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FOR SWITCHED RELUCTANCE MOTOR 

WITH AC SMALL SIGNAL MODEL  
 

Xiaoyan Wang 

 

(ABSTRACT) 

As traditional control schemes, open-loop Hysteresis and closed-loop pulse-width-

modulation (PWM) have been used for the switched reluctance motor (SRM) current 

controller. The Hysteresis controller induces large unpleasant audible noises because it 

needs to vary the switching frequency to maintain constant Hysteresis current band. In 

contract, the PWM controller is very quiet but difficult to design proper gains and control 

bandwidth due to the nonlinear nature of the SRM. In this thesis, the ac small signal 

modeling technique is proposed for linearization of the SRM model such that a 

conventional PI controller can be designed accordingly for the PWM current controller. 

With the linearized SRM model, the duty-cycle to output transfer function can be 

derived, and the controller can be designed with sufficient stability margins. The 

proposed PWM controller has been simulated to compare the performance against the 

conventional Hysteresis controller based system. It was found that through the frequency 

spectrum analysis, the noise spectra in audible range disappeared with the fixed switching 

frequency PWM controller, but was pronounced with the conventional Hysteresis 

controller. A hardware prototype is then implemented with digital signal processor to 

verify the quiet nature of the PWM controller when running at 20 kHz switching 

frequency. The experimental results also indicate a stable current loop operation. 
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CHAPTER 1  INTRODUCTION 

1.1  Switched Reluctance Motor 
The switched reluctance motor has been used in many commercially adjustable speed 

applications due to its unique mechanical structure and simple power electronic drive 

requirements. The intrinsic simplicity and ruggedness make it superior to other electric 

machines. Because unidirectional current is required from the converter, only one switch 

per phase is needed. Even though some converters use more than one switches to increase 

the reliability or to realize certain control strategies that are not possible by using only 

one switch per phase. In addition, each phase winding of the SRM is independent; so, it 

can operate with some of the phase windings disabled, at a lower power output. 

However, the SRM is suffered from noticeable torque ripple and audible noises that 

prevent it from used in high performance drives. The torque ripple in the SRM is induced 

due to highly non-linear and discrete nature of the torque production mechanism, which 

is significant at the commutation instant. Hysteresis current controller, as a traditional 

open-loop current control scheme for SRM, brings it large acoustic noises due to the 

varying switching frequency. 

In the past, several control schemes have been suggested for torque ripple and noise 

reduction. However, most of these prior arts have been focused on motor design, 

converter topology and modulation strategy [1 – 4]. Although there are some modeling 

methods for the SRM drives developed [5 – 8], they do not present rigorous mathematical 

formulation of the system operation behavior due to the high degree of non-linearity in 

SRM circuit. Therefore, the conventional closed-loop pulse-width-modulation current 

controller needs to be designed with non-linear control techniques that do not involve the 

motor and converter modeling or with the open-loop Hysteresis controller that needs to 

vary the switching frequency to maintain constant Hysteresis current band, resulting 

unpleasant audible noises. 

Although the PWM current controller has been proposed and proven to be effective in 

the  noise reduction [9], without knowing the transfer function, it is difficult to design the 

controller with proper gains and bandwidth to maintain system stable. In this thesis, the 

ac small signal modeling technique is proposed for linearization of the SRM model, and a 
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conventional PI controller is designed accordingly for PWM current controller. Fig. 1.1 

shows the proposed SRM drive system with PWM current feedback loop. 
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Fig. 1.1 SRM drive system with the current feedback loop 

1.2  Ac Small Signal Modeling Technique in SRM 
Ac small signal modeling technique is usually used as a tool to analyze the non-linear 

dynamic system. By perturbing and linearizing the averaged waveform (over one 

switching cycle) about a quiescent operation point, ac small signal model of the system 

can be obtained. Because it is a linear model, it can be solved using conventional analysis 

techniques to obtain the system small signal transform function, output impedance and 

other frequency dependent properties. As a result, engineers can gain insight to the 

system operating behavior, both the time-domain and phase-plane trajectory. 

In order to design the feedback controller shown in Fig. 1.1, an ac small signal model 

of the entire system is needed. With the ac small signal model, the controller can be 

designed to meet the specifications such as stability, transient overshoot, settling time, 

and steady-state regulation by adjusting the controller parameters. 

AC small signal modeling technique has been widely used in power converters for 

many years. However, for the industrial drives, especially for the SRM, the work has not 

been explored.  
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The purpose of this work is to propose a linearized ac small signal model for the SRM 

control system shown in Fig. 1.1. This model is based on the state-space analysis for the 

pulse-width modulated converter and current-mode control feedback circuit. The goal of 

this model is to develop a duty cycle modulated current controller suitable for the SRM 

drives. Fig. 1.2 shows block diagram of the proposed SRM drives with current feedback 

system derived from the ac small signal model. 
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Fig. 1.2 Block diagram of the SRM drive with current feedback system 

In the proposed SRM drive system shown in Fig. 1.1, two-quadrant-chopping 

converter and  PI compensator are used. Usually, current control techniques for the two-

quadrant-chopping converter can be classified into non-linear and linear control. For the 

SRM, traditionally, nonlinear current controllers that are based on Hysteresis strategies 

are used. With this control scheme, the measured phase current is directly compared to 

the Hysteresis band to create switching gate signal for the two-quadrant-chopping 

converter. The Hysteresis method was preferred due to easy implementation and fast 

dynamic response. However, it operates in a widely varying switching frequencies with 

large current ripple; also, it is a kind of open-loop control, resulting poor dynamic 

response. In this project, a linear current control scheme, or synchronous PWM PI 

controller, is proposed. The PI controller integrates the error between the feedback and 

reference current to generate a variable voltage value; then, this value is fed into a 

triangle pulse-width Modulator to produce gate signal for the two-quadrant-chopping 

converter. Compared to traditional Hysteresis controller, the PWM PI controller has 

demonstrated some advantages: 1) constant switching frequency; 2) closed-loop control; 

3) small current ripple; 4) low acoustic noise.  PI controller has been widely used in all 

types of the feedback system especially for the system with a single pole. 
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1.3  Thesis Objective and Overview 
In this thesis, the ac small signal modeling technique will be proposed for linearization 

of the SRM model such that a conventional PI controller can be designed accordingly for 

PWM current controller. With the linearized SRM model, the duty-cycle to output 

transfer function can be derived, and the controller can be designed with sufficient 

stability margin. Also, the proposed PWM controller will be simulated to compare the 

performance against the conventional Hysteresis controller based system. It can be found 

that through the frequency spectrum analysis, the noise spectra in audible range 

disappears with the fixed switching frequency PWM controller, but is pronounced with 

the conventional Hysteresis current controller. A hardware prototype is then implemented 

with digital signal processor to verify the stability and quiet nature of the PWM controller 

when running at 20 kHz switching frequency. 
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Fig. 1.3 Test bench for the SRM current control system 

The test bench for SRM current control system is drawn in Fig. 1.3, which is 

composed of four blocks. The first block is the DSP controller, which samples the phase 

current feedback and the encoded position signal to produce six independent gate signals 

for the two-quadrant-chopping converter. This controller can realize the PI and pulse-

width modulator function. The second block is the interface board. One function of this 
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block is to use three Hall current sensors to detect the three-phase currents respectively 

and convert them into voltage values, which are available for the DSP A/D converter. 

Another function of this block is to sense the encoded position signal and feed it to the 

encoder interface unit of the DSP. The encoded position signal is used to determine the 

timing to excite the switches on each phase. The third block contains gate drive boards, 

which amplify three-phase gate signals produced by the DSP controller to drive the 

power stage. The gate drive board provides the de-saturation protection signal through 

optical fiber to interface board. The fourth block is the power stage, which provides 

current to each phase winding to produce desired torque for the SRM. 

The whole system developed is based on a half horsepower, three-phase SRM, which 

is used for the commercial washing machine. Also, the two-quadrant-chopping converter 

is used for the SRM drive.   

The rest of the thesis is organized as follows: 

Chapter II describes the theory and operation principle of SRM. Also, different motor 

drive topologies and current control schemes are introduced and compared. And finally, 

the PWM control scheme used in this thesis is discussed.  

Chapter III details the derivation of the ac small signal model and transfer function 

for the SRM drive system with current feedback system. By analyzing the bode-plots of 

the transfer function at different rotor position, the parameters of the compensator are 

optimized.  

Chapter IV simulates complete system based on the proposed PWM current 

controller. Also, SRM control system with Hysteresis current controller is simulated to 

compare the performers against to the proposed current controller.  

Chapter V explains the implementation of the hardware prototype with digital signal 

processor to verify the quiet nature of the PWM controller when running at 20 kHz 

switching frequency.  

 Chapter VI   compares the experimental results with the simulation results to verify 

the quit nature and stable operation of proposed fixed switching frequency PWM current 

controller. 

Finally, Chapter VII draws the conclusions from the work done in this thesis and 

discusses further research possible in the future.  
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CHAPTER 2  SRM DRIVE SYSTEM WITH CURRENT FEEDBACK 
LOOP 

2.1  Operating Principle of the Switched Reluctance Motor 
Switched Reluctance Motor is an electric motor in which the torque is produced by the 

tendency of its moveable part shifting to a position where the inductance of the excited 

winding is maximized [10]. Both stator and rotor of the SRM have salient poles, but no 

winding on the rotor. The number of poles on the stator is usually unequal to the number 

on the rotor to avoid the eventuality of the rotor being in a state of producing no initial 

torque, which occurs when all the rotor poles are locked in with the stator poles. The 

winding on the stator is wound on the opposite poles and connected in series or parallel to 

consist a number of electrically separate circuit or phases. These phase windings can be 

excited separately or together depending on the control scheme. Fig. 2.1 shows the cross-

section of a 12/8 SRM motor, which has 12 stators and 8 rotors. This is a three-phase 

motor, each phase comprises three coils wound on opposite poles.  
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Fig. 2.1 A typical 12/8 SRM with 12 rotor poles and 8 stator poles 

The mechanical movement of SRM is achieved by exciting each phase in a sequence 

that depends on the direction of movement.  For example, if the clockwise rotation is 
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desired, each phase is energized in the a-b-c sequence.  For counterclockwise rotation, the 

reverse sequence is executed. During the movement, there are three relative positions 

between the stator and rotor. The first one is so called unaligned position; the second one 

is the intermediate position; and the third one is the aligned position. When any pair of 

the rotor poles is exactly aligned with stator poles of a particular phase, that phase is said 

to be in an aligned position. Similarly, if the inter-polar axis of the rotor is aligned with 

the stator poles of a particular phase, that phase is said to be in an unaligned position. The 

position between the aligned and unaligned position is called the intermediate position. 

The inductance of each phase varies widely with both the rotor position and phase 

current. Fig. 2.2 indicates that the inductance of each phase in 12/8 SRM varies with the 

rotor position. Each curve is repeated in a period of 
Nr
πτ 2

= . Nr is the number of the rotor 

poles. The motor used in this project has eight rotor poles, thus each phase inductance 

repeats in 45 mechanical degrees. 
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Fig. 2.2 Inductance profiles for 12/8, three-phase SRM 

The inductance of each phase varies from minimum value Lu0 to maximum value La0 

when the rotor position changes from unaligned position to aligned position. 

In the unaligned position, the phase inductance reaches the minimum value Lu0 

because the magnetic reluctance of the flux path is lowest. When the rotor is in the 
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aligned position, the magnetic reluctance of the flux path is highest; as a result, the phase 

inductance reaches the maximum value La0. 

There are two operation modes with the SRM. One is the motoring mode; another is 

the generating mode. When current flows in a phase, the torque is always produced to 

pull the rotor to the aligned position no matter the direction of the phase current. So, the 

torque for the motoring mode can be produced between the unaligned and aligned 

positions. In other words, the positive torque can be produced during the inductance-

increasing period. For the motoring mode, when the phase current is firing in a particular 

sequence, the rotor should move in the desired direction. When the motor operates in the 

generating mode, the negative torque can be produced during the inductance-decreasing 

period.  

The SRM makes use of the basic electromagnetic principle that converts electric 

energy to the mechanical energy. However, not all the energy provided by the power 

supply is converted to the mechanical work. Some of them are stored in the magnetic 

field during the “fluxing” process, and then returned to the power supply during “de-

fluxing” period. Fig. 2.3 shows the energy conversion loop during one “fluxing” and “de-

fluxing” cycle [10].  
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Current
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Fig. 2.3 Energy conversion loop 

Where C is the commutation point from one phase to another phase. Area w1+w2 

represents the co-energy, which contributes to the mechanical movement. W1 represents 

the energy produced during the fluxing process; w2 represents the energy produced 

during the “de-fluxing” period; and Z represents the energy returned to the power supply. 

Z+W1+W2 represents the total energy provided by the power supply. During the 

8 



 

derivation of the energy curve and the energy balance, constant supply voltage Vs and 

rotor speed ω are assumed. 

So, in terms of the Faraday’s law, the flux-linkage ϕ and voltage Vs for one phase 

during fluxing process can be expressed with: 

 ( ) θ
ω

ϕ dRiVs∫ −=
1                                           (2.1) 

θ
θωθ

d
idLi

dt
diiLRiVs ),(),( ++=                        (2.2) 

Where R represents the phase resistance, which increases with the rotor speed; L (θ, i) 

indicates the instant inductance value. In (2.2), the three terms on the right hand side 

represent the resistive, inductive and back EMF terms, respectively. If the phase 

resistance R is small, the flux-linkage will increases linearly with the rotor position. In 

terms of the inductance profile {see Fig. 2.2}, due to constant inductance around the 

unaligned position, the current increases linearly at first. However, when the rotor pole 

overlaps with the stator pole, the inductance increases with the rotor position θ and the 

back EMF starts to build up. As a result, the current rising rate is decreased. When the 

back EMF is larger than the input voltage Vs, the current starts to decrease. During “de-

fluxing” period, the supply voltage reverses and the phase current drops to zero very 

quickly. 

The torque equation can be derived based on the energy balance in the SRM. During 

the derivation process, no saturation and straight magnetization curves are assumed. Also, 

constant supply voltage Vs and rotor speed ω are assumed. 

Power in an inductor: 

( ) ( )
dt

idLi
dt
diiiLiiL

dt
d ),(

2
1,,

2
1 22 θθθ +=



                  (2.3) 

Power in the SRM:  

dt
idLi

dt
diiiLRiiVP s

),(),( 22 θθ ++==                    (2.4) 

By substituting (2.3) into (2.4), the result is the following: 
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( ) ( )
dt

idLiiiL
dt
d

dt
idLiRiP ,

2
1,

2
1),( 2222 θθθ

−



++=                    (2.5) 

( ) 



++= 222 ,
2
1),(

2
1 iiL

dt
d

dt
idLiRiP θθ                                      (2.6) 

The power in the SRM is represented by the three terms in (2.6), which are the copper 

losses, air-gap power and rate of change of stored energy in the phase winding, 

respectively.  The air-gap power is used to convert the electric energy to the mechanical 

movement, which equals to air-gap torque times the rotor speed.  

Air-gap Power: 

( )ω
θ
θθ

d
idLi

dt
idLiPm

,
2
1),(

2
1 22 ==                                        (2.7) 

Air-gap Torque: 

( )
θ
θ

d
idLiTe

,
2
1 2=                                                                    (2.8) 

The resulting torque equation for the SRM equals to: 

ω+
ω

=−
θ B

dt
dJT

dt
)i,(dLi

2
1

i
2                                               (2.9) 

Where is load torque; J is the rotor inertia; B is the friction constant. iT

In terms of the equation (2.8) it is obvious that the torque produced in the SRM 

depends on the phase current and rotor position. When the rotor is around the unaligned 

or aligned position, no torque is produced. If the phase current is constant, the torque is 

constant during the rotor is in the overlapped or intermediate position. Furthermore, 

positive torque is produced when the phase winding is excited during the rising 

inductance, and negative torque is produced during the falling inductance. Because the 

torque changes with the rotor position and current, although the current flows to phase 

windings continually from the power supply, there is still a dip in the torque waveform at 

the commutation instant from one phase to the next one. There are two reasons for this. 

One is that each phase current always starts from zero; another one is that the change of 

the inductance with rotor position is small at the commutation instant.  
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Torque ripple is the major disadvantage for the SRM. Recently, there are a lot of 

researches on the torque-smoothing issue. Most of them have been focused on the motor 

design, motor drive topology and control scheme. For example, using four-phase motor 

instead of the three-phase motor; profiling the shape of the current waveform; boosting 

the current where there is torque dip; and increasing the rate of current rising at the 

commutation point. 

2.2  SRM Drive System with Current Feedback Loop  
Adjusting the SRM torque to obtain constant speed under different load condition is 

the objective of the SRM controller. Fig. 2.4 shows the block diagram of SRM connected 

to the load with current and speed feedback loop. 
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Fig. 2.4 Block diagram of SRM controller 

Designing a current feedback loop based on proposed ac small- signal model is one 

task of my thesis. The function of the current controller is to adjust the shape of the 

current waveform as well as the magnitude in order to maintain the desired torque under 

different load condition. The input signal of the speed controller is the error between the 

reference speed and the feedback speed, which can be derived from the position encoder. 

The output of the speed loop is used as the reference of the current feedback loop. Fig. 

1.3 shows the architecture of the current controller proposed in his thesis. It is composed 

of four parts: power stage, DSP controller, gate drive, and interface.  

2.2.1  Converter Topology For SRM 

The converter used in SRM needs to provide the unidirectional current pulses 

precisely in terms of the rotor position. The magnitude and the wave shape of the current 

are regulated in order to meet the torque and speed requirements. In addition, the circuit 
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needs to supply the reverse voltage for “de-fluxing”. Due to unidirectional current needed 

for the SRM, the converter used for SRM achieves some advantages: 1) Only one switch 

per phase is needed, except sometime use more switches to increase the reliability and to 

realize certain control strategies. 2) Each phase winding is independent; as a result, the 

SRM is able to operate with some of the phase windings disabled. 3) Because there is 

always a motor winding in series with each main switching device, there is no shoot-

through path when the upper and lower transistors in one phase leg conduct 

simultaneously. 

There are many kinds of the converters being used in the industry [9,10] for the SRM. 

Which one is selected depends on the cost, control scheme, and performance. Following 

section shows some popular converter topologies used in SRM. 

2.2.1.1  Converters with One Switch Per phase 

One switch per phase is enough to provide unidirectional current to SRM. Fig. 2.5 

shows four kinds of converter topologies having only one switch per phase. The 

difference between them is that the voltage applied to the motor phase winding is 

different due to the freewheeling path structure.  
 

V d c  V d c  

V d c  V d c  

( a )  ( b )  

( c )  ( d )    

Fig. 2.5 Different types of circuit with one switch per phase 

In Fig. 2.5 (a), each leg has one switch in series with the motor phase winding and one 

freewheeling diode in parallel with the phase winding. When the switch is on, the flux-

linkage increases due to the positive voltage Vdc applied; when the switch is off, the 

phase winding current freewheels through the diode; as a results, the negative voltage, 
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which equals to the diode forward voltage drop, is added to the motor phase winding for 

“de-fluxing”. Because the diode forward voltage drop is too small, the time required for 

the “de-fluxing” is too long. This will reduce the phase conducting angle. Low cost and 

simple structure are the advantages of this circuit.   

The circuit in Fig. 2.5 (b) is different from Fig. 2.5 (a) due to an extra resistance added 

in series with the diode. The purpose is to increase the negative voltage applied to the 

motor phase winding to decrease the “de-fluxing” period. The circuit in Fig. 2.5 (b) can 

reduce the “de-fluxing” period, but not much. This is because the reverse voltage 

decreases with the current. In addition, conduction loss in the resistance will reduce the 

system efficiency. 

In Fig. 2.5 (c), a zener diode is added in series with the resistance and the diode in 

order to increase the negative voltage applied to the motor phase winding and to keep it 

constant. In Fig. 2.5 (d), a bifilar-wound motor is used. When the switch is off, the 

current in the primary winding is transferred to the secondary winding and freewheels 

through the diode. So, there is a negative voltage Vdc applied across the winding for “de-

fluxing”. This circuit can achieve low loss and small “de-fluxing” period. However, high 

voltage rating switch is needed because double input voltage is applied when switch is 

off. 

2.2.1.2   Two-Quadrant-chopping Converter 

 

Vd

 

Fig. 2.6  SRM drive with two switches per phase 

 Fig. 2.6 shows the Two-Quadrant-chopping converter for the SRM . As mentioned 

before, in order to increase the reliability and realize certain control strategies, more than 

one switch per leg is used. This converter is similar to the conventional dc- ac converter, 

except that the motor winding is in series with the phase switches. Also, the switches 
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have voltage and current ratings that are similar to those of an equivalent AC converter 

drive.  

This converter provides highest efficiency, reliability and control flexibility. The 

upper and lower switches can be controlled independently to realize different control 

schemes. For example, when the upper and lower switches are switched simultaneously, 

the two diodes on each leg provide the freewheeling path for “de-fluxing”. This control 

scheme is called hard chopping with which the negative voltage Vdc is provided during 

the “de-fluxing” process. If the lower switch conducts all the time, only the upper switch 

is switched, then the zero voltage is provided during the “de-fluxing” process, which is 

called the soft chopping. When the upper switch is turned off, the upper switch and the 

upper diode provides the freewheeling path for “de-fluxing”.  

In addition, this converter can provide maximum regenerative braking capability and 

equal performance in forward and reverse directions. Also, there is no protection circuit 

needed to prevent shoot-through faults because the switches on each phase conduct 

simultaneously. All these advantages make the Two-Quadrant-chopping converter 

popular in SRM application.  

2.2.1.3  Converter with Shared Component 

For the Two-Quadrant-chopping converter described above, each phase has its own set 

of components. Thus for a three-phase motor, a total of six transistors and six diodes are 

needed. It is possible to reduce component by sharing the switch, as shown in Fig. 2.7. If 

this circuit is used for three-phase motor, only four transistors and four diodes are needed.  

For the basic operation of this circuit, the main switch Q1 and diode D1 operate all the 

time, while the other lower switches commutate the phase current in sequence. Because 

the main switch Q1 carries the current flowing through phase winding all the time; this 

circuit can realize the control scheme of using only one current sensor for three-phase 

current feedback. This circuit can save components, but, it has some limitations in the 

applications. For example, because the phases are no longer independent of each another, 

the “fault tolerance” characterized with the Two-Quadrant-chopping converter is lost. 
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V d

 

Fig. 2.7 Motor drive with shared component 

2.2.1.4  Soft-Switching Converter for SRM 

With PWM control technique widely used in high power SRM, the switching 

frequency has been called for higher and higher to avoid acoustic noise  and small current 

ripple. However, high switching frequency brings the Electromagnetic Interference 

(EMI) problem, which can cause malfunction of other electronic equipment and overheat 

the semiconductor switches. In order to solve these problems, soft-switching technique is 

proposed for the converter used in  SRM [11-12]. Fig. 2.8 is a Resonant Snubber based 

soft-switching circuit for SRM drive. 
 

V s  C s  

S a 2

S a 1

S b 2

S b 1

S c 2  

S c 1

P H .  BP H .  A P H .  C  
S r

L r

C r C r C r

C r C r C rZ V T  C e l l

 

Fig. 2.8  Resonant Snubber based soft-switching converter. 

This circuit is for the three-phase SRM. The difference between this circuit and the 

Two-Quadrant-chopping converter is that one resonant tank is added, which is composed 

of one auxiliary switch, one resonant inductor, two diodes and four resonant capacitors. 
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The resonant branch is connected across the three-phase windings. Zero voltage-turn-on 

(ZVT) condition is achieved for the main switches by current injection from the auxiliary 

switch. 

Thus, this topology achieves ZVT for the main switches. It also achieves zero current- 

turn-off for the auxiliary device. Because only one addition switch is needed to achieve 

soft switching for multiphase, this circuit is very attractive for low-cost implementation. 

2.2.2  SRM Current Control Schemes 

To maintain the desired torque at different loads, the current waveform should be 

shaped properly. Usually, there are two major factors that influence the current 

waveform. One is firing angle; another is switching method. 

For the SRM, each phase current is always built up from zero. For the motoring 

operation, each phase is excited between the unaligned and aligned position (see Fig. 

2.2). The dwell angle is defined as 0θθ −c , where 0θ  is the starting angle and cθ  is the 

commutation angle. Usually, the firing angle 0θ , cθ  are selected to avoid the phase 

current to be overlapped. However, in order to smooth the torque, the arts about 

increasing the dwell angle and overlapping the phase current during transition have been 

proposed. Adjusting the firing angle 0θ , cθ  according to the rotor speed can also shape 

the current waveform. Because the back-EMF increases with the speed, the turn-on angle 

0θ should be advanced to unaligned position, even into the previous zone of falling 

inductance when the rotor speed is high. As a result, the current can grow to the adequate 

level at a desired rate. So, the whole motor operation process can be divided into four 

modes in terms of the firing angle 0θ . These four modes are 1) normal mode at low 

speed; 2) boost mode at high speed; 3) an advanced mode at very high speed; 4) braking 

mode at the speed exceeding the reference speed. Fig. 2.9 shows the firing angle varying 

with the rotor speed.  
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Fig. 2.9 Firing angle varies with the rotor speed. 

2.2.2.1  Single-pulse Control 
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Fig. 2.10 Single-pulse Waveforms  

The way of the single-pulse control is that two main switches on each leg are 

simultaneously turned-on during the dwell angle, and then turned-off after the 

commutation angle. Fig. 2.10 shows the idealized inductance, voltage applied to the 

phase winding, flux linkage and phase current. 

During the dwell angle, positive voltage Vdc is applied to the phase winding. 

According to the Faraday’s law, the flux linkage increases linearly during the dwell 

angle:  

0

c

0

dc
c d

RiV
ϕ+θ

ω
−

=ϕ ∫
θ

θ
                                      (2.10) 
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Where 0ϕ  is the flux-linkage at 0θ , usually it equals to zero; R is the phase 

impedance; i is the instantaneous phase current; 0θθθ −= cd   is the dwell angle. All the 

impedance and voltage-drop in the motor drive and power supply are ignored at this step. 

The peak flux-linkage equals to:  

( )( 01
1 θθ
ω

ϕ −−= cdcc vV )                                       (2.11) 

Where the v  means the voltage drop during dwell angle due to the phase winding 

resistance. During the “de-fluxing” process, the flux-linkage should decrease to zero 

before the inductance starts to decrease; otherwise, the braking torque will be produced in 

the motoring operation. In terms of the Faraday’s law, the flux-linkage equals to: 

1

∫
θ

θ
θ

ω
−−

+ϕ= q

c

d
RiV

0 dc
c                                       (2.12) 

It can be rewritten as: 

( )( )cqdcc vV θθ
ω

ϕ −+= 2
1                                      (2.13) 

Combining (2.11) and (2.13), the conducting angle for one phase equals to: 

dc

c
q V

ωϕ
θθ

2
0 =−                                                      (2.14) 

Where  is assumed. For the motoring operation, 21 vv = qθ  should be ahead of the 

aligned position; so the maximum dwell angle can be obtained through combination of  

(2.11) and (2.13): 

2

1
max

1

1
2

vV
vV

dc

dc
d

+
−

+
⋅=

τθ                                          (2.15) 

Where the τ represents the inductance period of each phase. Assuming the v  is same 

as v and equals to fraction ρ of Vdc, the (2.15) can be changed to: 

1

2

2
1

2max
ρτθ +

⋅=d                                                  (2.16) 
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 In terms of the voltage equation (2.2), the current waveform in the Fig. 2.11 should 

increases linearly at first because the starting angle 0θ  is located at the unaligned 

position. When the back-EMF equals to Vdc, the current reaches its peak and starts to 

decrease. After the commutation angle cθ , the current decrease dramatically because the 

voltage applied to the phase winding reverses. After aligned position, the rate of the 

current change is small; the reason is that the sign of the back-EMF is negative. So, for 

the single-pulse operation, the commutation angle should advance the aligned position to 

avoid the current rise again. In addition, the advance angle should be increased with the 

rotor speed. 

This control scheme is simpler and has less switching loss than other control scheme; 

also, it has high current rising rate. However, the torque zone cannot be efficiently used 

because the dwell angle available is small. 

2.2.2.2  PWM Control 
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Fig. 2.11 PWM- hard chopping waveforms 

Instead of the single-pulse control, the PWM control scheme chops the dc voltage 

during the dwell angle period. The PWM control keeps switching frequency constant and 

regulates duty-cycle to ensure the phase current tracks the reference current. Fig. 2.11 

shows the ideal inductance profile, voltage applied to the phase winding, flux linkage and 

phase current for the PWM hard chopping control.  
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During the dwell angle, the average voltage applied to the phase winding equals to 

, assuming the duty-cycle d is constant. According to the Faraday’s law, the 

flux linkage increases during the dwell angle.  

( )Vdc1d2 −

The peak flux-linkage equals to:  

( )( )( 0c1dcc v1d2V1
θ−θ−−

ω
=ϕ )                                             (2.17) 

Where the v  means the voltage drop during dwell angle due to the phase winding 

resistance. Because the flux-linkage rise in the dwell angle should be equal to fall in the 

“de-fluxing” period, we have: 

1

( )( ) ( )[ ]( 012 1211 θθ
ω

θθ
ω

ϕ −−−=−+= ccqdcc vdVdcvV )        (2.18) 

The maximum dwell angle can be obtained: 

( )
2dc

1dc
maxd

vV
v1d2V

1

1
2

+
−−

+
⋅

τ
=θ                                                (2.19) 

Where τ represents the inductance period of each phase. Assuming  is same as 

and equals to the fraction ρ of Vdc, (2.19) becomes: 

1v

2v

d2
1

2maxd
ρ+

⋅
τ

=θ                                                                     (2.20) 

For PWM PI control, the duty-cycle almost equals to 1 at start up, and then decreases 

to 0.5 at steady-state condition. So, the mean duty-cycle should be greater than 0.5 but 

smaller than 1. Comparing (2.16) and (2.20), it is obvious that the maximum dwell angle 

with the PWM control is larger than with the single-pulse control. It means that torque 

zone can be efficiently used in the PWM control. Because the duty-cycle of the gate drive 

signal is almost one at the starting angle, the current increases fast just like single-pulse 

control. As a result, the torque dip at the commutation instant can be reduced.  

2.2.2.3  Hysteresis Control 

Hysteresis current regulator is another high frequency chopping current control, in 

which the main switches on each phase are switched on or off simultaneously with 

varying switching frequency to maintain constant current band.  
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Fig. 2.12 Hysteresis waveforms 

Fig. 2.12 shows the idealized inductance, voltage applied to the phase winding, flux 

linkage and phase current for the Hysteresis hard chopping control.  

This control scheme is often identified as preferable with advantages of simple 

implementation and rapid dynamic response. However, this controller is characterized by 

widely varying switching frequency and large current ripple. 

In this project, the linear current control scheme, or synchronous PWM PI controller, 

is selected. The PI controller integrates the error between the feedback and reference 

current to generate a variable voltage which is then fed into the pulse-width modulator to 

produce the switching gate signal for the Two-Quadrant-Chopping converter. Compared 

to Hysteresis controller, the PWM PI controller has some advantages below: 1) constant 

switching frequency; 2) closed-loop control; 3) good dynamic regulation; 4) low acoustic 

noise. PI compensator has been widely used in all types of the feedback system, 

especially for the systems originally containing a single pole. 
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CHAPTER 3  DERIVATION OF AC SMALL SINGNAL MODEL FOR 
SRM WITH PWM CURRENT CONTROLLER 

The block diagram of the Two-Quadrant-Chopping converter with PWM PI current 

controller used in SRM is shown in Fig. 1.1. Without knowing the transfer function, it is 

difficult to design the controller with proper gains and bandwidth. In this thesis, the ac 

small-signal modeling technique is proposed for linearization of the SRM model, and a 

conventional PI controller is designed accordingly for PWM current controller. With the 

linearized SRM model, the duty-cycle to output transfer function can be derived, and the 

controller can be designed with sufficient stability margin. 

Fig. 1.2 shows the block diagram of the system transfer function which is derived 

from the ac small signal model proposed. Where Gid represents the transfer function of 

the output current to the duty-cycle; Gc, He, Ri, and 1/Vm represents the transfer 

function of the compensator, current sampling, current sensor ratio and pulse-width 

modulator, respectively. 

3.1   Ac Small Signal Model for SRM Converter 
Fig. 3.1 indicates the three-phase, Two-Quadrant-Chopping converter for the SRM. In 

this circuit, each phase winding is represented as one resistance in series with one 

inductor.  

PH.A PH.B PH.C+_

V dc

PH.A PH.B PH.C+_+_

V dc

 

Fig. 3.1 Three-phase, Two-Quadrant-Chopping converter for the SRM 

Fig. 3.2 shows the operation topologies of the Two-Quadrant-Chopping converter with 

phase A when the  switches are on and off .  
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Fig. 3.2 Operation topologies of Two-Quadrant-Chopping converter for the SRM 

When the switches are on, positive voltage Vdc is applied to phase winding; when 

they are off, the negative voltage is applied. Equation (3.1) and (3.2) express the voltage 

equation of one phase winding during switches on and off state, respectively. 

( )
( ) ( )

( ) ( )
( )
dt
id

LKiiR
dt

itdL
tiRv Ts

TsTsa
Ts

Tsadc ++=+= ω
θ ,

              (3.1) 

( )
( ) ( )

( ) ( )
( )
dt
id

LKiiR
dt

itdL
tiRv Ts

TsTsa
Ts

Tsadc ++=+=− ω
θ ,

            (3.2) 

Where ω is the speed; K is the gradient of the inductance varying with the rotor 

position; L is the average inductance over one switching period; Vdc is the power supply; 

( )
Ts

i is the average current over one switching period, Ts is the switching period. 

Assuming the duty-cycle is d, and then the average voltage applied to the phasing 

winding during one switching period equals to: 

( ) ( ) ( )
( )
dt
id

LKiiRdvdv TS
tsTsadcdc ++=−− ω1                                      (3.3) 

It can be rewritten to: 

( ) ( ) ( )
( )
dt
id

LKiiRdv TS
tsTsadc ++=− ω12                                              (3.4) 

23 



 

Perturbing the input voltage, phase current and duty-cycle with small signal ,  and 

 respectively; also, assuming the quiescent value of phase current is I and the quiescent 

value of the duty-cycle is D, then: 

dcv̂ î

d̂

( ) iIi
Ts

ˆ+=                                                                                (3.5) 

dDd ˆ+=                                                                                     (3.6) 

dcdcdc Vvv += ˆ                                                                               (3.7) 

Insert (3.5), (3.6) and (3.7) into (3.4), one obtains: 

( ) ( )[ ] ( ) ( ) ( )
dt

iIdLKiIiIRDdvV adcdc

ˆˆˆ1ˆ2ˆ +
++++=−++ ω        (3.8) 

Linearizling the equation (3.8), we can get ac small signal equation for the motor 

drive: 

( )
dt
idLKiiRvDVd adcdc

ˆˆˆˆ12ˆ2 ++=−+ ω                                     (3.9) 

Taking the Laplace transform for Eq.(3.9), the output current to duty-cycle transfer 

function ( ) 0ˆ
ˆ
ˆ

== dcid v
d
isG can be derived: 
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dc
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It can be rewritten to: 
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Because the L, K varies with the rotor position, the output current to duty-cycle 

transfer function contains a moving single pole. 

3.2   Ac Small Signal Model for Current Feedback Loop 
PI compensator is choose for the current feedback loop due to the uncompensated 

system containing a single pole. PI compensator can increase the loop gain at low 

frequency , such that the output is better regulated at DC and at frequencies well below 

the crossover frequency. Eq.(3.14) is the transfer function of the compensator. 

( ) ( )

( )






 +==

s
G

v
v

sG L
g

se

sc
c

ω1
ˆ
ˆ

                                   (3.14) 

If the  is sufficiently lower than the crossover frequency  of the uncompensated 

loop, the phase margin will not be changed. At low frequency, the inverted zero causes 

the compensator integrate the error signal. 

Lf cf

The DC gain of the compensated loop is proportional to that of the PI compensator; 

so, the DC component of the error between the reference and feedback current will 

approach to zero when arbitrarily large gain of the PI compensator is designed. That 

means the steady-state output current can be perfectly regulated 

Although the PI compensator is useful in nearly all types of the feedback system, it is 

an especially simple and effective approach for systems originally containing a single 

pole. 

The function of the pulse-width modulator is to produce the duty-cycle d(t) that is 

proportional to the output voltage of the compensator. Fig. 3.3 shows the waveform of 

the pulse-width modulator. 
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Fig. 3.3 waveform of the pulse-width modulator 
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In terms of the waveform, the input to output transfer function equals to: 

( ) ( )
m

c

s

on

V
tv

T
t

td ==                            (3.15) 

Perturbation and linearization of (3.15), the transfer function of the pulse-width 

modulator is: 

( ) ( )
( ) mc

m Vsv
sdsF 1ˆ

==                       (3.16) 

Although the pulse-width modulator is sufficiently accurate for nearly all the 

application, it also introduces sampling of the waveform. Pulse-width modulator samples 

the control voltage of the compensator output with the sampling rate that equals to the 

switching frequency . Hence, a more accurate ac small signal model for the PWM 

current controller should include the sampling model. The transfer function of the 

sampling can be expressed as 

sf

( )sH e : 

( )
1−

=
ssT

s
e e

sT
sH                       (3.17) 

In practice, this sampling restricts the useful frequency of the ac variation to values 

much less than the Nyquist rate fs/2; so, there is no need to model the transfer function 

beyond half the switching frequency. We can use a simple second-order transfer function 

(3.18) to replace the equation (3.17).  

( ) 2

2

1
nzn

e
s

Q
ssH
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Where 

s
n T

πω =                                   (3.19) 

π
2

=zQ                                    (3.20) 
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3.3   Design of the Current Controller for SRM 
3.3.1   Transfer Function of the Current Feedback Loop 

Fig. 3.4 shows the block diagram of the system transfer function which is derived 

above. 
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Fig. 3.4 Block diagram of the system transfer function 

This is a negative feedback system, which automatically adjusts the duty cycle to 

obtain the desired output current with high accuracy when the input reference input 

current , load or the component value changes. Making the output current ( )siref ( )touti  

follow the reference current i  is the objective of the current controller. The smaller 

is the error  between the reference current 

( )sref

( )sie ( )srefi  and the output current i , the 

more accurate is the rotor speed adjusted. However, the error signal i , in practice, 

cannot be zero but small. The value of 

( )tout

( )se

( )sei  depends on the loop gain T , which is the 

product of the small signal in the forward and feedback path. Large loop gain can lead 

small error signal i . In addition, the disturbance to the output due to the variation of 

the input current , load or the component value is proportional to the 

( )si

( )se

(siref ) ( )sTi

1
+1

. 

Hence, designing a large loop gain ( )sT  is necessary. Stability is another issue during 

current controller design. Sometimes, adding the feedback to a well-behaved circuit can 

cause oscillation, ringing and overshot. The reason is that the feedback system has the 

small even negative phase margin of the loop gain 

i

( )sT . Positive phase margin is the 

requirment for the stable system. Moreover, increasing the phase margin results in the 

system more accurate regulation and better dynamic response with less overshot and 

ringing. So, the gain and the phase margins of the ac small signal transfer function 

i

( )siT  

can predict the feedback system performance including stability.  
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The open-loop transfer function ( )sTi  of the current controller for the SRM can be 

written in terms of the ac small signal model derived above: 

( ) ( ) ( ) ( ) ( )sGsHRsFsGsT ceimidi =                                                           (3.21) 

Inserting Eq. (3.10), (3.14), (3.16) and (3.18) into the Eq.(3.21), the open-loop transfer 

function T  is obtained: ( )si

( ) 
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3.3.2   Design of the Compensator Parameters  

The ac small signal transfer function of the SRM drive ( )sGid  indicates that this 

circuit contains a single pole. This is a stable circuit because the phase margin is always 

greater or equal to 90 . After the feedback loop is added, however, the phase margin will 

go to negative 90 at the frequency higher than half switch frequency  due to the phase 

current sampling delay. So, the compensator parameters should be designed to obtain 

desired phase margins at crossover frequency . 

0

0
sf

cf

3.3.2.1  Inverted Zero Design 

For the PI compensator, the inverted zero Lω is chosen sufficiently lower than the pole 

0ω  in the motor drive transfer function ( )sG . This can improve the DC gain to reduce 

the DC error but not influence the phase margin at high frequency. Usually,  

id

02
1 ff L =                                                                                       (3.23) 

3.3.2.2  High Frequency Gain G  Design g

When designing the high frequency gain G , the crossover frequency  should be 

chosen first. The crossover frequency  is also called system bandwidth. Wider 

bandwidth can bring the system better transient response, but may cause system unstable. 

So, we need to make trade-off between them. In this case, tenth of the switching 

frequency  is chosen as the . 

g cf

cf

sf cf
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At crossover frequency , the magnitude of the loop gain cf ( )siT  equals to 1. Because 

the  is sufficient lower than the and also the  is much lower than the half switch 

frequency , the high frequency gain  can be obtained from the Eq.(3.22): 

Lf cf cf

sf gG

00 fRT
fV

G
iu

cm
g =                                                                              (3.24) 

Eq.(3.23) and Eq.(3.24) show that the parameters of the compensator are the function 

of the , which varies with the rotor position and rotor speed {see Eq.(3.13)}. During 

the dwell angle of each phase, the inductance L varies between minimum value Lu0 to 

maximum La0,  and the inductance gradient  K may be either zero or 

0f

dwell

ua LL
θ
−

.   

Because the original uncompensated system contains a moving pole and the gain of 

the uncompensated transfer function varies with the rotor position, it is impossible to 

design a fixed PI compensator to maintain constant gain and phase margin at different 

rotor position. There are two ways to design a compensator to make system stable . One 

is to design a fixed compensator at worst case to make system stable under all rotor 

position. Designing a timing varying compensator with rotor position to maintain stable 

performance all the time is another way; however, this is hard to realize in the DSP 

program. 

During the hardware prototype setup, a 12/8 SRM with three-phase is used. It has 12 

stator poles and 8 rotor poles. Each phase circuit comprises of single-tooth coils wound 

on one set of four stator poles, 90 mechanical degrees apart. The inductance profile of 

each phase is indicated in the Fig. 2.2, which is repeated in 45 mechanical degrees. In the 

whole control process, only one phase winding is conducted at any time and no overlap 

between phase current. So, the maximum dwell angle dwellθ  of each phase is 15 

mechanical degrees. 

The Two-Quadrant-Chopping converter is used for the motor drive. The input voltage 

 is kept constant and the peak output current for each phase is 8A. The parameters used 

to design the current controller are as below: 

sV
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Fig. 3.5 shows the bode-plots of the motor drive transfer function. It indicates that the 

gain and pole position change with the phase winding inductance L and its gradient K 

when the rotor speed is constant. In other words, the curves vary with the rotor position. 

Fig. 3.6 shows the open-loop transfer function ( )siT  when the compensator parameters 

change with the rotor position. In this case, the curves of ( )siT  at different rotor position 

are very close, which have same phase margin, and crossover frequency, 2 kHz. So, 

the system is stable at all the rotor position.  

076

Constant gain and phase margins can be achieved with time varying PI compensator, 

but it is difficult to implement. So, designing a fixed compensator to make system stable 

at different rotor position is necessary.  Fig. 3.7 shows the open-loop transfer function 

 with a fixed compensator which is designed at unaligned position, where ( )sTi 0=k , 

. Even though the gain and phase margins are different at different rotor position, 

the minimum phase margin is larger than 76 . In other words, the system should be 

stable at all rotor position. Eq.3.25 is the transfer function of the compensator designed at 

unaligned position, where , 

LuL =
0

0=k LuL = . 

( ) 





 +=

s
8801762.0sG c                                                                  (3.25) 
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Fig. 3.5 Bode-plots of the transfer function Gid at different rotor position 
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Fig. 3.7 Bode-plots of the transfer function ( )siT  at different rotor position with fixed 

compensator G  of c =k and  ( )s 0 LuL =
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CHAPTER 4  SIMULATION RESULTS 

The Two-Quadrant-Chopping converter based SRM drive has been simulated with 

open-loop Hysteresis control and with the PWM control that uses the proposed design 

technique to compare the performance between them. Simulation results show that 

through the frequency spectrum analysis, the noise spectra is pronounced in the 

conventional Hysteresis current controller, but is disappeared with fixed switching 

frequency PWM controller. Simulation has been done in Saber.  During the simulation, 

the SRM is modeled by using an inductor in series with a resistor for each phase. Because 

the phase inductance of SRM varies with the rotor position, the value of the inductor used 

in the simulation is time domain. Rotor speed, 1000 rpm and  input voltage,  165V  are 

assumed in the simulation. 

4.1  Gate Signal and Phase Current 
Fig. 4.1, Fig. 4.2 and Fig. 4.3 show the simulation waveforms with the PWM 

controller. The current ripple presents non-uniform ripple over the entire cycle due to the 

non-uniformity of the inductance. Constant switching frequency is achieved in the  PWM 

controller 

 

Fig. 4.1 Gate drive signal, phase current and inductance profile with PWM controller. 
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Fig. 4.2 Gate signal at start up state with PWM controller 

 

Fig. 4.3 Gate signal at steady state with PWM controller 

The Hysteresis control model is realized by a window comparator; its resulting current 

waveforms are shown in  Fig. 4.4, Fig. 4.5 and Fig. 4.6, in which the Hysteresis band is 

kept constant while the switching frequency is not.   
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Fig. 4.4 Gate drive signal, phase current and inductance profile with Hysteresis controller  

 

Fig. 4.5 Gate signal at start up state with Hysteresis controller 
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Fig. 4.6 Gate signal at steady state with Hysteresis controller 

4.2  FFT Analysis of Phase Current  
Hysteresis current controller has been widely used in the SRM drive because it is 

simple and easy to implement. However, this controller needs to vary switching 

frequency to maintain a constant Hysteresis band, resulting unpleasant audible noise. The 

frequency spectra shown in Fig. 4.7 contains significant audible noises, which is 

disappeared in frequency spectra shown in Fig. 4.8. This is why the SRM with fixed 

switching frequency PWM current controller can achieve quiet operation nature. 
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Fig. 4.7 Frequency spectra for the control with Hysteresis  
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Fig. 4.8 Frequency spectra for the control with fixed switching frequency PWM 
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CHAPTER 5  IMPLEMENTATION OF SRM DRIVE SYSTEM WITH 
PWM CURRENT CONTROLLER 

A hardware prototype was implemented with digital signal processor to verify the 

quiet nature of the PWM controller when running at 20 kHz switching frequency. The 

test bench is shown in Fig. 1.3, which is composed of four parts: DSP, interface, gate 

drive and power stage. The heart of the controller is the DSP board. It samples the three- 

phase current and rotor position signal provided by the interface board, then sends out six 

gate signals to the gate drive board to fire the main switches in the power stage. The 

desired control scheme is realized by programming the code. 

5.1  Hardware Implementation 
5.1.1  DSP Board 

Analog device ADMC401 is selected as the micro-controller when the test bench is set 

up. This is a single-chip DSP-based controller, which integrates a 26 MIPS, fixed point 

DSP core with a complete set of motor control peripherals that permits fast control in a 

highly integrated environment. In the industry application, ADMC401 is widely used as 

different kinds of motor control, such as ac induction motor (ACIM), permanent magnet 

synchronous motor (PMSM), brushless dc motor (BDCM) and switched reluctance  

motor (SRM).  Fig. 5.1 shows the function block diagram of the ADMC401. 

For the motor control, ADMC401 is very convenient to use because it contains a 

number of special purpose and motor control peripherals. In this project, three units are 

used. The first one is the high performance, 8 channels, 12-bit ADC unit, which can 

sample duel channel simultaneously across 4 pairs of the input. The second one is the 

three-phase, 16-bit, center-based PWM generation, which can be used to produce high 

accuracy PWM signals with minimal processor overhead. The last one is the flexible 

incremental encoder interface unit for the position sensor feedback. Following will 

discuss the application of each unit mentioned above. 
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Fig. 5.1 Function block diagram of the ADMC401 

5.1.1.1  Analog-to-digital Conversion (ADC) Unit 

This A/D conversion unit can accurately convert the current, voltage and other analog 

signals needed in high performance motor control systems to the digital signals. The 

whole system operates at a clock rate , which equals to 4 times of the DSP 

instruction rate t (38.5 ns). It can convert all eight input signals in 2 us through a single 

12-bit pipeline flash ADC. Fig. 5.2 shows the entire ADC function block diagram.  

ckADCt

ck

 

 

Fig. 5.2 Function block diagram of the entire ADC unit 
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The eight input channels can be divided into two banks of four signals each. One is 

from VIN0 to VIN3; another is from VIN4 to VIN7. In this case, VIN0 to VIN3 are used 

to sample phase A, B, C current respectively. 

For the ADC unit, there are two basic conversion modes: simultaneous mode and 

sequential sampling mode. The Bit 3 and 4 of the ADCCTRL register determine which 

mode is used. The simultaneous sampling mode is selected by clearing both Bits 3 and 4 

of the ADCCTRL register, in which two analog inputs from each bank are sampled 

simultaneously. In other words, VIN0 and VIN4 are the first pair of sampled inputs, then 

followed by VIN1 and VIN5, VIN2 and VIN6, and VIN3 and VIN7. If setting Bit 3 and 

clearing Bit 4 of the ADCCTRL register, the sequential sampling mode, which is used in 

this project, is selected. In this operating mode, the input signals VIN0 to VIN7 are 

sampled sequentially at the ADC clock rate . Therefore, in the first ADC clock 

period, VIN0 is sampled and held by the first sample and hold amplifier. In the second 

clock period, the held sample of VIN0 is applied to the first stage of the ADC pipeline 

and then the VIN1 signal is sampled. This process continues until all eight analog inputs 

have been sequentially sampled and converted. The total conversion time needed to 

converter each signal is 3 ½ ADC clock periods, which is same as the simultaneously 

sampling mode. Fig. 5.3 shows the timing of sequential sampling mode process. 

ckADCt

 

Fig. 5.3 Timing of the sequential sampling mode  

There are two ways to start the ADC conversion process. Bit 0 of the ADCCTRL 

register determines whether internal or external command to start conversion process. In 

this project, the internal command mode is selected by clearing Bit 0 of the ADCCTRL 
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register. As a result, the ADC conversion process is started on the rising edge of the 

PWMSYNC signal that is produced at the start of PWM switching period. In this project, 

the frequency of the PWM signal used to firing the main switches of the power stage is 

20 kHz.  So, the conversion speed of this ADC system is fast enough to satisfy the motor 

drive phase current sampled.  

The input voltage range for the A/D unit is up to 4.0 V . The pp− refV± value defines the 

maximum and the minimum input voltage respectively. The reference voltage V  can be 

generated internally or externally. In this project, internal reference voltage 2.0 V is used. 

In order to meet the requirement of the input voltage to the A/D core, the interface board 

converts current feedback signal to the voltage between 0 to 2.0 V. 

ref

5.1.1.2  PWM Controller 

 

Fig. 5.4 Function block diagram of the ADMC401 PWM controller 

The ADMC401 PWM controller can be programmed to produce three-phase PWM 

waveforms in the desired switching pattern. The capability of the output sink and source 

current is 10mA. The AH, BH, CH consist of high side drive signals, and the AL, BL, CL 

consist of low side drive signals. The polarity of the generated PWM signals can be 

programmed as either active HI or active LO pattern by the PWMPOL pin. In addition, 

the switching frequency and the duty cycle of phase A, B, C can be controlled directly by 
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the registers of PWMTM, PWMCHA, PWMCHB, and PWMCHC respectively. Fig. 5.4 

shows the function block diagram of the ADMC401 PWM controller.  

In this application, the objective of the ADMC401 PWM controller is to produce six 

gate signals to drive Two-Quadrant-Chopping converter in terms of the proposed control 

scheme. Because the PWM hard chopping scheme is chosen for the SRM current 

controller, the upper and lower side switches on each phase should be switched 

simultaneously to conduct the phase current. So, we use the high side of the output 

signals AH, BH, CH to control the upper and lower side switches on phase A, B, C 

respectively. In order to control the 12/8 SRM to operate in the motor mode, each phase 

should be energized 15 mechanical degrees during the inductance increasing range. The 

starting and commutation angle is determined by the absolute encoder signal, which can 

indicate the relative position between the rotor and the stator.  

The rotor moving direction is determined by the firing sequence. For example, if 

clockwise rotation is desired, the three phases are energized in the a-b-c sequence.  For 

counterclockwise rotation, the reverse sequence is executed.  

During the dwell angle of each phase, the upper and lower side switches are chopped 

at a constant frequency, and the duty cycle is regulated by the current controller loop. Fig. 

3.3 shows the PWM generation process for a single PWM switching cycle. In this 

modulation mode, the turn on time T of the PWM signal is determined by the PI output 

value V , and the switching frequency is same as that of the triangle waveform. 

on
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=                                                       (5.1) 

Due to the digital implementation of the ADMC401, the current feedback is 

effectively sampled at a rate that equals to the switching frequency . Because the 

single update mode for the PWM generator is selected, the sampled value is used to 

compute the duty cycle for the entire PWM period. In this mode, the PWMSYNC 

interruption signal is generate once at the start of the each PWM period. During the each 

PWMSYNC interrupt service routine, the DSP compute the new duty cycle written to the 

three 16-bit read/write duty cycle registers, PWMCHA, PWMCHB, PWMCHC. 

sf
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In the duty cycle computation process, the PI output voltage V is represented as a 

signed, twos-complement number (1.15 format) and the peak value of the triangle 

waveform is assumed as 1.0. As a result, the 100% duty cycle can be obtained when the 

value of V  equals to 1.0.  

)(tc

)(tc

The desired switching frequency can be obtained by writing a value to the 16-bit 

PWM register, PWMTM. The fundamental timing unit of the PWM controller is DSP 

instruction rate, t (38.5 ns), and the value written to the PWMTM register is effectively 

the number of  increments in half a PWM period. So, the required PWMTM value as a 

function of the desired PWM switching period T  is given by:  
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=                                                     (5.2) 

In this case, the desired switching period equals to 50 us; so, the value written to the 

PWMTM register should be: 

650
105.382

1050
2 9

6

=
××

×
== −

−

ck

s

t
T

PWMTM               (5.3) 

If it is represented in the 16-bit twos-complement number, the value 0x028A should 

be written to the PWMTM register. 

 

5.1.1.3  Encoder Interface Unit (EIU) 

The encoder interface unit is used to determine the starting and commutation angle for 

each phase. It receives the sequence signal from the rotor position transducer, which 

consists of a rotating encoder and station sensor. This sequence signal indicates the 

position of the rotor relative to the stator. Also, the period of this signal coincides with 

the period of the phase inductance cycle. Fig. 5.5 shows the diagram of the rotor position 

transducer used in the project. 
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Fig. 5.5 Rotor position transducer 

When the rotor is rotating in clockwise direction, the optical sensor circuit produces a 

sequence of the pulses by passing and reflecting the light. The amplitude of the pluses is 

5 v, and each rising edge of the pulses is spaced 7.5 mechanical degrees evenly, but the 

falling edge is unevenly. Six narrow and wide pulses consist a pattern, which repeats 

every 45 mechanical degrees. This pattern period coincides with that of the phase 

inductance profile.  Fig. 5.6 shows the diagrams of the output sequence signal, phase 

inductance profile and gate signals.  

During each 45 mechanical degrees, the three-phase windings should be energized in 

turn, and each phase conducts 15 mechanical degrees. Counting the rising and falling 

edges can control the firing timing.  

Initializing the rotor position is necessary when the rotor starts running. The way used 

in this project is to excite one phase winding for a certain time. As a result, the rotor will 

be pulled to align with that phase. Due to the 12/8 SRM structure, the maximum pulled 

angle is about 15 mechanical degrees in either direction. After initializing the rotor 

starting position, three-phase windings can be energized in certain sequence depending 

on which direction is desired to move. 
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Fig. 5.6 Output sequence signal, phase inductance and gate signals. 

The optical sensor circuit needs v15±  power supply and sends out the sequence of the 

pulses. Because the amplitude of the pulses is 5 , the output signal from the encoder can 

be directly fed to the EIU input pin, EIA. Fig. 5.7 shows the interface configuration and 

the block diagram for the ADMC401 EIU. 

v

 

Fig. 5.7 Interface configuration and block diagram for the ADMC401 EIU. 
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The encoder interface unit for the ADMC401 consists of three blocks: the Encoder 

Loop Timer, Encoder Event Timer and the Encoder Interface. The Encoder Interface 

block includes a 16-bit quadrate up/down counter, programmable input noise filtering and 

several 16-bit registers. 

In this application, the so-called FD mode is used by setting bit 6 of the EIUCTRL 

register. In this mode, the EIA pin is used to accept the sequence of the pulses from the 

encoder, and the EIB pin is used to control the rotor rotating direction. The quadrate 

counter is increased or decreased on both the rising and falling edges of the signal on the 

EIA pin. When the signal on the EIB pin is LO, the counter is increased on each edge and 

the bit 1 of the EIUSTAT register is set. If the signal on the EIB pin is HI, the counter is 

decreased on each edge and the bit 1 of the EIUSTAT register is cleared. So, by detecting 

the bit 1 of the EIUSTAT register, we can control the order of the phase winding 

energized to attain the desired direction. 

The encoder system is initialized by writing a value to the EIUMAXCNT register. In 

FD mode, the content of the EIUMAXCNT register is used to reset the quadrate counter. 

Because there is total six pluses and twelve rising and falling edges during one period of 

each phase inductance profile, the value 0x000C is written to the EIUMAXCNT register. 

After the rotor position is initialized, the directive of writing the value 0x000C to the 

EIUMAXCNT register will start the encode system. The initial value of the EIUCNT 

register is reset to zero when the signal on the EIB is LO, then it increases with the 

rotating of the rotor. In each PWMSYNC interrupting routine, the DSP will read the 

value from the EIUCNT register. When the counter gains four, the phase current should 

be switched. For example, when the signal on the EIB is LO and the clockwise direction 

is assumed, we aligned phase C first, then the EIUCNT register start to count from zero 

and the phase A is energized. When the value of the EIUCNT register equals to 4, the 

phase current is switched and the phase B is energized. Also, the phase current is 

switched from phase B to C when the counter reaches to 8. The phase C is energized until 

the counter goes to 12, then the counter will automatically reset to zero and a new cycle 

will start.  

There is a programmable noise filter in the encoder interface block. It can be used to 

filter the noise in the input signals. In this application, in order to count the rising and 

47 



 

falling edges of the encoder signal on the EIA pin accurately, the noise in this signal 

should be rejected. By writing the value N to the bit 0 to 5 of the EIUFILTER register, 

the noise whose width is less than ( ) cktN ×+× 12  will be filtered. The larger the value N, 

the more filter applied to the input signal, and the lower rotor speed is allowed. In this 

project, when the rotor speed is 1000 rpm, the narrowest pulse-width in the encoder 

signal is larger than 2.5 us. So, the value 31 is written to the EIUFILTER register. 

5.1.2   Power Stage Board 

In this project, the Two-Quadrant-Chopping converter is selected as the power stage to 

drive the motor. When designing this power stage, the first step is to select the power 

semiconductor devices in terms of the input voltage and output power. The voltage and 

current rating are two main factors considered in selecting the device. This converter 

consists of six main switches and six freewheeling diodes. The input to the system is 

fixed at 165V DC and an average load current is to be designed as 8A. In this case, power 

MOSFET, IRFP360 is chosen as the main switching device, which has 400V and 23A 

voltage and current rating respectively. For the freewheeling diode, a 600V, 30A, 

Hyperfast diode, RHRG3060, is chosen.  

A low frequency, 1000µF electrolytic capacitor and a high frequency, 1µF 

polypropylene film capacitor are added across the input DC rail to filter the current 

ripple.  

There are six output terminals: , ; +A −A +B , −B ; , , which are connected to the 

motor phase winding A, B, C respectively. Three hall current transducers (CT), LA55-P 

are mounted on the output terminals to detect the three-phase winding current. There are 

three terminals for each CT; two of them are connected to the 

+C −C

v15±  power supply, the 

third one is the output current signal connected to the interface board. The current 

conversion ratio is 1:1000, and the primary nominal r.m.s current is 50A. Because the 

average load current is 8A, 4 primary turns are selected. 

In order to reduce the device temperature during operation, the PCB of the power 

stage is mounted over a big heat sink, which contacts with all the devices. 
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5.1.3   Interface Board 

There are three functions for the interface board. The first one is to convert the phase 

current into the voltage signal available for the A/D converter of the DSP. Fig. 5.8 shows 

the conversion circuit.  

 

Fig. 5.8 Conversion circuit  

In this case, a Wide Bandwidth Quad JFET OP AMP LF347N is used. R1 is 

determined by the maximum voltage available for the ADC unit and the maximum phase 

current needed to sense. 

max

max
1

in

o

Ik
V

R
⋅

=                                (5.4) 

maxoV  represents the maximum voltage available for the A/D converter unit. 

  represents the maximum phase current needed to sense.  maxinI

  represents the current conversion ratio of the hall current transducers. k

Translating the PWM TTL signal to the optical signal is the second function of this 

board. There are six PWM input signals to the interface board. The amplitude of the 

PWM input signal is 5v. Fig. 5.9 shows the circuit for one PWM signal channel. In this 

circuit, the dual peripheral drive DS75451 is used to drive the optical transmitter 

HFBR1521. The output current rating of the DS75451 is 300mA. The octal bus 

transceivers SN74HC245 is used to transmit data from bus A to bus B by selecting the 

direction-control (DIR) pin HI and the output-enable (OE) pin LO. The output-enable 

(OE) input can be used to disable the device so that the buses are effectively isolated. 
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Fig. 5.9 Circuit for one PWM signal channel 

5.1.4   Gate Drive Board 

The function of the gate drive is to amplify the PWM signals generated by the DSP 

board and produce the appropriate gate signals to drive the main switches in the power 

stage. In this project, three sets of the gate drive are used. For each set, there are two gate 

drive channels to drive upper and lower switches respectively. In addition, there is built-

in flyback converter on each set of the gate drive board which provides 15v and -5v 

power for each drive channel. The power supply for each channel is isolated from each 

other by using different secondary windings in the transform. Fig. 5.10 shows the block 

diagram for one gate drive channel.  
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Fig. 5.10 Block diagram for one drive channel. 
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This gate drive board can be used in any power stage due to its compact mechanical 

structure and high electric quality. Furthermore, the output stage of the drive channel can 

be customized in terms of the switches needed to drive to obtain best turn-on and turn-off 

characteristics. The main advantages of  the gate drive board are listed below: 

Optical fiber used. Using optical fiber for transmitting signal can improve the 

reliability and reduce the noise, especially when the signal is transmitted through a long 

distance.  For each gate drive board, there are two optical transmitters and two receivers 

for two PWM input signals and two fault output signals respectively. The HFBR1522 and 

HFBR2521 are selected for the transmitter and receiver respectively. Because the 

maximum source current of the fault signal is 25mA; so, the largest distance allowed to 

be transmitted for the fault signal is 25 meters. 

 Surface mounting technique (SMT) used. SMT is widely used in the layout design for 

the high frequency circuit. The reason is that it can reduce the noise induced by the 

parasitic capacitance and inductance on the tracks and components. The operation 

frequency, such as the PWM signal and the switching frequency of the flyback converter, 

is as high as 20kHz. So, using the SMT can improve the output waveforms to avoid 

trigger faults. All the components used in this gate drive board are surface mount 

packages. 

Power plane used. The ground plane is used in the PCB layout to reduce the parasitic 

parameters and EMI. 

High current output. The complementary silicon power plastic transistor, MJE200 and 

MJE210 are used in the totem-pole output stage, which has continues current rating, 5 A. 

In terms of the different switch, changing the turn-on and turn-off resistances can 

optimize the turn-on and turn-off current respectively to obtain best switching 

characteristics. 

The rule for selecting the turn-on resistance  is: 1) large enough to damp the 

ringing and to reduce the noise, 2) small enough to accelerate turn-on process and reduce 

the turn-on loss. 

onR

2/ GEfsGCCEon CgCkLR ≈                                      (5.5) 

Where 
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 k is the weighting-factor for the different ratio. Typically, select k=1. onCE RL /

fcg  is the transconductance, i.e., GSCfc vig ∆∆= / . 

GEC  and  are the capacitances from  gate to emitter and from gate to collector 

respectively.  

GCC

The rule for selecting the turn-off resistance  is: 1) large enough to limit the 

discharge current to be less than the sink current capability of the gate drive, 2) small 

enough to reduce turn-off delay. 

offR

GGoff IVR /≈                                                (5.6) 

Where 

 V   is the amplitude of the gate signal voltage. G

GI  is the sink current of the output stage of the gate drive channel. 

De-saturation protection. For each drive channel, a MC33153 chip is used. It has Fault 

Blanking/De-saturation Comparator pin, which can senses the collector voltage of the 

main switch. If the collector voltage is higher than the allowed value that is determined 

by the resistance R3 when the main switch is on, the fault pin is active high to indicate 

the fault occurring and there is no light through the FLT transmitter. Two FR1MDICT 

components in series are used for the diode D2, each of them has high reverse block 

voltage, 1000v. The MC33153 can also program the fault blanking time by designing the 

blank capacitance . That means the fault signal can be blanked for sufficient time 

following the main switch turn-on. The blanking time equals to: 

blankC

1210270
3.6

−⋅
⋅

= blank
blank

C
T                             (5.7) 

Instead of the DC/DC power supply module, a flyback converter with current and 

voltage feedback is used. The input of this converter is 15v. There are two secondary 

windings in the transform. Each of them provides 20v output, which is divided to15v and 

-5v, to each drive channel.  The current mode PWM controller chip UC1843 is used for 

the feedback loop. This chip can operates at duty cycle approaching 100%. The switching 

frequency of this circuit is designed at 20 kHz by selecting the R, C value of the UC1843 
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OSC unit. The total cost of this flyback converter is lower than the DC/DC power supply 

module. Fig. 5.11 shows the block diagram of the flyback converter.  

 

Fig. 5.11 Block diagram of the flyback converter. 

 

 

5.2   Software Layout 
 Fig. 5.12 shows the main flowchart of the code. 

Start up Initializing Main RoutineStart up Initializing Main Routine
 

Fig. 5.12 Main flowchart of the code 

5.2.1   Start Up 

At the begin of the code, the directive of .MODULE assembler declares the start 

location of the program in the program memory RAM. By default, the first instruction for 

the ADMC401 must be placed at address 0x60. In this stage, using the “include files” 

directive defines the specific constant and macro used in the ADMC401. Also, constant 

and variable parameters used in this program are defined. The variable parameters should 

be initialized. 
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5.2.2   Initializing 

In the initializing stage of the code, the PI controller, PWM generator, PWMSYNC 

interruption and EIU should be initialized. The flowchart of the initializing process is 

indicated in the Fig. 5.3. 

 

Start up PI 
reset INIT_PWM INIT_PWM

_Interrupt INIT_EIU Main 
Routine

INIT
rotor positionStart up PI 

reset INIT_PWM INIT_PWM
_Interrupt INIT_EIU Main 

Routine
INIT

rotor position
 

Fig. 5.13 Flowchart of the initializing process 

For the PI controller, the implementation with digital signal processor can be 

represented by: 

kkkk UIAIAU +⋅+⋅= ++ 0111                                (5.8) 

Writing zero to the data memory, which is used to storing  and U , enables the 

PI initialized. The PWM generator is initialized by calling INIT_PWM subroutine. The 

switching frequency 20 kHz and zero duty cycle can be programmed by writing 0x28A, 

0x0, 0x0 and 0x0 to the registers PWMTM, PWMCHA, PWMCHB PWMCHAC 

respectively. By default, the single mode is set. In addition, using the function 

PUT_VECTOR placed in the ROM-CODE initializes the jump to the PWMSYNC 

interruption. 

1+kI 1+k

In the INIT_PWM_Interrupt process, the IRQ2 interruption is enabled by writing 

value 0x80 and 0x208 to the register IFC and IMASK respectively. Furthermore, the 

PWMSYNC interruption is allowed by writing value 0x0020 to the PICMASK register. 

Before starting to count the pulse edge, the rotor position should be initialized. This is 

done by exciting phase B for a certain time to align phase B. 

For the EIU initialization, the so-called FD mode is used by writing value 0x40 to the 

EIUCTRL register. Also, the register EIUCNT, EIUFILTER and EIUMAXCNT are 

programmed by the value of 0x00, 0xFFFF and 0x000B, respectively. 

5.2.3   Main Routine 

In this stage of the code, nothing is needed to do but waiting for the PWMSYNC 

interruption. Because the PWMSYNC is produced once during each period of the PWM 

signal, the interruption rate is 20 kHz. During each interrupting routine, the bit 4 of the 
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EIUSTAT register is detected first to determine which direction the rotor will go. In other 

words, the bit 4 of the EIUSTAT register determines the firing sequence. Which phase is 

excited is decided by the value of the EIUCNT register, which is read in each 

PWMSYNC interrupting routine. During the dwell angle of each phase, the duty cycle 

are updated once per interrupting routine. In each routine, the current of that phase 

excited is sampled by the ADC system; then it is sent to PI controller routine to calculate 

the result U . The new duty cycle for the next switching period is decided by the value. 

Fig. 5.14 shows the flowchart of the PWMSYNC interruption. Also, Fig. 5.15 shows the 

detail process for firing phase winding.  
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Fig. 5.14 Flowchart of the PWMSYNC interruption 
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Fig. 5.15 Flowchart of the phase firing 
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CHAPTER 6  EXPERIMENTAL RESULTS 

In order to verify the quiet nature and the stability of the proposed PWM PI current 

controller based system, a hardware prototype was implemented with digital signal 

processor ADSP2001 when running at 20 kHz switching frequency. During this test 

bench setup, a three-phase 12/8 SRM designed for the commercial washing machine is 

used. It has 12 stator poles and 8 rotor poles. Each phase circuit comprises single-tooth 

coils wound on one set of four stator poles, 90 mechanical degrees apart. The inductance 

profile for each phase is indicated in the Fig. 2.2, which is repeated in 45 mechanical 

degrees. In the whole control process, only one phase conducts at any time, there is no 

overlap between the firing angles of two phases. So, the dwell angle dwellθ  for each phase 

is 15 mechanical degrees. The parameters of PI compensator used in this project are 

designed and optimized in terms of the bode-plots of the current feedback loop transfer 

function. The detail derivation of this PI compensator is shown in chapter III. Because the 

loop transfer function is induced based on the ac small signal model proposed in this 

thesis, the validity of this model can be verified through the performs of this test system, 

such as stability, transition response. Rotor speed, 1000 rpm and  input voltage,  165V  

are assumed. 

6.1  Firing Timing 
Motoring operation of the SRM is achieved by exciting each phase in certain 

sequence. The timing that energized each phase is determined by the encoder signal from 

the rotor position transducer, which is indicated in Fig. 5.5. Because the rising edge of the 

pulses is spaced 7.5 mechanical degrees evenly in the clockwise direction, the firing 

timing can be determined by counting the pulse edge. In this project, when the counting 

number gains four, the phase winding energized is commutated. As a result, each phase 

winding is excited 15 mechanical degrees without overlap between two phase current. 

Fig. 6.1 shows the experiment waveforms of the encoded position signal and three-phase 

currents.  
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Fig. 6.1 Encoder signal and three-phase currents 

6.2   Gate Drive Signal 
The switching frequency is 20 kHz, same as the one shown in the simulation. The duty 

cycle of the gate signal is regulated by the PI compensator output. The phase current 

always starts from zero, and the duty cycle of the gate signal is almost 100 percent at the 

starting angle. As a result, the phase current increases linearly just like single pulse 

control. When the phase current increases to the reference value, the current feedback 

loop reaches steady state, and the duty cycle of the gate signal is reduced to about 50 

percent in the steady state. Fig. 6.2  and Fig. 6.3 shows the gate drive signal and phase 

current under test. 

The phase current always start from zero. This is the reason why there is torque dip at 

the commutation instant from one phase to the next one. Fig. 6.4 shows the experiment 

waveform of the input current and the three-phase current. Because the current dip is very 

small, the motor in this project operates very smoothly. 

        

Fig. 6.2 Gate signal and phase current 
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Fig. 6.3 Gate signal at start up and steady state 

 

 

 
 

Fig. 6.4 Input current and three-phase current 
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CHAPTER 7  CONCLUSION AND FUTURE WORK 

In this thesis,  the PI compensator using a linearized small-signal mode for SRM 

current loop is proposed. Based on the derived loop transfer function for the duty cycle to 

control output, the PI compensator can be designed with sufficient stability margin. A 

compensator design procedure is suggested and the results have been verified with Saber 

simulation in both time-and frequency-domains. The performances with open-loop 

Hysteresis and the proposed closed-loop PWM current controllers are compared with 

computer simulation. Through the frequency spectrum analysis, we can see that the noise 

spectra in audible range with conventional Hysteresis current controller is disappeared 

with the fixed switching frequency PWM controller. The results indicate that the PWM 

current controller achieves numerous advantages: 1) constant switching frequency, 2) low 

audible noise, 3) small current ripple, and 4) smooth torque production. A DSP controller 

based SRM drive system was then implemented to verify the proposed technique. 

Experimental results agree with the simulation very well.  

Torque ripple and acoustic noise prevent SRM from high performance application. 

Any work and research on  torque ripple and acoustic noise minimization is useful and 

challenging. In addition, a speed loop can be implemented with digital signal process to 

keep constant speed under all the load condition. 
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