-phase current. 

By using curve fitting for the magnetizing curve under a given constant D-phase current 

iDj at a given fixed rotor position θx, the flux linkage λA can be expressed by a polynomial 

equation of A-phase current iA and given in, 

max

, (const.)

0

( ) ( )
x D Dj x

n
n

A A i I n Dj A

n

i L I i    = = =

=

=     (5.1) 

where, nmax again denotes the highest order of polynomial equation. Note that different from 

equation (4.7) the current order n starts from zero. L0(iDj) means a mutual flux linkage 

induced by D-phase current iDj under no A-phase current excitation. Repeating this process 

for different level of D-phase current every ΔI from 0 to Imax, one can obtain a set of following 

equations. 

max

max

max

max

, 0(const.)

0

, (const.)

0

, (const.) max

0

( ) (0)

( ) ( )

( ) ( )

x D x

x D x

x D x

n
n

A A i n A

n

n
n

A A i I n A

n

n
n

A A i I n A

n

i L i

i L I i

i L I i

   

   

   







= = =

=

= = =

=

= = =

=


=  




=   





=  








   (5.2) 

Taking notice of coefficients appeared as the first terms in equation (5.2) such as L0(0), L0(I), 

, and L0(Imax) and plotting them with respect to the D-phase current, the curve can be 

obtained, which draws a relationship between the coefficient L0 and the D-phase current iD. 

Applying a curve fitting to this curve, the following equation can be derived. 
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max

0 0

0

( )
x x

m
m

D m D

m

L i L i   = =

=

=       (5.3) 

Next, repeating the same process above for different rotor position every interval  from 

the aligned to the next aligned positions, one can obtain a set of following equations. 

max

max

max

max

0 0

0

0 0

0

0 0

0

0 0

0
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= =

=

= + = +

=

= =
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= =

=
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=  



= 




= 










    (5.4) 

Taking notice of coefficients appeared as the first terms in equation (5.4) such as L00|=aligned, 

L00|=aligned+, , L00|=unaligned, , and L00|=aligned and plotting them with respect to the 

rotor position, one can obtain the spatial distribution of coefficient L00 is modeled by DFT 

and given in 

max

00 00

0

( ) cos( )
k

k k

k

L L k  
=

= +      (5.5) 

where, L00k and kmax denote the coefficients and the highest order of Fourier cosine series 

expansion. The difference from equation (4.8) can be recognized that the phase angle k exists. 

Repeating the same process above for the different level of D-phase current every I from 0 

to Imax and the different rotor position every interval  from the aligned to the next aligned 
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positions, the magnetizing curves model considering the mutual coupling effect can be 

derived as, 

( )
max max max

0 0 0

, , cos( )

n m k

m n
A A D nmk k D A

n m k

i i L k i i   

= = =

  
  = +  
  
   

      (5.6) 

This equation is λ-i-θ model considering the mutual coupling effect (here after, named as 

modified λ-i-θ model). The order nmax, mmax, and kmax used in the polynomial equation are set 

to 10, 10, and 60, respectively. In order to calculate phase torque model, an expression of 

magnetic co-energy taking account of the mutual coupling effect has to be derived using the 

modified λ-i-θ model. Magnetic co-energy of A phase can be calculated by using equation 

(4.20). For that, however, self and mutual components of total flux linkage per phase must 

be separated. In this study, self and mutual components of total flux linkage per phase can be 

separated by using following equation(53). 

( ) ( ) ( ), , ,0, , ,A A D A A AD A Di i i i i     = +     (5.7) 

In this equation, assuming that A-phase magnetic flux linkage λA(iA,0,θ) under single phase 

excitation of A-phase can be regarded as self-flux linkage λAA(iA, iD, θ), mutual flux linkage-

λAD is calculated by using the equation λAD(iA, iD, θ)=λA(iA, iD, θ)-λA(iA, 0, θ). Then, the 

magnetic co-energy can be derived as following fashion(55). 

( )

( ) ( ) ( )( )

'
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0 0

1
, , ( , , ) ( , , )

2

1
                    ,0, , , ,0,

2

A A

A A

i i

mA A D AA A D A AD A D A

i i

A A A A A D A A A

W i i i i di i i di

i di i i i di

    

     

= +

= + −

 

 

 (5.8) 

By using the magnetic co-energy WmA
’ expression above, the instantaneous torque expression 

of A-phase under D- and A-phase simultaneous excitation can be deduced as, 
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( )
( )' , ,

, ,
mA A D

A A D

w i i
i i


 




=


.     (5.9) 

The T-θ-i model of A-phase under two-phase excitation is calculated from equation (5.9). 

Similarly, the T-θ-i model of D-phase under two-phase excitation is calculated from 

following equation. 

( )
( )' , ,

, ,
mD D A

D D A

w i i
i i


 




=


     (5.10) 

Based on the T-θ-i model, i-T-θ model can be expressed as a polynomial equation with two 

variables using same procedure for deriving the modified λ-i-θ model. For example, the i-T-

θ model of A-phase is given in following fashion. 

( ) ( )
max max

0 0

, ,

n m

m n
A A D nm D A

n m

i i K i   

= =

 
 =  
 
 

      (5.11) 

Where, Knm() is the spatial coefficient distribution with respect to torque order n and D-

phase current order m. nmax and mmax denote the highest order of torque order n and D-phase 

current order m. Thus, once the instantaneous torque reference in A-phase A
* at the detected 

rotor position is determined by equation (4.2), the instantaneous current profile iA
* 

considering the mutual coupling effect by D-phase current can be computed by equation 

(5.11). Assuming that the stator and rotor structures are symmetric, the same procedure can 

be applied to other phases B, C and D to compute instantaneous current profile for each phase 

just considering 15degrees phase shift. 

However, as can be easily supposed, there is also a coupling in the calculation of the target 

current profile per phase in the current overlapping region, which causes a problem how to 

individually determine the target current profiles for adjacent two phases. Take the case of 
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the current overlapping region with D- and A-phase. The current profiles of adjacent two 

phases iD
* and iA

* for the given target torque per phase A
*

 and D
* can be calculated from, 

( ) ( )* * * * * *, , , , ,    D D D A A A A Di i i i i i   = = .    (5.12) 

Needless to say, the A-phase current reference profile is required for determining the D-phase 

current reference profile and vice versa. Therefore, one phase current profile of two-phase 

current profiles has to be fixed prior to determine the other. In this study, the D-phase current 

profile is preferentially determined by using the conventional method. This is because the D-

phase is outgoing phase in accordance with commutation sequence from D-phase to A-phase 

for normal rotation (clockwise direction). The D-phase current profile can be temporarily 

calculated under no excitation in A-phase and given in, 

( )* *  , 0,D D Di i  = .       (5.13) 

On the other hand, the total torque t, which is expressed as a sum of torque produced from 

the A-phase and that produced from the D-phase in the overlapping region, can be expressed 

by using equations (5.9) and (5.10) and as in following expression. 

( ) ( ) ( ), , , , , ,t A D A A D D D Ai i i i i i     = +     (5.14) 

In this study, this is called as modified T-θ-i model. Figure 5.2(a) shows the calculated 

curves that presents the total torque t with respect to iA, iD and θ under two-phase excitation. 

For an ease to see, although only five cases of D-phase current with 0, 2, 4, 6 and 8A are 

dealt with, actually the computed data of D-phase current every ΔI=0.5A from 0 to the 

maximum 8A (=Imax) are used to derive the modified i-T-θ model as explained later. Figure 

5.2(b) demonstrates a comparison of between the total torque t calculated by the modified  
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T-θ-i model and that computed by 2D-FEA under two-phase excitation with iA = iD = 3A 

as an example. From this figure, it is found that the total torque t calculated from the 

 

(a)calculated total torque curves from the modified T-θ-i model 

 

(b)torque calculated from the modified T-θ-i model and computed by 2D-FEA at iA = iD = 

3A.  

Figure 5.2 T-θ-i curves considering mutual coupling effect between A- and D-phase 

obtained from the modified T-θ-i model. 
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modified i-T-θ model agrees well with that computed by 2D-FEA. Moreover, the validation 

of equation (5.14) is also confirmed by the fact that the sum of torque produced from the A-

phase and that produced from the D-phase in the overlapping region is good agreement with 

the total torque t computed by 2D-FEA.  

By using curve fitting and DFT, the A-phase current iA as modified i-T-θ model can be 

expressed by a polynomial equation of D-phase current iD and total torque t and given in,  

( ) ( )
max max

0 0

, ,

n m

m n
A t D nm D t

n m

i i K i   

= =

 
 =  
 
 

  .    (5.15) 

 

In this study, nmax and mmax as the order of the polynomial equation (5.15) are set 7 and 10, 

respectively. Once determine the D-phase current profile iD
* in the overlapping region from 

equation (5.13), the A-phase current profile, which can produce a given average torque 

command Tt
* in the overlapping region, can be determined from equation (5.15) using iD =iD

* 

and t=Tt
*. 

 

 5.2.2  Simulation of torque ripple minimization control 

employing the modified i-T- model 

 Through the modified i-T-θ model and the torque contour function, instantaneous current 

profile for each phase can be calculated. Now, take the case of the rated torque condition. As 

mentioned section 5.2.1, in current overlapping region I shown in figure 5.3, the D-phase 

current profile is firstly determined by employing the conventional method. On the contrary,  
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the A-phase current profile is determined from equation (5.15), which results in the total 

torque Tt
* considering the mutual coupling effect from the D-phase current at detected rotor 

position. Compared with the conventional method, the A-phase current iA
* is modified as 

shown in ⓐ for torque ripple minimization taking into account of mutual coupling effect. 

In single phase excitation region II from θfo to θc shown in the figure, the A-phase current 

reference profile iA
* can be calculated so as to produce the total torque Tt

* by only A phase. 

Subsequently, at next commutation from A-phase to B-phase, the same procedures above are 

repeated by replacing D-phase with A-phase and A-phase to B-phase including current 

polarity change to avoid instantaneous torque dip(56). 

Figure 5.4 demonstrates the 2D-FEA simulation results of torque ripple minimization 

under 100%, 200% and 300% reference torque conditions at the motor speed 100[r/min]. In  

 

Figure 5.3 Current profile produced via torque contour function in the proposed method. 

I

iA
*(τA

*,iD=0,θ)iA
*(Tt

*,iD
*,θ)

τA
*τB

* τC
* τD

*

iA
*iB

* iC
* iD

*

Tt
*=1.27 II

ⓐ : Current increase after considering mutual coupling effect

ⓐ

θfo θc θq



 

 
 
Chapter5 Torque ripple minimization control based on magnetizing curves model considering mutual coupling  

136 

 

 

(a) 100% (1.27Nm) load 

 

(b) 200% (2.54Nm) load 

 

(c) 300% (3.81Nm) load 

Figure 5.4 Comparisons of current reference profiles and instantaneous total torque under 

the conventional control method and the proposed control method.  
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the proposed method, all phase current reference profiles obtained from modified i-T-θ 

model and the torque contour function are used for the inputs to 2D-FEA. It is found from 

the figure that the proposed method well suppresses torque ripple in the current overlapping 

region I compared with the conventional method.  

 

5.3 Measurement of magnetizing curves including 

mutual coupling effect and corresponding modified i-T-

θ model  

In this section, a procedure to measure magnetizing curves of the test motor considering 

the mutual coupling is described. For generating the current reference profile in accordance 

with the procedure explained in section 5.2, the modified T-θ-i model and i-T-θ model based 

on the measured magnetizing curves are derived. Simulations are conducted, in which    

the current reference profiles determined by them are applied to the real test motor, so that 

the effectiveness of the proposed control method is verified.  

 

5.3.1 Procedure for magnetizing curves measurement 

 In order to apply the proposed current reference profile determination to the real test motor, 

measurement of the magnetizing curves is needed. Basically, the magnetic flux linkage under 

single phase excitation can be measured through pulsewise voltage excitation test shown in  

figure 4.4. However, the mutual coupling effect by adjacent phase excitation in the 

overlapping region have to be considered for minimizing torque ripple and therefore, other 
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measurement approach under two-phase excitation has to be come up with. To measure total 

flux linkage of A-phase taking into account of mutual flux produced by D-phase as an 

example, two kinds of measurements are required. One is to measure currents and voltages 

of both in A- and D-phase when applying pulsewise voltage to A-phase while D-phase current 

is controlled to be nonzero constant value. The other is to measure induced voltage of A-

phase when applying pulsewise voltage to D-phase while keeping A-phase current to be zero. 

The reason why two measurements are needed is theoretically explained. 

When both the A-phase current iA and the D-phase current iD are fed to the motor 

simultaneously, the total flux linkage of A-phase is divided into two terms as shown in 

equation (4.19) and can be rewritten in,  

( , , ) ( , , ) ( , , )A A D AA A D AD A D di i i i M i i i    = +    (5.16) 

where MAD is the mutual inductance between A-and D-phase. In this case, the voltage 

equation (4.6) of SRM is rewritten in following fashion. 

( , , )
( , , )AA AD A D D

A A D AD A D

d dM i i di
v Ri i M i i

dt dt dt

 
= + + +   (5.17) 

In the measurements, when the pulsewise voltage is applied to A-phase while keeping D-

phase current iD to be a given nonzero constant value, equation (5.17) can be rewritten in 

following fashion as diD/dt=0. 

( , , )AA AD A D
A A D

d dM i i
v Ri i

dt dt

 
− = +     (5.18) 

Taking integration of equation (5.18), following equation is obtained. 

( )
0 0

( , , )t t
AD A D

A A AA D

dM i i
v Ri dt i dt

dt




 
− = +  

 
     (5.19) 
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By using a product rule of differential and diD/dt=0, the integral term of equation (5.19) can 

be rewritten as following fashion. 

( )  

 

00 0

0

( , , ) ( , , ) ( , , )

( , , ) ( , , )

( , , ) ( , , ) (0, , )

( , , ) ( , , ) (0, , )

( , , ) (0

t tt D
A A AA A D AD A D D AD A D

t

AA A D AD A D D

AA A D AD A D D AD D D

AA A D AD A D AD D D

A A D AD

di
v Ri dt i i M i i i M i i dt

dt

i i M i i i

i i M i i i M i i

i i i i M i i

i i M

   

  

   

    

 

 
− = + −  

 

= +

= + −

= + −

= −

 

, , )D Di i

 (5.20) 

Now, the second term of the last row in equation (5.20) can be calculated from an equation 

below. 

0
0

(0, , )
A

t

AD D D A
i

M i i v dt
=

=       (5.21) 

As a result, the total flux linkage of A-phase taking into account of the mutual coupling can 

be obtained from equations (5.20) and (5.21) and given in,  

( )
0 0

0

( , , )
A

t t

A A D A A A
i

i i v Ri dt v dt 
=

= − +      (5.22) 

According to equation (5.21), the magnetizing curves of A-phase considering the mutual 

coupling is derived via two step measurements as follows. 

(1) First step measurement 

At a given fixed rotor position θ, the pulsewise voltage vA is applied to A-phase while 

keeping the D-phase current to be nonzero constant value. In this measurement, the D-phase 

current is controlled to be nonzero constant value by DC chopper with PI regulator. With the 

measurement of time responses of the pulsewise voltage vA and resultant A-phase current iA, 

one can calculate an integration of (vA-RiA) and thus, the first term of equation (5.22) can be 
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obtained as a function of the A–phase current under the given constant D-phase current at the 

given fixed rotor position. Repeating the same measurement for a different level of constant 

value of the D-phase current and a different fixed rotor position from the aligned to the next 

aligned positions, one can obtain the first term of equation (5.22) as the function of iA, iD and 

, that is, A(iA, iD, ) − MAD(0, iD, )iD.  

(2) Second step measurement 

At a given fixed rotor position θ, the pulsewise voltage vD is applied to D-phase while 

keeping the A-phase to be zero. In this measurement, the A-phase is just in open circuit. As 

the A-phase current is zero, with the measurement of time responses of resultant D-phase 

current iD and A-phase induced voltage vA induced by the mutual flux flowing from D-phase, 

one can calculate an integration of vA and thus, the second term of equation (5.22) can be 

obtained as a function of the D–phase current at the given fixed rotor position. Repeating the 

same measurement for a different fixed rotor position from the aligned to the next aligned 

positions, one can obtain the second term of equation (5.22) as the function of iD and , that 

is, MAD(0, iD, ) iD.  

 

Finally, a sum of A(iA, iD, ) − MAD(0, iD, )iD obtained by the first step measurement and 

MAD(0, iD, )iD obtained by the second step measurement provides us with A(iA, iD, ) as the 

magnetizing curves of A-phase considering the mutual coupling from the D-phase.  

Now, take the case of the magnetizing curves of D-phase considering the mutual coupling 

from the A-phase. In this case, the equation corresponding to equation (5.16) can be 

rearranged as,  
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( , , ) ( , , ) ( , , )D D A DD D A DA D Ai i L i i i i    = +    (5.23) 

where LDD is the self-inductance of D-phase and λDA is flux linkage in D-phase mutually-

induced by A-phase. the corresponding voltage equation in D-phase is given in following 

manner. 

( , , )
( , , )DA DD D A D

D D D DD D A

d dL i i di
v Ri i L i i

dt dt dt

 
− = + +   (5.24) 

If the same measurements mentioned above are conducted, that is, when the pulsewise 

voltage is applied to A-phase while keeping D-phase current iD to be a given nonzero constant 

value, equation (5.24) can be rewritten in following fashion as diD/dt=0. 

( , , )DA DD D A
D D D

d dL i i
v Ri i

dt dt

 
− = +     (5.25) 

Taking integration of equation (5.25), following equation is obtained. 

( )
0 0

( , , )t t
DD D A

D D DA D

dL i i
v Ri dt i dt

dt




 
− = +  

 
     (5.26) 

Based on a product rule of differential and diD/dt=0, the integral term of equation (5.26) can 

be rewritten as following fashion. 

( )
0

( , , ) ( ,0, )
t

D D D D A DD D Dv Ri dt i i L i i  − = −    (5.27) 

The second term of equation (5.27) can be calculated from an equation below. 

( )
0

0

( ,0, )
A

t

DD D D D D
i

L i i v Ri dt
=

= −      (5.28) 

As a result, the total flux linkage of D-phase taking into account of the mutual coupling can 

be obtained from equations (5.27) and (5.28) and given in,  

( ) ( )
0 0

0

( , , )
A

t t

D D A D D D D
i

i i v Ri dt v Ri dt 
=

= − + −     (5.29) 
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From the equation above, it can be seen that with only an addition of a time response of the 

applied voltage in D-phase vD as another measurement parameter to the first and the second 

steps in the measurement of the magnetizing curves of A-phase mentioned earlier, one can 

obtain D(iD, iA, ) as the magnetizing curves of D-phase considering the mutual coupling 

from the D-phase. This enables namely to measure simultaneously both the magnetizing 

curves of A- and D-phase under the two-step measurement. Moreover, this fact contributes 

to a reduction of a repeating number of the measurements as explained in next subsection. 

 

5.3.2 Reduction of a repeating number of the measurements 

based on magnetic circuit symmetry 

fBoth the first and second measurements have to be repeated for a different rotor position 

fixed every an interval  from the aligned to the next aligned position. In order to ensure 

enough accuracy of DFT, the interval  has to be as small as possible so that a repeating 

number of the measurements increases, resulting in increases of the measurement tasks and 

time. To reduce the repeating number of the measurements, a minimum range of rotor 

position to be measured for obtaining the magnetizing curves of A-phase considering the 

mutual coupling from the A-phase is examined considering magnetic circuit symmetry. 

Figure 5.5 depicts cross sections of the test motor at distinctive two rotor positions from a 

viewpoint of magnetic circuit symmetry. In this figure, an origin of the rotor position, 

=0deg., is defined as the aligned position at which the center of rotor pole is aligned with 

the center of A-phase stator tooth. The two rotor positions for stator teeth of A- and D-phase 

are at line symmetry position with respect to an additional line drawn by red line in the figure. 
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At these two rotor position, one at 22.5 deg. and the other at 52.5deg., the following 

relationship between the A-phase and the D-phase flux linkages can be found.  

( , , 22.5) ( , , 22.5)

( , , 52.5) ( , , 52.5)

A A x D y D D x A y

D D x A y A A x D y

i I i I i I i I

i I i I i I i I

   

   

= = = = = = =

= = = = = = =
  (5.30) 

Where Ix and Iy are arbitrary current values. Figure 5.6 shows cross sections of the test 

motor at two rotor positions =52.5. In figure 5.6(a), AA and AD are self-induced flux 

of A-phase and mutual flux induced by D-phase. In figure 5.6(b), DD and DA are self-

induced flux of D-phase and mutual flux induced by A-phase. With a line symmetry of 

magnetic circuit at the two rotor positions =52.5, the following relationship between 

the A-phase and the D-phase flux linkages can be observed.  

( , , 52.5- ) ( , , 52.5+ )

( , , 52.5- ) ( , , 52.5+ )

A A x D y D D x A y

D D y A x A A y D x

i I i I i I i I

i I i I i I i I

     

     

= = =  = = = = 

= = =  = = = = 
 (5.31) 

Similarly, at the two rotor positions =22.5, the following relationship between the A-

phase and the D-phase flux linkages can be derived. 

( , , 22.5- ) ( , , 22.5+ )

( , , 22.5- ) ( , , 22.5+ )

A A x D y D D x A y

D D y A x A A y D x

i I i I i I i I

i I i I i I i I

     

     

= = =  = = = = 

= = =  = = = = 
 (5.32) 

As a result, the magnetic flux linkages of A- and D-phase are symmetric each other with 

respect to =22.5deg. and =52.5deg. For example, figure 5.7 illustrates the flux linkage 

distribution of A- and D-phases under their excitation with iA = iD =3A with respect to the 

rotor position  from the aligned to the next aligned positions. According to the symmetry of 
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Figure 5.5 Sectional views of the test motor at rotor positions θ=22.5deg. and 52.5deg.. 

  

(a) -Δθ moving from 52.5 deg. (b) +Δθ moving from 52.5 deg. 

Figure 5.6 Sectional views of the test motor at rotor positions θ=52.5deg. 
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flux linkage distribution shown in the figure, measured data of the D-phase flux linkages in 

the position range “B” from =22.5 to 45deg. can be mirrored as data of the A-phase flux 

linkages in the position range “A” from =22.5 to 0deg. in accordance with following relation.  

( , , ) ( , ,45 )A A x D y D D x A yi I i I i I i I   = = = = = −   (5.33) 

Similarly, measured data of the D-phase flux linkages in the position range “C” from =52.5 

to 45deg. can be mirrored as data of the A-phase flux linkages in the position range “D” from 

=52.5 to 60deg.(=0deg.) in accordance with following relations. 

( , , ) ( , ,105 )A A x D y D D x A yi I i I i I i I   = = = = = −   (5.34) 

 

Figure 5.7 Flux linkage distributions of A-and D-phases under excitations in A- and D-

phases with 3A. 
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Consequently, from the measured magnetizing curves of A-and D-phase for the minimum 

range of rotor position between 22.5deg. to 52.5deg. the full magnetizing curves of A-phase 

from the aligned to the next aligned positions (0~60degrees) can be obtained. As it turned 

out, the measurement tasks and time can be successfully reduced. 

 

5.3.3 Magnetizing curves measurements 

For the measurements, test equipment is set up as shown in figure 5.8. To avoid position 

fluctuation when the pulsewise voltage is applied to the test motor at a given fixed position, 

the test motor is coupled with a stepping motor (Oriental Motors, UPH599HG2-B2, 

0.0072deg/pulse) with a harmonic gear (Oriental Motors, gear ratio 1:100). In addition, a 

rigid direct coupling between the test motor shaft and the geared stepping motor shaft is 

employed. An high resolution rotary encoder (Tamagawa Seiki, TS5667N420, 131072 ppr, 

0.0027deg/pulse) is attached to detect the rotor position. PE-Expert III (Myway Plus 

Corporation) is used as a controller to generate gate signals for the symmetric full bridge  

 

Figure 5.8 Experimental set up for magnetizing curves measurements.  

Geared stepping motor Direct coupling Encoder

SRM
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converter with PWM frequency of 30kHz. Through the control of gate signals, the pulsewise  

voltage excitation and constant current control are executed. For the constant current control,  

two kinds of methods are considered. First one is hysteresis control. Other is feedback PI 

(proportional integral) control. One of them, PI control method is selected as constant current 

controller because the current variation is well suppressed less than 0.1[A] with respect to 

the reference value even though the pulseiwse voltage is applied as can be seen in figure 5.9. 

DC-link voltage is selected as 100V because the D-phase current fluctuates every PWM cycle 

when the rated DC-link voltage of 283V is used. According to the fixed position change, PI 

gain is tuned because inductance of the energizing phase varies with rotor position. In 

addition, to minimize measurement error of magnetizing curves due to residual flux of 

electromagnetic steel, degaussing processes for A- and D-phase are executed for every curve 

 

Figure 5.9 Measured voltages and currents in the first measurement under D-phase current 

with 3A constant.  

ΔI =3.04~2.93A

vA vD iA iD
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measurement as shown in figure 5.10. From the experiment, it can be found that degaussing 

of D-phase after degaussing of A-phase is sequentially effective and it is efficient to finish 

with a small current lower than 0.1[A] at the end of the degaussing process. Figure 5.11 

shows magnetizing curves with/without the degaussing process. From the figure, it is found 

that the magnetizing curve with the degaussing is larger than that without the degaussing. It  

is theoretically true because the magnetizing curve without the degaussing is affected by 

more severe magnetic saturation because the residual flux acts as an additional offset flux. 

 

Figure 5.10 Degaussing process for A- and D-phase. 

 

Figure 5.11 Variance of magnetizing curve with/without the degaussing. 

Finish current : 0.02A

Start current : 5A

Decay rate : 70%
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c) Magnetizing curve from 0 to 30 [deg] 

 

d) Magnetizing curve from 30 to 60 [deg] 

Figure 5.12 Measured magnetizing curves of A-phase considering mutual coupling effect 

of D-phase. 
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Figure 5.12 demonstrates the measured magnetizing curves of A-phase considering mutual 

coupling effect from D-phase. As the orders in the polynomial equation (5.6), nmax , mmax and 

kmax are determined as 10, 10 and 19, respectively. By using these magnetizing curves and 

equations (5.6), (5.8), (5.9), (5.10) and (5.14), the modified T-θ-i model of the real test motor 

is obtained and show in figure 5.13.  

 

 5.3.4 i-T-θ model obtained from the measurements and simulation 

results of torque ripple minimization 

 From the modified T-θ-i model of the real test motor, the i-T-θ model based on the 

measurement results can be derived by using equation (5.15). Through this i-T-θ model, the 

target current profiles to produce the total target torque are calculated based on the torque 

 

Figure 5.13 T-θ-i curves considering the mutual coupling effect between A- and D-phase 

derived from the calculation using the measured magnetizing curves.  
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contour function. Figure 5.14 shows the torque calculated from the current reference profiles 

under the conventional method and the proposed method. It is found from the figure that the 

torque ripple is reduced effectively by the proposed method under both 100% and 200% of 

the rated torque conditions. At these conditions, the mutual coupling effect is relatively small 

because the current overlapping region is finished before the stator teeth of A-phase and rotor 

poles start to overlap. In other words, the current overlap finish angle θfo is 42 degrees which 

is same with the teeth overlapping start angle. 

In this study, to evaluate the torque ripple reduction performance when the mutual coupling 

effect is strong, the experiments in control parameters with θfo = 44deg. and θlap = 6deg. are  

conducted later. Figure 5.15 shows the corresponding instantaneous torque profile calculated 

from the current reference profiles under the conventional method and the proposed method. 

It is confirmed that the torque ripple is reduced effectively by the proposed method under 

both 100% and 200% of the rated torque conditions. As a result, regardless of the degree of 

mutual coupling, it is safely to say that the torque ripple can be minimized  effectively by 

the proposed method. 

 Now, again repeating the author’s pointed out in Ref. (54) that “the accuracy of this 

method for practical SRM  depends on how close to the FEA data  matches with the real 

SRM”(54). From this viewpoint, it can be observed from the figure 5.16 that the direction of 

torque fluctuation in the current overlapping region under some load condition computed by 

2D-FEA is completely different from that calculated by using the measured magnetizing 

curves, i.e., that in the real test motor. For example, under the rated torque condition, the 

direction of torque fluctuation of the real test motor is positive with respect to the target 
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torque, but that computed by 2D-FEA is negative. Therefore, how to close to the FEA data 

so as to match well with the real motor is still indispensable task. 

 

(a) 100% (1.27Nm) load 

 

(b) 200% (2.54Nm) load 

Figure 5.14 Calculated torque for current reference profiles obtained from the conventional 

and the proposed methods under different load conditions at θo = 36[deg], θfo = 

42[deg]. 
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(a) 100% (1.27Nm) load 

 

(c) 200% (2.54Nm) load 

Figure 5.15 Calculated torque for current reference profiles obtained from the conventional 
and the proposed methods under different load conditions at θo = 38[deg], θfo = 

44[deg]. 
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Figure 5.16 Comparison of torque ripple waveforms computed by 2D-FEA simulation and 

calculated from the measured magnetizing data of the test motor for different  

load conditions under the conventional current profiling control with θfo = 

44[deg] and θlap = 6[deg]. 
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 5.4 Experimental results 

In this section, the effectiveness of the proposed method based on the modified i-T- model 

obtained from the measured magnetizing curves for torque ripple minimization is verified 

through experiments using the test motor.  

 

 5.4.1 Experimental setup 

 To evaluate a performance of torque ripple minimization, experimental equipment is set 

up as can be seen figure 5.17. This equipment consists of test motor, dynamo, torque sensor, 

and controller. For the test motor control, the PE-Expert III (Myway Plus Corporation) was 

used to generate gate signals for the symmetric full bridge converter using 10kHz PWM. For 

position sensing, rotary encoder (Tamagawa Seiki, TS5667N420, 131072 ppr, 

0.0027deg/pulse) was attached. For torque measurement, torque sensor (SAN-E, 

MTS010NK) was coupled. As a load, a servo motor (Yaskawa Electric Corporation, 

 

Figure 5.17 Equipment for torque ripple test 

SRM

Servo motor Torque sensor Encoder
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SGMSH-15A) was coupled to the tested SRM and used as a constant speed dynamo. 

 

5.4.2 Comparisons of torque ripple minimization test results 

 Experimental studies using the test motor under the proposed method described in prior 

section are conducted for 100% and 200% of the rated torque condition. To control the actual 

current profiles well following the target current profiles, the current tracking controller 

explained in chapter 4 is employed.  

Figure 5.18 shows a comparison between the reference and the actual current waveforms.  

It can be seen from the figure that the actual current profile is well controlled with small error. 

Figure 5.19 demonstrates instantaneous torque waveforms under the conventional control 

method and the proposed control method. It is confirmed that the torque ripples under both 

load conditions are well suppressed by the proposed method compared with the conventional 

method. Figure 5.20, the θfo is changed from 42deg. to 44deg. to increase the affection of the 

 

Figure 5.18 Experimental result of current controlled with target value 
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mutual coupling intentionally. In this experimental condition, it can be also found that the 

torque ripple minimization algorithm in the proposed method works well in both load 

conditions. 

To evaluate how much torque ripple is reduced, spectrum analysis on the instantaneous 

torque data of one revolution (360 degrees mechanical angle) is executed by DFT. As a 

number of commutations per revolution is 24 as shown in figures 5.19 and 5.20, the 24th and 

the 48th order harmonics become dominant components. Figure 5.21 illustrates the result of 

spectrum analysis for different control methods and different load conditions when θo = 

36[deg] and θfo = 42[deg]. Figure 5.22 is the result of spectrum analysis for different control 

methods and different load conditions when θo = 38[deg] and θfo = 44[deg]. From the both 

results, the 24th and the 48th components included in the torque waveforms under the 

proposed control method are greatly reduced compared with those under the conventional 

control method in spite of operating conditions. Figures 5.23 and 5.24 demonstrate enlarged 

instantaneous torque waveforms under 100% load condition shown in figures 5.19 and 5.20. 

From the figures, it is revealed that the torque ripple is minimized by the proposed control 

method less than ± 5% of the target average torque. Table 5.1 summarizes the experiment 

results. T*, Tave is the target torque and the average torque measured in one mechanical 

revolution, respectively. Δ/Tave means the torque ripple factor for the average torque. All of 

the 24th and 48th harmonic components are well suppressed by the proposed control method. 

At this point, important thing is that the copper loss in case of θfo =44[deg] is lower than that 

in case of θfo = 42[deg]. This means that high efficiency control while keeping low torque 

ripple is possible by changing θfo to optimal value. In the conventional method, to minimize 
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the affection of the mutual coupling effect, the current overlapping region have to be start 

before the rotor position at which the stator teeth begins to overlap with rotor poles. In this 

case, as the conduction of A-phase occurs at low inductance region, the A-phase current at 

the current overlapping region increases, resulting the increase in copper loss. In the proposed 

method, the torque ripple minimization control is possible no matter where the current  

overlapping occurs and therefore, the operation angle parameters can be selected with more 

degree of freedom to minimize the copper loss while keeping torque ripple minimum. 
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(a) 100% (1.27Nm) load under the conventional method 

 

(b) 100% (1.27Nm) load under the proposed method 
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(c) 200% (2.54Nm) load under the conventional method 

 

(d) 200% (2.54Nm) load under the proposed method 

Figure 5.19 Measured instantaneous torque waveforms and current waveforms under the 

conventional and proposed control methods for different load conditions. (θo = 

36[deg], θfo = 42[deg], speed 20[r/min]) 
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(a) 100% (1.27Nm) load, conventional method 

 

(b) 100% (1.27Nm) load, proposed method 

-6

-4

-2

0

2

4

6

8

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

0 30 60 90 120 150 180 210 240 270 300 330 360

T
o
rq

u
e 

(N
m

)

Position (deg)

torque ia ib ic id

C
u
rr

en
t 

(A
)

iA iB iC iDTorque

-6

-4

-2

0

2

4

6

8

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

0 30 60 90 120 150 180 210 240 270 300 330 360

T
o
rq

u
e 

(N
m

)

Position (deg)

torque ia ib ic id

C
u
rr

en
t 

(A
)

iA iB iC iDTorque



 

 
 
Chapter5 Torque ripple minimization control based on magnetizing curves model considering mutual coupling  

162 

 

 

 

(c) 200% (2.54Nm) load, conventional method 

 

(d) 200% (2.54Nm) load, proposed method 

Figure 5.20 Measured instantaneous torque waveforms and current waveforms under the 

conventional and proposed control methods for different load conditions. (θo = 

38[deg], θfo = 44[deg], speed 20[r/min]) 
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(a) 100% (1.27Nm) load 

 

(b) 200% (2.54Nm) load 

Figure 5.21 DFT result of torque under different load conditions at θo = 36[deg], θfo = 

42[deg], speed 20[r/min] 
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(a) 100% (1.27Nm) load 

 

(b) 200% (2.54Nm) load 

Figure 5.22 DFT result of torque under different load conditions at θo = 38[deg], θfo = 

44[deg], speed 20[r/min] 
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(a) conventional method 

 

(b) proposed method  

Figure 5.23 Enlargement of the angle 30 to 60 [deg] of figure 5.17-the results under the 

100% load condition, θo = 36[deg], θfo = 42[deg] 
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(a) conveitional method 

 

(b) proposed method 

Figure 5.24 Enlargement of the angle 30 to 60 [deg] of figure 5.20-the results under the 

100% load condition, θo = 38[deg], θfo = 44[deg] 
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5.5 Epilogue 

In this chapter, the modified current profiling control method considering mutual coupling 

was proposed as the improved torque ripple minimization control. Through experiments, it 

was verified that the torque ripple was minimized in ±5% of the average target torque under 

100% and 200% load condition. As a result, it was able to contribute to achieving more 

precise position control. In the future, the control parameters θfo and θlap must be optimized 

for further high efficiency control with copper loss minimization while keeping torque ripple 

minimum. 

 
 

 

 

Tabel 5.1 Summary of experimental results 

θfo 

(deg) 

Tt
*
 

(Nm) 
method 

Tave 

(Nm) 

DFT 24
th

 DFT 48
th

 PC 

(W) (Nm) Δ/Tave (Nm) Δ/Tave 

42 

1.27 
conventional 1.29 0.047 3.6% 0.034 2.6% 50.8 

proposed 1.26 0.021 1.6% 0.012 1.0% 47.7 

2.54 
conventional 2.51 0.026 1.1% 0.024 0.9% 133.3 

proposed 2.49 0.025 1.0% 0.014 0.6% 130.0 

44 

1.27 
conventional 1.31 0.064 4.9% 0.040 3.0% 38.9 

proposed 1.28 0.014 1.1% 0.017 1.3% 37.5 

2.54 
conventional 2.52 0.040 1.6% 0.028 1.1% 114.2 

proposed 2.50 0.023 0.9% 0.018 0.7% 112.7 
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Chapter 6 

Sensorless position estimation for SRM using 

phase voltage and voltage rate 

 

6.1 Prologue 

 For high performance control of SRM，accurate rotor position information is necessary 

thing. A position sensor with high resolution is available for SRM, but it needs other space 

for installation and is burden in cost and reliability terms. So, to eliminate the position sensor, 

the many studies for rotor position estimation have been proposed to date. In this chapter, the 

estimation methods are classified into from a viewpoint of their applicable operating speed 

range and their drawbacks are explained. In order to compensate these drawbacks, an 

economic and simple position estimation method that has small position error for wide 

operating speed range is proposed. In this method, instead of an use of expensive current 

sensors with high frequency band width and accuracy, three voltage sensors that can be 

configured as economic shunt resistors are employed. In the proposed method, since linear 

gradient of phase voltage and voltage rate changed with respect to position displacement are  

focused on, neither complicate calculation of inductance/flux linkage or memory to save data 

table of inductance/flux linkage are necessary. As a result, the proposed method promises to 

provide an economic position estimation applicable for wide operating speed range. The 

proposed position estimation algorithm is explained and its effectiveness is evaluated through 

experiments. 
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6.2 Classification of earlier researches on position 

estimation algorithm for SRM 

According to speed and torque, it is important to accurately apply a phase voltage with 

proper control parameters such as commutation angle θc and turn-on angle θo because 

efficiency, output power and vibration characteristic of SRM depend on them and therefore, 

an exact position information is necessary. Generally, for position sensing of SRM, an 

encoder or a resolver or a hall sensor is used. However, these sensors are not rigid and need 

another space for installation. To solve these problems, many kinds of sensorless control 

method have been studied. These studies can be classified into their applicable operating 

speed range of motor and some of the classified methods is explained from a viewpoint of 

their weak and strong points. Then, the position estimation algorithm to overcome the 

drawbacks based on the analysis of these weak and strong points is summarized. 

6.2.1 Definition of voltage equation used for position estimation in 

accordance with operating speed range 

 Generally, the position estimation methods of SRM are based on the voltage equation of 

SRM. The voltage equation can be expressed like below(57). 

( )
1 1

(1) (2) (3)

1

( , )
m m

x x xy x xy y y

y y

m
xy y y xy

x x y xy y

y y

d d
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dt dt

L di di L
V Ri i L i

i dt dt

 

w


= =

=

= + = + 

 
  

= + + + 
  

 

 


   (6.1) 

Where x and y are phase number, R is phase resistance, Vx and ix are phase voltage and current, 
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λxy is flux linkage of x phase by y phase current, Lxy is inductance between x and y phases (e.g. 

Laa is self-inductance of A-phase, Lad is mutual-inductance between A- and D-phases), ω and 

θ are angular speed and rotor position, respectively. In equation (6.1), (1) represents the 

voltage drop by inductance variation by current change. (2) represents the voltage drop by 

inductance. (3) represents back EMF. All of the above terms contain the inductance value 

that is a function of current i and rotor position θ. As a result, the rotor position can be 

estimated based on inductance calculated from three terms of equation (6.1) by using 

measured phase voltage and current. 

 

6.2.2 Algorithms classification into their applicable operating speed 

range(57)(58) 

 Based on the voltage equation explained in prior subsection, the voltage equation can be 

simplified in accordance with operating speed. As shown in figure 6.1, the speed ranges for  

various sensorless control are classified into five regions. The voltage equation can be 

simplified at each region based on the assumptions shown in table 6.1. All of sensorless 

methods in SRM use one of the simplified models in table 6.1. In the table, V, i, θ, ω, ωbase, 

L, R and Mj are phase voltage, phase current, motor angular speed, base angular speed, phase 

inductance, phase resistance and mutual inductance by adjacent j phase respectively. This  
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was summarized by professor Fahimi in the references (57) and (58). Because the voltage 

equation is simplified differently in accordance with running speed, different estimation 

 

Figure 6.1 Classification of operating speed range in sensorless control of SRM (57)(58). 

Table 6.1 Simplification of voltage equation in accordance with operating speed(58). 
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algorithm can be selected for the speed range. In standstill state, almost position estimation 

algorithms (59)-(61) are conducted, based on the voltage equation described in table 6.1 and the 

voltage probing injecting the voltage pulse(hereafter, named as diagnostic pulse) into 

unexcited phase(36), except for the Feed-forward open loop method that the pulse train with 

initial frequency is excited to each phases in a commutation sequence of a rotating direction 

while the frequency is linearly accelerating until target speed from zero speed or the align 

method starting after locking the rotor along with phase axis (62). By using the current and 

voltage measured through diagnostic pulse injection, the position is estimated by comparing 

with calculated inductance and pre-measured inductance table(59)(60), or by using directly the 

variation of phase current or voltage according to position change(61). 

In low speed region, the voltage equation un-considering Back EMF and mutual magnetic 

flux linkage, is mainly used. Representative one is AM(amplitude modulation), PM(phase 

modulation), FM(frequency modulation), active phase vector method. In AM/PM method, 

through specific hardware, the sinusoidal diagnostic pulse is injected into unexcited phase 

coil and current is measured(63). And then, the magnitude or phase angle of current waveform 

is changed by inductance variation, therefore, by comparing inductance value with pre-

measured inductance data, position can be estimated. In FM method, after diagnostic pulse 

injection to un-excited phase through also additional circuit, the rectangular wave with the 

frequency changed by inductance variation is produced from circuit(64). By using this 

frequency variation, position is estimated. In active phase vector method, through the 

measured voltage and current of active (conducting) phase, the inductance is calculated 

assuming that the Back EMF and inductance variation by current variation-dL/di is small(65). 
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Then, by comparing calculated inductance and pre-measured inductance table, position is 

estimated. 

The method considering Back EMF in low speed range also exist(66). Especially in CCC 

(constant current control) mode by hysteresis control, di/dt will be zero. Then, the component 

of (v-iR) is just concerned with Back EMF term. After calculation of Back EMF, through 

inputting Back EMF into voltage equation, the inductance L(i  θ) varied by current and 

position variation can be calculated. By comparing calculated inductance value and the value 

obtained from inductance model, position is estimated. 

The method using mutual voltage induced by mutual inductance in low speed range also 

was proposed(67). In this method, assuming that incremental inductance by current variation 

dL/di can be neglected and motor is controlled to constant current control (CCC) mode, from 

the voltage equation considering Back EMF, the current variation di/dt is deduced. If this 

di/dt is inputted into mutual voltage equation of apposite phase induced by active phase (C 

phase when A phase is active at four-phase SRM), the C-phase mutual voltages by A-phase 

is calculated. Through comparison measured mutual voltage with the conversion table of 

mutual voltage with respect to position variation, rotor position is estimated. However, for 

calculation of mutual voltage conversion table, pre-measured self-inductance L and mutual-

inductance M with respect to position variation are necessary. 

In observer method in low speed range, both Back EMF and incremental inductance by 

current change dL/di are considered for exact SRM model(68). This method is also suitable 

for high speed region theoretically, however, this method only had been used in low speed 

region because of a calculation time problem. Now a days, this method also has become  
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available in high speed region by the development of high-speed processor. The inductance 

model based method also consider both Back EMF and incremental inductance dL/di(69). 

Specific explanation is omitted. 

In high speed and ultra-high speed (over 20,000[r/min]) region, CGSM (current gradient 

sensorless method)(70) and GNMM (general nonlinear magnetizing model)(71) method are 

used. The CGSM uses the characteristic which the gradient of current is changed from 

positive to negative at teeth overlap by rapid Back EMF change. For sensing of the 

differential of current with respect to time, specific hardware is used. 

All methods are summarized in the figure 6.2. As the operating speed region, the estimation 

algorithms were distributed, and in same speed region, the algorithms were divided into the 

methods using measured voltage and current of active phase, and the methods using measure 

voltage and current of inactive phase produced by diagnostic pulse injection into inactive 

 

Figure 6.2 Classification of position estimation methods in accordance with speed 

range(57). 
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phase, or induced by mutual coupling of active phase. Active phase means the current 

conducting phase, and inactive phase means the non-conducting phase. 

 

6.2.3  Analysis of advantages and disadvantages about various 

estimation algorithms 

 About each position estimation method of figure 6.2, the advantages and disadvantages 

are represented as can be seen in table 6.2. As can be known through this table, all methods 

need some additional circuit or the data table / model of magnetic flux linkage λ or inductance 

L with respect to position and/or current. And to calculate λ or L from the simplified voltage 

equation in accordance with operating speed region, the measured voltage and current are 

necessary. 

 

6.2.4 Drawbacks of general sensorless position estimation method 

in SRM 

From the contents summarized in table 6.2, common drawbacks in general sensorless 

methods of SRM are explained like below. 

1) For exact position estimation in every speed region, exact inductance (self-inductance L 

/ mutual inductance M) data/model or flux linkage λ data/model is necessary. These 

require huge data memory to save or fast calculation to obtain from mathematical model 

of inductance or flux linkage. 
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2) To calculate the inductance or flux linkage having position information, additional 

circuit or fast calculation through voltage equation is required. In addition, in the method 

based on observer, because the real current of test motor and the calculated current from 

SRM model are required, the fast calculation of the current through SRM model based 

Table 6.2 Analysis of advantages and disadvantage about estimation method. 

 

Region Estimate Method Advantage Disadvantage

I

Standstill

Align
1. Algorithm is simple

2. No need L/λ table

1. Hesitation / vibration high

2. Misalign at equilibrium point

3. Need align time (start delay)

Feed forward
1. Algorithm is simple

2. No need L/λ table

1. Hesitation / vibration / noise high

2. Need algorithm tuning as load change

Flux computation

1. Exact position sensing

2. Fast position sensing (enable fast start)

3. Low hesitation

1. Need L/λ table

2. Need L/λ computation 

3. Need current limitation for hesitation 

protection

II

Very low

speed

&

III 

Low speed

1. Active phase vector 

2. Back EMF/flux calculation
1. Wide estimation region

1. Noise problem of active phase current

2. Need fast calculation

3. Need motor parameter(L,R,M)

Observer control
1. Wide speed range estimation

2. Continuous rotor position estimation

1. Need fast calculation

2. Need L/R data for state observer model

AM/PM/FM

1. Low estimation error by low 

current/voltage sensing noise

2. Unsaturated L table is enough

1. Need L/λ table

2. Need exterior circuit

3. Low accuracy on current overlap 

region

4. Narrow estimation region

5. Torque ripple and noise

Mutual voltage at CCC
1. Sensing noise of current/voltage is low

2. Consider the effect by Back EMF

1. Not applicable at high speed (Not 

applicable except for CCC mode)

2. Need L & M table

3. Need voltage sensor

IV

High

speed

Inductance model  based
1. Not need large data memory for L data 

(use polynomial eq. and DFT for L)

1. Need L model accordance with i, θ

2. Need Fast calculation to solve 

rearranged voltage equation

CGSM

1. Not needs L/λ table and model

2. Implementation is simple

3. No extra computation

1. Not allowed at standstill and CCC 

mode, and large torque transient

2. Not suitable for low speed

3. Need external circuit

Observer Same characteristics with method used in II & III region

V

Ultra High

Speed

GNMM
1. Simple and exact estimation using 

GNMM and motion equation

1. Low resolution due to short active 

phase conduction time

2. Need fast calculation

3. Error by Back EMF and mutual effect

CGSM Same characteristics with method used in IV region
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on voltage equation, is required. 

3) To calculate inductance of magnetic flux linkage in 2), the measured voltage and current 

are necessary, and generally, the current sensor with high accuracy used for accurate 

position estimation is expensive. 

4) According to speed range, different algorithm is necessary because the simplified 

voltage equations are different with speed range. 

To solve above drawbacks, many kind of methods has been proposed in prior study. To 

solve the problems of 1), the methods to use the linear gradient of inductance before the 

magnetic saturation occurs, were proposed(59)(60). However, the problems that is needed 

inductance calculation still remains. To solve the drawbacks of 1), 2), and 3) spontaneously, 

the method using the phase voltage changed with respect to position variation was 

proposed(61). In this method, just voltage sensor was used. And because rotor position was 

estimated by using linear gradient of the phase voltage changed by rotor position variation, 

no data table and calculation of inductance were required. However, this method can be used 

just in the standstill state, and estimation error is very high due to the too much approximation 

of voltage gradient. For position estimation in wide speed range containing a standstill, the 

reference (72) was proposed. However, as mentioned in the drawback 4), different algorithms 

with respect to operational speed region were used. 

 

6.2.5 Purpose for this study and the proposed concept 

This study focused on the algorithm that complements the drawbacks described in section 

6.2.4. So, a simple and economic rotor position estimation method that makes it possible to 
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operate for wide speed range with small estimation error is to be the purpose of this study. In 

this method, expensive current sensors are not required, but just three voltage sensors are 

used. The rotor position can be estimated by using the linear slope of the distributed phase 

voltage obtained through diagnostic pulse injection into series connected phases. The concept 

to use voltage gradients for position estimation is similar with the pre-described method(61). 

However, because accurate position estimation in the method using only phase voltage(61) is 

difficult at some position, the concept of voltage rate obtained from measured phase voltage 

is proposed. And, for position estimation in wide speed region from stand still state to running 

state, the estimation algorithm using gradient of voltage rate in running state, is proposed. 

Through the four phase 8/6 SRM with symmetric H-bridge converter for bipolar conduction, 

the effectiveness of proposed algorithm is verified. 

 

6.3 Basic principle of proposed position estimation 

method 

This method is based on the injection of diagnostic pulse into inactive phases, i.e. the non-

energized phases. Figure 6.3 shows the sectional view of 400W four-phase 8/6 SRM used for 

experiment. And for diagnostic pulse injection, bipolar type converter is used as can be seen 

in figure 6.4. This converter topology is generally used to minimize the torque dip produced 

by the opposite magnetic flux polarity of adjacent phases when phase currents overlap. By 

using this converter, the magnetic flux of two phases is always made to flow in the same 

direction, i.e. always works as short flux mode in reference (53). In this study, by using 

switching composition of this converter, diagnostic pulse is injected into series connected  
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windings of A&C and B&D phases. To estimate position, the distributed phase voltage 

between series connected phase are utilized. 

          

Figure 6.3 Picture and cross-sectional view of four-phase 8/6 SRM with fillet rotor pole. 

 

Figure 6.4 Structure of four-phase full bridge bipolar type converter. 
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6.3.1 Voltage diagnostic pulse injection and phase voltage profile 

 As is well known, the phase inductance of SRM varies with rotor position. Almost of the 

rotor position estimation algorithms for SRM are based on this variation of inductance. This 

study is also based on this inductance variation. As can be seen in figure 6.5, the self-

inductance profiles obtained from 2D-FEA of test motor is changed with respect to rotor 

position and current. Especially, at phase current lower than 0.6[A], the inductance variation 

by current variation at same position has small difference because of no magnetic saturation. 

In this study, the maximum diagnostic pulse is limited phase current to less than 0.6[A] to 

utilize the same inductance variation for the position variation. In standstill state, because 

speed is zero and incremental inductance dL/di is negligible under current conditions lower 

than 0.6[A], the phase voltage equation can be represented like below from equation (6.1). 

1

m
y

x x xy

y

di
V Ri L

dt=

 
= +  

 
       (6.2) 

By using switching of the bipolar type converter, diagnostic pulse can be injected into series 

connected A- and C-, B- and D-phases independently as can be seen in figure 6.6. Hereafter, 

the names of each phase used in equations and figures, are expressed in lowercase letters, e.g. 

A ~ D is expressed as a ~ d. The voltage distributed over the A- and C-phase, and B- and D-

phase can be given like below equation (6.3). 

,     

,    

d b
ay cyac ac

a a ac a c c ac c

y b y d

a c
by dybd bd

b b bd b d d bd d

y c y a

d ddi di
V R i L V R i L

dt dt dt dt

d ddi di
V R i L V R i L

dt dt dt dt

 

 

= =

= =

= + + = + +

= + + = + +

 

 
  (6.3) 



 

 
 

 Chapter 6  Sensorless position estimation for SRM using phase voltage and voltage rate  

182 

 

Where y is adjacent phase producing mutual flux. Because the diagnostic pulses are generally 

high frequency over 1[kHz], the drop voltage by resistance-Rx is very small compared with 

the drop voltage by self-inductance-Lx. And assuming that the effect of mutual magnetic flux 

linkage-λxy is small, each phase voltage can be approximated as follows. 

 

Figure 6.5 Phase inductance profile of SRM obtained from 2D-FEA. 

 

Figure 6.6 Switching state and distribution of phase voltage when diagnostic pulse is 

injected in four-phase full bridge bipolar type converter. 
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,     

,     

ac ac
a a c c

bd bd
b b d d

di di
V L V L

dt dt

di di
V L V L

dt dt

 

 

     (6.4) 

As a result, assuming that the main value of phase impedance is by inductance, phase voltage 

can be expressed by using phase inductance Lx and dc-link voltage VDC through the voltage 

distribution over series connected phases as follows. 

,     

,     

a c
a DC c DC

a c a c

b d
b DC d DC

b d b d

L L
V V V V

L L L L

L L
V V V V

L L L L

 
+ +

 
+ +

    (6.5) 

Since the diagnostic pulse is injected for the current iac and ibd to be less than 0.6[A], the 

inductance profile with respect to position variation will be similar with inductance profile 

at ia=0.6[A] shown in figure 6.7. At this condition, the phase voltage by diagnostic pulse 

injection can be calculated from inductance and equation (6.5) as shown in figure 6.8. The 

dc-link voltage VDC is set to 283[V]. The phase voltage is changed in accordance with rotor 

position and particularly, the phase voltage of the area (hereafter, called as blue box area) 

surrounded by blue dotted lines has linear slope as can be seen in figure 6.8. The reason is 

because the denominators in equation (6.5) are constant so that the phase voltage is 

proportional to linearly varying phase inductance. The figure 6.9 shows the simplified phase 

inductance and voltage profile in sub-region 1 between 0 and 3.75[deg]. In this simplified 

profile, the denominator-(Lb+Ld) of equation (6.5) about B- and D-phase is constant, therefore, 

the phase voltage is proportional to their phase inductance like Vb∝Lb, Vd∝Ld. And this 

phase inductance has linearity in accordance with position, as a result, phase voltage has  
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 linearity. In blue box area of figure 6.7 and 6.8, the phase inductance has below relationship. 

At 0~3.75 & 26.25~33.75 & 56.25~60[deg] :  constant 

At 11.25~18.75 & 41.25~48.75[deg]            :   constant

b d

a c

L L

L L

+ 

+ 
  (6.6) 

 

Figure 6.7 Phase inductance profile through 2D-FEA (current = 0.6 [A]), and blue box area 

with a phase voltage of linear gradient. 

 

Figure 6.8 Phase voltage profile when diagnostic pulse is injected into A- and C-phases, 

and B- and D-phases. 
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Then, the phase voltage is proportional to phase inductance from equation (6.5) and (6.6) as 

follows 

At 0~3.75 & 26.25~33.75 & 56.25~60[deg] : ,    

At 11.25~18.75 & 41.25~48.75[deg]            : ,     

b b d d

a a c c

V L V L

V L V L

 

 
  (6.7) 

In this study, as the motor with fillet rotor pole is used, the phase voltage profiles in blue box 

region are slightly different compared to the simplified profile of figure 6.9 with the same 

characteristics as the motor with rectangular rotor pole. There are small differences in 

linearity of phase voltage in accordance with rotor pole shape, however, those are negligible. 

Therefore, it is possible to estimate the position using linearity of the phase voltage. The 

details about difference of linearity of phase voltage by rotor pole shape will be explained 

later.  

 

 

Figure 6.9 Simplified phase inductance and voltage profile between rotor position=0 and 

3.75[deg]. 
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6.3.2  Position estimation through the linearity of phase voltage and 

estimation error 

Because the phase voltage in the blue box area has linear relationship with respect to  

position, the rotor position can be estimated simply by using the linear slope of phase voltage 

as can be seen in figure 6.10. For explanation, blue box area (B) between 41.25 and 48.75 

[deg] is used. The phase voltages of other blue box areas have same relationship by structure 

symmetricity of SRM. The position θx is estimated by using measured voltage difference x 

of A- and C-phase, and pre-measured value G of A- and C-phase which is same with the 

voltage difference of B- and D-phase at position 3.75[deg]. Estimated position in box (B) of 

figure 6.10 is like below. 

45 3.75x

x

G
 = +         (6.8) 

However, since the voltage slopes outside blue box area in figure 6.10 are nonlinear, so high 

estimation error occurs as can be seen figure 6.11. When the real position is located at θreal 

between 18.75 and 22.5[deg] in figure 6.10, the voltage difference will be Δvreal. The 

estimated position θest will be like below through estimation line. 

15 3.75 real
est

v

G



= +        (6.9) 

As a result, estimation error of (A) is produced. Figure 6.11 shows the experimental results 

of rotor position estimated by using the linear slope of phase voltage (named as conventional 

method) under the standstill state. There is high position estimation error between 3.75 and  
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11.25[deg], and between 18.75 and 26.25[deg]. The maximum error in this area is about 

2.44[deg]. In order to reduce this error, another estimation method is necessary. 

 

 

 

Figure 6.10 Position estimation and their error when linearity of phase voltage is used. 

 

Figure 6.11 Position estimation results when linearity of phase voltage is used. 
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6.3.3  Proposed method to reduce estimation error  

As mentioned at prior subsection, position estimation through only phase voltage has big 

estimation error about 2.44[deg] at some position. In this subsection, for accurate position 

estimation, the voltage rate of phase voltage is focused on as a new factor. From equation 

(6.5), the voltage rate is expressed like below equation. 

,    ,    ,    a a b b c c d d

c c d d a a b b

V L V L V L V L

V L V L V L V L
        (6.10) 

As can be seen figure 6.13, the voltage rate Vx/Vy at the area (hereafter, called as red box area) 

surrounded by red line has linearity. For example, the voltage rate Va/Vc between 3.75 and 

11.25[deg] has linearity. That is because the denominator-Lc of the voltage rate-Va/Vc from 

equation (6.10) is constant compared with numerator-La. As a result, Va/Vc is proportional to 

linearly varying phase inductance-La, therefore, this voltage rate has a linearity. Another red 

box area, voltage rate has also linearity as follows, 

From   3.75 to 11.25 [deg],  &  is constant  : ,   

From 18.75 to 26.25 [deg],  &  is constant  : ,   

From 33.75 to 41.25 [deg],  &  is constant  : ,   

F

a b
c d a b

c d

b c
d a b c

d a

c d
a b c d

a b

V V
L L L L

V V

V V
L L L L

V V

V V
L L L L

V V

 

 

 

rom 48.75 to 56.25 [deg],  &  is constant  : ,   d a
b c d a

b c

V V
L L L L

V V
 

 (6.11) 

As shown at the sub-regions 2 and 3 between 3.75 and 11.25[deg] in figure 6.14 that shows 

more simplified profile, owing to that the inductances La and Lb are varied with linearity 

and Lc and Ld are constant, the voltage rates Va/Vc and Vb/Vd have linearity. By using the 

linearity of voltage rate, the position can be estimated in the same manner as the equation 



 

 
 

 Chapter 6  Sensorless position estimation for SRM using phase voltage and voltage rate  

189 

 

(6.8) to estimate rotor position by using linearity of phase voltage. 

 

Figure 6.12 Phase inductance profiles obtained by 2D-FEA (current = 0.6 [A]), and red 

box area with a voltage rate of linear gradient. 

 

Figure 6.13 Phase voltage and voltage rate profiles when diagnostic pulses are injected into 

A- and C-phases, and B- and D-phases. 
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Consequently, by using the linear slope of the phase voltage and the voltage rate, the rotor  

position can be estimated simply for every rotor position. However, for the position 

estimation using the linear relationship of voltage and voltage rate, it must be firstly decided  

that which slope of phase voltage and voltage rate are used. To put how to decide simply, at 

first, the major region is selected through comparing of the phase voltages, then sub-region 

is selected through comparing the difference of measured phase voltage with pre-measured 

reference voltage difference at base position (0, 3.75 and 7.5 degrees). Depending on the 

found sub-region, the type of slope to be used for position estimation is selected. In detail, 

to select the slope to be used for position estimation, the sub-region (1-16) in figure 6.13 

must be selected. For sub-region selection, the major-region (I-VIII) in figure 6.13 must be 

selected firstly. Major region can be selected by comparison of phase voltage. For example, 

 

Figure 6.14 Simplified phase inductances and voltage rate profiles between 3.75 and 

11.25[deg]. 
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in major-region I, the relation in magnitude of phase inductance is as first line in equation 

(6.12), the magnitude order of inductance can be rearranged to equation (6.12).  

,   ,   ,   

 1 1 1 1

a b d c

c a b d c d a b

a c d b a b c d

c d b a c d b a

a b d c a b d c

a b d c

a c b d b d a c

L L L L

L L L L L L L L

L L L L L L L L

L L L L L L L L

L L L L L L L L

L L L L

L L L L L L L L

  

    

     +  +  +  +

   
+ + + +

  (6.12) 

From equation (6.5), equation (6.12) can be rewritten as follows, 

a b d cV V V V          (6.13) 

The magnitude order of inductance is same as the thing of phase voltage. The relationship 

of magnitude of phase voltage at another major-region can be expressed as shown in table 

6.3. 

After selecting the major-region by using the voltage relationship in table 6.3, the sub-

region is selected by comparing the phase voltage difference with reference value. For 

example, at major-region I, by comparing the phase voltage difference (Vb-Vd) of B- and D-

phase with pre-measured phase voltage difference of B- and D-phase at 3.75[deg], sub-

regions 1 and 2 are selected. Details about this will be explained in next section. Then the 

position can be estimated by using gradient of phase voltage difference (Vb-Vd) of B- and 

D-phase in sub-region 1, and using gradient of voltage rate difference (Va/Vc-Vb/Vd) in sub-

region 2. 

In this study, the phase voltages and voltage rates at 0, 3.75, 7.5[deg] are informed as pre-

measured value like ○m  in figure 6.9 and 6.14. To measure the phase voltage for position 
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estimation, three voltage sensors are used at red sensing point as can be seen in figure 6.6. 

The measured voltage are dc-link voltage VDC, the voltage between A- and C-phase Vacg, the 

voltage between B- and D-phase Vbdg. Subsequently, the phase voltages are calculated from 

below equations. 

 

Table 6.3 The inductance and voltage relation according to major-region. 

Major  

region 
Sub region 

Angle 

(degree) 

Relation of  

inductance 

Relation of 

phase voltage 

I 1 to 2 

0-7.5 La>Lb>Ld>Lc Va>Vb>Vd>Vc 

7.5 
(La=Lb)>Lc or 

(Lc=Ld)<La 

(Va=Vb)>Vc or 

(Vc=Vd)<Va 

II 3 to 4 
7.5-15 Lb>La>Lc>Ld Vb>Va>Vc>Vd 

15 Lb>(La=Lc)>Ld Vb>(Va=Vc)>Vd 

III 5 to 6 

15-22.5 Lb>Lc>La>Ld Vb>Vc>Va>Vd 

22.5 
(Lb=Lc)>Ld or 

(La=Ld)<Lb 

(Vb=Vc)>Vd or 

(Va=Vd)<Vb 

IV 7 to 8 
22.5-30 Lc>Lb>Ld>La Vc>Vb>Vd>Va 

30 Lc>(Lb=Ld)>La Vc>(Vb=Vd)>Va 

V 9 to 10 

30-37.5 Lc>Ld>Lb>La Vc>Vd>Vb>Va 

37.5 
(Lc=Ld)>La or 

(Lb=La)<Lc 

(Vc=Vd)>Va or 

(Vb=Va)<Vc 

VI 11 to 12 
37.5-45 Ld>Lc>La>Lb Vd>Vc>Va>Vb 

45 Ld>(Lc=La)>Lb Vd>(Vc=Va)>Vb 

VII 13 to 14 

45-52.5 Ld>La>Lc>Lb Vd>Va>Vc>Vb 

52.5 
(Ld=La)>Lb or 

(Lc=Lb)<Ld 

(Vd=Va)>Vb or 

(Vc=Vb)<Vd 

VIII 15 to 16 
52.5-60 La>Ld>Lb>Lc Va>Vd>Vb>Vc 

60 La>(Ld=Lb)>Lc Va>(Vd=Vb)>Vc 
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1 2

1 2

,    

,    

a DC acg sw c acg sw

b DC bdg sw d bdg sw

V V V V V V V

V V V V V V V

= + − = − −

= + − = − −
    (6.14) 

Where Vsw1, Vsw1 are the voltage drop across switching device as can be seen figure 6.6. 

About these values, the value described in the specification sheet of switching device can 

be utilized, however, in this study, the pre-measured values are used for exact position 

estimation. 

 

6.3.4  Simplified phase voltage and voltage rate for position 

estimation 

 As mentioned earlier, by using the gradient of voltage or voltage rate decided in selected 

sub-region, the position can be estimated. Figure 6.15 illustrates the simplified voltage and 

voltage rate profiles with respect to position in major-region I and II. The value E, G, H and 

F are pre-measured values and X, Y are measured value at θx and θy, respectively. In next 

section, details of estimation procedure in accordance with speed condition will be explained. 
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6.4 Procedure of rotor position estimation 

The position estimation procedures at standstill and running state are explained. In addition, 

by using the estimation algorithm, a starting algorithm from the standstill state to running 

state is also presented. 

 

6.4.1  Estimation procedure at standstill state 

 The procedure to find initial position at stand still state is explained. Estimation procedure 

consists of two stages. The first one is to find sub-region and the other is to calculate the rotor 

position based on the linear slope of the phase voltage or the voltage rate selected according 

to sub-region. 

As can be seen in figure 6.13, the rotor position from 0 to 60 degrees is divided into eight 

 

Figure 6.15 Simplified phase voltage and voltage rate in major-region I and II. 
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major regions (I-VIII). The major region, where the rotor is located at this moment, can be 

identified by comparing the phase voltage as shown in table 6.3. And then, the sub-region 

can be identified by comparing the phase voltage difference with reference value. As can be 

seen figure 6.15 depicting the simplified phase voltage and voltage rate in the major region I 

and II, the major region I can be divided into two sub-regions 1 and 2. According to sub-

region, one of the phase voltage and voltage rate for position estimation is selected. For 

example, at the major region I, by comparing the voltage difference (Vb-Vd) of B and D phase 

with reference value G, the sub-region can be estimated easily as follows, 

 ,    ub-region = 1

 ,    sub-region 2

b d

b d

if V V G s

if V V G

− 

−  =
     (6.15) 

From figure 6.15, if the sub-region is selected, the rotor position can be estimated through 

linear relationship like below. 

sub-region 1,   3.75

sub-region 2,   7.5 3.75

x

y

X
if

G

Y
if

H





= = 

= = − 

     (6.16) 
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If sub-region is 1, the phase voltage is used for position estimation. If sub-region is 2, the 

voltage rate is used to estimate position. E and G are pre-measured phase voltages at 0 and 

3.75[deg] and F and H are pre-measured voltage rate at 7.5 and 3.75[deg]. At other regions, 

the rotor position can be estimated by same procedures through the symmetricity of motor, 

assuming that the references value in other region have same value with E, F, G and H that 

is pre-measured values, e.g. in figure 6.15, the A- and C-phase voltages at 15[deg] are same 

with E, and the difference of voltage rate (Vb/Vd-Va/Vc) at 11.25[deg] is same with H and etc.    

 

Figure 6.16 Flow chart for position estimation at standstill state. 
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Figure 6.16 shows the flow chart for position estimation at standstill state. In the standstill 

state, as all phases are inactive state, diagnostic pulse injection to all phases is possible. In 

addition, through pulse injection into all phases, the rotor fluctuation can be minimized. So, 

in the standstill state, the diagnostic pulse is injected into all phases. After injecting all phase 

pulses, VDC, Vacg and Vbdg are measured, then the phase voltage Va, Vb, Vc and Vd are calculated 

using equation (6.14). Through comparison of distributed phase voltage, major region is 

selected by considering table 6.3. Then, two phase voltages having linear slope at selected 

major region are selected. By comparing the difference of selected phase voltages with 

reference value G, sub-region is selected. For example, at major region III in figure 6.13, two 

phases voltages having linearity are Va and Vc. if Vc-Va is lower than G, the difference Vc-Va 

of C- and A-phase in sub-region 5 is used for position estimation. And if Vc-Va is higher than 

G, the difference (Vb/Vd - Vc/Va) of voltage rate in sub-region 6 is used for position estimation. 

As shown in the flowchart, position estimation is conducted in accordance with sub-region. 

Table 6.4 summarizes the equations for calculation in accordance with sub-region. 

 

6.4.2  Estimation procedure at running state 

 The procedure to find rotor position at running state is explained. As can be seen in figure 

6.17, in the case of running state, one or two phases are turned on with respect to position.  
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Table 6.4 Position estimation equation according to region. 

 

Major-region Sub-region
Angle

(degree)
Estimated position

I

1 0-3.75 𝜃 =  .   
       

G

2 3.75-7.5 𝜃 =  .   .   
             

H

II

3 7.5-11.25 𝜃 =  .   .   
             

H

4 11.25-15 𝜃 =     .   
       

G

III

5 15-18.75 𝜃 =     .   
       

G

6 18.75-22.5 𝜃 =   .   .   
             

H

IV

7 22.5-26.25 𝜃 =   .   .   
             

H

8 26.25-30 𝜃 =     .   
       

G

V

9 30-33.75 𝜃 =     .   
       

G

10 33.75-37.5 𝜃 =   .   .   
             

H

VI

11 37.5-41.25 𝜃 =   .   .   
             

H

12 41.25-45 𝜃 =     .   
       

G

VII

13 45-48.75 𝜃 =     .   
       

G

14 48.75-52.5 𝜃 =   .   .   
             

H

VIII

15 52.5-56.25 𝜃 =   .   .   
             

H

16 56.25-60 𝜃 =     .   
       

G
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For example, in major-region I and II, phase B is turned on for torque production. And in 

major-region III and IV, phase C is turned on. As the phase is turned on in order of 

B→C→D→A, the series connected inactive phases that are possible to inject diagnostic pulse 

are changed A&C phase, B&D phase, C&A phase and D&B phase in order. In major-region 

I and II, since the A- and C-phase voltages Va, Vc can be used, the linear gradients of the A- 

and C-phase voltages in the red box area of major-region II and the linear gradient of voltage 

rate Va/Vc outside red box area can be used for position estimation. In addition, as next 

conduction phase C is generally turned on before 12[deg] at which stator teeth and rotor pole 

starts overlap, motor is fully operable even by the estimated position from 0 to 12[deg]and  

therefore, with the rotor position estimated only by using the voltage rate Va/Vc about the 

region between 0 and 12[deg] the motor control is possible. In other regions, the voltage rate 

is only used for position estimation. As an example, in major-region V and VI, the next phase 

to be conducted is A-phase, the position information from 30 to 42 degrees generally is 

required, which can be estimated by using voltage rate Vc/Va. Table 6.5 appears the inactive 

phases that diagnostic pulse can be injected, and equations for position estimation. If the next 

phase to be conducted or current conducting phase is informed, the diagnostic pulse injection 

phases can be decided. 

Figure 6.18 shows the voltage rate Va/Vc of A- and C-phase having linearity between 3.75 

and 11.25[deg]. In this figure, because a measurement of voltage rate of B- and D-phase 

impossible, Vb/Vd expressed as dotted line. After detecting the A- and C-phase voltage, the 

rotor position can be estimated by using the voltage rate of A- and C-phase and below 

equation. 
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Figure 6.17 Current conduction and decision of pulse injection phase according to position. 

 

Figure 6.18 Simplified voltage rate profile when diagnostic pulse is injected into A- and 

C-phase in major-region I and II under running state. 
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a y

y

c y

V Y
Y F

V H





=  −  = −     (6.17) 

F and H is the pre-measured values at 3.75 and 7.5[deg]. Assuming that the difference Y of 

voltage rate is two times of (Va/Vc - F), the rotor position is calculated using same equation 

used in stand-still state. In table 6.5, the position estimation equation is expressed in 

accordance with region. Figure 6.19 is the flow chart for position estimation at running state. 

The phase for pulse injection is selected by next turn-on phase. The phase voltage is detected 

after pulse injection. By using the detected voltage rate, pre-measured value F and H, position 

estimation can be conducted. 

 

 

Table 6.5 Phase selection for pulse injection and equations for position estimation. 

 

Current turn-on 

phase

Next turn-on 

phase

Pulse injection 

phase
Position estimation 

B C A&C 𝜃 =  .   .   
          

H

C D B&D 𝜃 =   .   .   
          

H

D A C&A 𝜃 =   .   .   
          

H

A B D&B 𝜃 =   .   .   
          

H



 

 
 

 Chapter 6  Sensorless position estimation for SRM using phase voltage and voltage rate  

202 

 

 

6.4.3  Starting algorithm from zero to running state 

 In order to drive test motor from stand still state to running state, the starting algorithm 

is figured out. As can be seen in figure 6.20, at the state lower than 5[r/min], through the 

algorithm of figure 6.16, the initial position θest_initial is estimated. Then corresponding phase 

is conducted after 20msec delay. At running state (over than 5[r/min]), the instant position  

θest_running is estimated by using the algorithm of figure 6.19. In running state, the number of 

 

Figure 6.19 Flow chart for position estimation at running state. 
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diagnostic pulse is changed according to the speed. If the speed is beyond reference speed 

(500[r/min]), injected pulse is changed from continuous pulses to one pulse. In high speed, 

because of long tail current, the time for pulse injection is not enough. the diagnostic pulse 

must be injected at zero current state to prevent inductance variation by magnetic saturation. 

As a result, as the time required for current to be zero becomes shorter by long tail current in 

high speed, in the worst case, only one pulse in one electrical cycle may be allowed for 

position estimation. To verify the sensorless performance in this worst case, one pulse 

injection was considered.  

In one pulse injection, for continuous position estimation every PWM, the estimated 

angular speed ωest calculated by using estimated position variation Δθ and time variation Δt 

between diagnostic pulses is used. The position at each PWM between estimated position 

and next position to be estimated can be estimated by,  

 

Figure 6.20 Block diagram of starting algorithm. 
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where, θest_2 is the estimated location by the last pulse injection as can be seen in figure 6.21. 

θest_1 is the estimated position by the previous pulse of the last pulse. N is PWM count 

between θest_1 and θest_2. After θest_2, the position θn+1 is calculated by using above equation. 

The PWM control with constant voltage reference is used in this study. Current feed-back 

control is not used. Current sensor is used just for protection of current limit. 

 

6.5 Experiment results 

To verify the effectiveness of sensorless algorithm, experimental studies using the test 

motor are conducted. Firstly, experimental equipment is explained. Subsequently, the  

 

Figure 6.21 Position estimation at each PWM using angular speed ωest. 
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position estimation through the diagnostic pulse with ON period of 400[usec] is conducted 

under the standstill and under the running state at 300[r/min] with the rated torque. Finally, 

through starting algorithm, it is verified that test motor safely starts from zero to running state 

with small estimation error. 

 

6.5.1  Experimental equipment configuration 

Figure 6.22 is the configuration of experimental system. For driving the motor, a bipolar 

full bridge converter controlled by PE-Expert III (Myway Plus Corporation) is used. To get 

real position information for comparing with estimated rotor position, the incremental 

encoder (OM Corporation) with resolution of 4000 [ppr] is used. As a load, a servo motor 

(SGMSH-15A, Yaskawa Corporation) is connected to the SRM and controlled as constant 

 

Figure 6.22 Block diagram of experimental equipment. 

PE-Expert III

(DSP TMS320VC33)

Torque 

meter

Torque 

sensor

VDC

Control parameters

(Vref , θO , θC)

SRM

Position

sensing

Vacg Vbdg

B
ip

o
la

r 
F

ul
l-

b
ri
d

ge
 

co
nv

er
te

r

speed & 

torque 

controller

G
at

e 

si
gn

al

VDC

+ -

Encoder

4,000ppr

3ph

Servo

motor

-

A

A-

C

C-

B

B-

D

D-



 

 
 

 Chapter 6  Sensorless position estimation for SRM using phase voltage and voltage rate  

206 

 

torque or speed mode. The voltage sensor (LV-25P, LEM Corporation) is attached on 

converter for voltage sensing of VDC, Vacg, Vbdg. Current sensor is used just for protection of 

current limit.  

 

6.5.2  Estimation performance according to operating condition 

 Experimental studies on position estimation ability of the proposed method is firstly 

conducted at standstill and 300 [r/min] running state. Diagnostic pulse with magnitude 

283[V] and ON period 400[μsec] is injected in both cases. Figure 6.23 demonstrates the 

voltage and current waveforms when diagnostic pulse is turned on and off with 400[μsec] 

ON period at rotor position θ=11.25[deg]. For exact position estimation, measurement point 

(data pickup) is very important. Because 10[kHz] PWM is used for control, control period is 

100[usec] and four measurable point (#1~#4) of voltage is considered as shown in figure 

6.23. If the current is higher than 0.6[A], magnetic saturation occurs and current will be 

nonlinear and voltage has some error like point A. So, measurements at #2, #3 have some 

error due to inductance variation by magnetic saturation due to high current more than 0.6[A]. 

In point B, ringing is produced by switch capacitance, line resistance and inductance at 

switching instant. In point C, there are some delay between real voltage (Vacg, Vdc, Vc) and 

measured voltage (Vacgs, Vdcs, Vcs) due to the time constant of filter circuit and voltage sensor 

response delay. Total delay time of sensing circuit from input to output considering 5τ(5 times 

of time constant) of low pass filter is about 128[μsec]. As a result, measurement at point #1 

has also some error with real value due to time delay of voltage sensor. As a result, of four 

measurable points, #4 has small measurement error. From now, the voltages measured at 
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point #4 that is 700[μsec] after applying the pulse voltage is used for position estimation. In 

this case, note that equation (6.14) to calculate phase voltage must be modified as following 

fashion because the point #4 is switch off state.  
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1 2

1 2

,    

,    

a acg FRD c DC acg FRD

b bdg FRD d DC bdg FRD

V V V V V V V

V V V V V V V

= − − = + −

= − − = + −
    (6.19) 

Through experiment, the average value of VFRD1, and VFRD2 in the current condition lower 

than 0.6[A] is measured as -0.26, -0.27[V]. When the voltage is measured at data sampling 

point #4, the moving average value for 20[μsec] is used to reduce the influence of 

 

 

Figure 6.23 Voltage and current at the pulse injection instant on rotor position 11.25[deg] 
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measurement noise. And the pre-measured value E, F, G and H are obtained from the measure 

phase voltage at 0, 3.75, 7.5[deg] as can be seen in figure 6.24. The average value of the 

measured values at 0 and 7.5[deg] will be taken as E and F value. So E = 141.3, F = 7.65, G 

= 161.2, H = 7.21 are selected as reference values. 

As can be seen in figures 6.25 and 6.28, measurement is conducted at the data sampling point 

that is 700[μsec] after applying the diagnostic pulse and the phase voltage is calculated using 

the measured voltages Vacg, Vbdg and VDC. At the data sampling point, the maximum phase 

current is lower than 0.6[A] to prevent from magnetic saturation.  

 

1) Position estimation at standstill state 

Figure 6.26 shows the estimation result under the standstill at the region between 0 and 30 

[deg] as a mechanical angle. The maximum error of in this region is 0.33 [deg]. In 

 

Figure 6.24 Pre-measured values at the position 0, 3.75, 7.5[deg]. 
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conventional method using only the gradient of phase voltage, max error was 2.44[deg].  

2) Position estimation at running state 

Under the condition of 300[r/min] and the rated torque of 1.27[Nm], the same diagnostic 

pulse used in standstill state is injected at 3[deg] ahead of θO with 15 [deg] interval. The real  

 

Figure 6.25 Injected voltage and current into A&C and B&D phase in standstill state at 

rotor position 15 [deg]. 

 

Figure 6.26 Position estimation results at standstill state from 0 to 30 mechanical degree. 
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rotor position at the sensing point of position (A) in figure 6.27 is 34.68 [deg], the estimated 

position is 34.45 [deg]. The error of estimation is just 0.23 [deg]. As a result, in both states 

of stand-still and running state, the error of position estimation is minimized by using the 

 

Figure 6.27 Voltage and current waveforms under pulse injection at 300 [r/min], 1.27[Nm] 

load, Vref, = 39.6[V], θO = 38.14 [deg], θC = 54.03 [deg]. 

 

Figure 6.28 Enlargement of (A) in figure 6.27 – injected voltage and current into A and C 

phase at running state. 



 

 
 

 Chapter 6  Sensorless position estimation for SRM using phase voltage and voltage rate  

212 

 

method using the gradient of phase voltage and voltage rate. 

3) Verification of starting algorithm 

Experiment to verify the proposed starting algorithm is conducted. The test is conducted 

under no load and rated torque condition. Figure 6.29 shows the result at no load condition.  

The voltage reference Vref is 30[V], on angle θO is set to 42 [deg] and commutation angle θC 

is set to 57 [deg]. The test motor runs well from zero to 680[r/min] with small average 

position estimation error 0.51 [deg] in the region having the voltage rate of linear gradient. 

As can be seen in figure 6.29 (c), at 20[msec] after initial position estimation, the test motor  

begins to start through conduction of proper phase based on estimated position. 

Simultaneously, through continuous pulse injection, continuous position estimation is 

conducted. Then, the injected pulse is changed from continuous pulse to one pulse after 

500[r/min]. In the rated torque (1.27Nm) condition, the test motor starts well from zero to 

200[r/min] with small average estimation error 1.21 [deg] in the region having the voltage 

rate of linear gradient as can be seen in figure 6.30. In this experiment, Vref is 33[V], θO is 42  

 [deg], and θC is 57 [deg]. Like a no-load test, at 20[msec] after initial position estimation, 

the test motor begins to start through conduction of proper phase based on estimated position. 

However, position estimation using continuous pulse is only conducted as the speed is less 

than 500[r/min]. 

The table 6.6 summarizes the average estimation error at the initial acceleration region 

from the standstill state and the constant speed region under the different driving condition. 

The error in the region where the gradient of voltage rate is linear is measured. The position 

estimation error in the rated load condition become slightly larger than that measured under  
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(a) measured and estimated speed profile 

 

(b) measured and estimated position and real current profiles 

 

(c) enlargement of (b) 

Figure 6.29 Starting up of test motor under no load condition, Vref = 30[V], θO = 42 [deg], 

θC = 57 [deg]. 
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no load condition. The reason why the position estimation error under the rated torque 

condition in figure 6.28 is small is that the influence of mutual flux linkage by current 

conduction of active phase is small at 34.68[deg] near unaligned position. In addition, the 

reason is because the linearity error of the voltage rate is relatively small in 34.68[deg]. In  

 

(a) measured and estimated speed profiles 

 

(b) measured and estimated position and real current profiles 

Figure 6.30 Starting up of test motor under the rated load condition, Vref = 33[V], θO = 42 

[deg], θC = 57 [deg]. 
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overall range under rated torque condition, the estimation error increases. This is concerned 

with low estimation counts by diagnostic pulse with long period 400 [sec], motor dimension 

tolerance and mutual coupling by active phase current. From a motor dimension point of 

view, if the SRM with rectangular shape rotor pole is used for position estimation, estimation 

accuracy can be improved. As can be seen in figure 6.31 (a), the gradient of inductance profile 

on area A of SRM with rectangular pole rotor has linearity compared with the test motor 

employing the fillet pole rotor. And in area B, inductance Lc and Ld is similar shape and 

linearity of La, Lc is same level in both motors. In the region from 0 to 3.75[deg], the linear 

region of La is more long in the case of motor using rectangular pole shape rotor.   

As a result, in the region A, the phase voltage of the motor with rectangular pole rotor is more 

linear, resulting in small position estimation error. Owing to the long linearity of La in the 

motor with rectangular pole rotor as shown in region D of figure 6.31 (a), the measurable 

range in the motor with rectangular rotor is longer than the motor with fillet rotor and has 

small error like C of in figure 6.31 (b). in the region B, the estimation error is same level in 

both motor. After all, if the general motor with rectangular shape rotor pole is used, the 

estimation accuracy can be improved in both standstill and running state.  

However, in other circumstances, there are still remaining the estimation error by motor 

Table 6.6 Average position estimation error under different driving condition. 

Driving condition Average position error during 3[sec], (deg) 

Torque (Nm) Speed (r/min) Acceleration region Constant speed region 

No load 680 0.51 0.507 

Rated (1.27) 200 1.21 1.16 
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dimension tolerance and influence of mutual coupling effect by adjacent phase current. So, 

the study concerning above contents to reduce position estimation error under high load 

condition must be conducted in the future. 
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6.6 Epilogue 

In this chapter, to solve the common drawbacks of general position estimation methods, 

the method that had no use of the current sensor, huge data table and complex calculation 

concerned with inductance or magnetic flux linkage was proposed as an economic and simple 

method. In the proposed method, the gradient of phase voltage and voltage rate obtained by 

using three voltage sensors were just used for the estimation. Therefore, this method was 

simple to implement with algorithm, economic. It was revealed by experimentally that in 

starting condition, this algorithm worked well from zero to running speed with small 

estimation error.

 

(b) phase voltage and voltage rate 

Figure 6.31 comparison of inductance profile, phase voltage, and voltage rate in 

accordance with shape of rotor pole. 
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Chapter 7 

Conclusion 

 

7.1 Results obtained from this study 

 

 To reduce greenhouse gas emission, all electric motors have been forced to increase their 

efficiency. Therefore, the high-efficient PMSMs using rare-earth magnets have been used 

widely. 

However, rare-earth magnets have the risk of supply anxiety and price increase. As a 

countermeasure against that, many kinds of rare-earth magnet free motors have been 

considered. At the center of that, SRM has emerged as an alternative. However, SRM is not 

widely used due to the aforementioned drawbacks. Of them, first one is large vibration and 

loud acoustic noise. Second one is high torque ripple. Last one is expensive and complicate 

position sensorless algorithm. To overcome these drawbacks, in this study, the following 

researches were carried out. 

1) Improvement of vibration minimization performance of the conventional two-stage 

commutation method through the new modified method. 

2) Torque ripple minimization through the modified current profiling control considering 

mutual coupling effect. 

3) Simple and economic sensorless algorithm with small error in wide speed range. 

 The results of each theme are like below. 
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In chapter 1, Environmental issues about the supply problem of rare-earth materials were 

introduced. To overcome this circumstance, as the alternative motor without rare-earth 

magnets, SRM was introduced. However, SRM has drawbacks caused due to the nature of 

general driving methods. The drawbacks were explained and to overcome these, the purpose 

of this study was presented. 

 In chapter 2, the principle of vibration generation in SRM was explained through 

mathematical analysis. It was analyzed that the large vibration is generated when the spatial 

second order harmonics of radial force distributed along with airgap are matched with the 

circular 2nd order vibration mode with the natural frequency of stator body. From this 

principle, the vibration production mechanism at commutation was explained. And then, the 

conventional two-stage commutation method to minimize this vibration was explained. 

In chapter 3, the problem that the conventional two-stage commutation method does not work 

well under high speed and load condition, was explained. Through 2-D FEA and 

mathematical analysis, it was revealed that the problem was caused by the magnetic flux 

saturation in high load condition. To solve this problem, new modified two-stage 

commutation method was proposed. Through experiment, the effectiveness of vibration and 

acoustic noise reduction of proposed method was verified. 

In chapter 4, the conventional torque ripple minimization method through instantaneous 

current profiling control that was proposed prior study, was explained. This conventional 

method was used for exact position control in all rotor position. However, because the target 

current profiles in the conventional method is calculated from the i-T-θ model obtained from 

the magnetizing curve un-considering mutual coupling effect by adjacent phase, the torque 
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ripple in the current overlapping region was increased as the load torque increases. Through 

2-D FEA, the reason of this problem was revealed. 

 In chapter 5, to reduce the torque ripple produced by mutual coupling effect, the modified 

current profiling control method was proposed. The modified i-T-θ model considering mutual 

coupling effect was introduced for target current profile calculation. Through this method, it 

was verified that the torque ripple in the current overlapping region became lower than ±5% 

of average torque through experiment. 

 In chapter 6, the position sensorless algorithms of SRM that had been studied until now, 

were summarized. Through the analysis of the strong and weak points about representative 

methods, it was figured out that almost methods need huge data table and complex calculation 

about inductance or magnetic flux linkage that have position information. Also, for 

measurement of current and voltage required to calculate inductance or magnet flux linkage, 

the expensive current sensor with high performance is required. As a result, general position 

sensorless method is expensive and complicate. Therefore, the study for economic position 

estimation method with simple algorithm and small error in wide speed range, was set as a 

goal. To achieve the goal, the position estimation method using the linear slope of phase 

voltage and voltage rate was proposed. In this method, three voltage sensors were only used 

to calculate the phase voltage distributed by the diagnostic pulse injected into series 

connected phases. Because the linear gradient of voltage and their rate was only used for 

position calculation, any data table or complex calculation about inductance or flux linkage 

was not required. Through experiment, it was verified the proposed method has small 

estimation error lower than 1.21[deg] even under rated load condition when starting up from 
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zero speed. 

 

7.2 Remaining challenges and prospects 

 In this chapter, the remaining challenges and prospects of SRM is explained. 

 In the case of vibration minimization using modified two-stage commutation method that 

was explained in chapter 3, only copper loss was considered as the power loss in the 

optimization. However, because the iron loss makes up big portion of power loss in SRM, 

the parameter optimization considering iron loss is required for high efficiency control. In 

addition, to get rid of the vibration produced before commutation interfering perfect vibration 

cancellation through two-stage commutation, the fillet shape rotor pole was designed in 

chapter 3. However, the rectangular shape pole rotor is generally used in SRM. Therefore, to 

use the proposed two-stage commutation method in SRM with rectangular shape rotor pole, 

the study of the two-stage commutation method to have the same vibration reduction 

performance without changing the rotor pols shape, e.g. the study to eliminate the total 

vibration combining the vibration produced at overlap point of stator and rotor tooth and the 

vibration produced at first commutation, is required. 

In the case of torque ripple minimization, through the modified current profiling control 

considering mutual coupling effect, the torque ripple at current overlapping region was 

almost minimized. However, each torque profile of 24 strokes in one revolution varies with 

small variance. This variance is caused by the different magnetizing characteristics at each 

stroke due to the deviation of structural dimension of motor. In the study, it was assumed that 

all phases have same magnetizing characteristics with that of A-phase. However, the 
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magnetizing curves are different at each stroke. To solve this problem, the study about the 

method considering the magnetizing characteristics for every stroke is required. And as 

mentioned in chapter 5, in the proposed method, the torque ripple minimization control is 

possible no matter where the current overlapping occurs and therefore, the operation angle 

parameters can be selected with more degree of freedom to minimize the copper loss while 

keeping torque ripple minimum. By using this strong point, the optimization of control angle 

θlap, θfo for high efficiency torque ripple minimization is required. 

 Lastly, in the case of sensorless algorithm, by using the gradient of phase voltage and 

voltage rate calculated from the voltage measured by using three voltage sensors, rotor 

position was estimated simply and exactly in wide speed range. However, accuracy is not 

sufficient for precision control due to the inductance variance by dimensional deviation and 

the influence of mutual magnetic flux linkage, and the distortion of linearity in phase voltage 

by fillet shape of rotor pole. To minimize the estimation error by fillet shape, the study to 

compensate for the distortion of phase voltage caused by fillet shape is required. And The 

study to compensate the estimation error produced by mutual coupling effect is required. 

 Through the control method studied in each chapter, the problems with the conventional 

control methods were solved. As a result, the large vibration at high speed region and the 

high torque ripple at low speed region that were drawbacks of SR servo system were solved 

by using modified methods. And also, the economic and simple position sensorless algorithm 

usable in wide speed range was developed. In the end, through compensation for the 

drawbacks that have been an obstacle in competing against PMSM, the possibility of field 

application of SRM as an alternative motor that do not use rare-earth magnets, was increased. 
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