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(ABSTRACT) 

Vector control technique is being widely used in ac motors drives for precise dynamic 

control of torque, speed and position. The application of vector control scheme to the 

induction motor drive and the complete modeling, analysis and ·simulation of the drive 

system are presented in this thesis. State space models of the motor and the speed 

controller and the real time models of the inverter switches and the vector controller are 

integrated to model the drive. , Performance differences due to the use of PWM and 

hysteresis current controllers are examined. Simulation results of the torque and speed 

drive systems are given. The drive system is linearised around an operating point and the 

small signal response is evaluated. 
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1.0 INTRODUCTION 

Induction motor drives are becoming popular in industries because of their low cost and 

mechanical robustness. Induction motors have higher torque to inertia ratio, higher peak 

torque capability and higher power per unit weight than de motors. These superior 

characteristics of the induction motor combined with their maintenence-free nature 

make them attractive for servo applications. Induction motors were not used in high 

performance applications for a long time because of the lack of control techniques to 

transform them to equivalent de motor drives in performance. 

1.1 Vector Co11tl1'ol Sche111e 

Vector control scheme transforms the induction motor (more generally, any ac motor) 

into an equivalent separately excited de motor for control purposes. This scheme was 

introduced in early 1970' s, but the implementation of the scheme was not possible until 

recently. Advances in microprocessor technology and switching power devices have fa-

cilitated the real time implementation of the vector control scheme. The high speed 

microprocessor can generate the command voltages/currents with minimum delay. The 

software stored in the microprocessor helps the designer to tune and test the vector 

controller easily. The higher switching frequency of the inverter enables the instanta-

neous control of input currents/voltages to the machine. 
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Vector control scheme requires the instantaneous position of the rotor flux. This is 

measured in the .direct vector control scheme and is estimated in the indirect vector 

control scheme. The direct vector control scheme requires Hall effect probes/search coils 

to measure the flux. This requires modifications to the existing machine. Indirect vector 

controller uses the· the real time model of the machine to estimate the instantaneous 

position of the rotor flux. This scheme is widely used in induction motor drives. 

1.2 Modelillg of tlie vector cont1·olled i11ductio1i motor 

drive 

The induction motor in the vector controlled drive is fed by an ixwerter. The study cif 

. transient response of the drive system is possible only by the use of the dynamic model . ~ . . . ., '. . . ' ' 

of the induction lll.otor. .The .dynamic .model of t~e motor ~onsiders the instantan~ous 

effects of varying voltages/ currents, stator frequency and torque disturqances. The three 

phase induction motor is transformed to an equivalent two phase motor. The differen-

tial equations that describe the two phase motor model are developed. This two phase 

induction motor model is often referred to as the d-q axis modeL The real time model 

of the inverter is also developed. The inverter switching can be controlled by either 

hysteresis or pulse width modulation (PWM) techniques. Real time models of both these 

techniques are presented. The inverter switches are assumed to be ideal. Every instant 
. . 

of a power device switching on or off is modelled. The equations that describe the vector 

controller are derived. The models of the induction motor, vector controller and inverter 

INTRODUCTION 2 



are combined to get the mathematical model of the indirect vector controlled drive sys-

tern. 

1.3 Sin1ulatio11 a11d Analysis 

The dynamic simulation of the entire drive system is one of the key steps in the vali-

dation of the design process of motor drive systems. The dynamic models of the motor, 

· the vector controller and the inverter are integrated to obtain the dynamic model of the 

drive system. The differential equations that describe the drive system are written in state 

variable form. The simulation of the drive system involves the numerical solution of 

these differential equations. The tnfnsient response of the drive system is obtained from. 

this time domain simulation. Both the torque drive and speed drive systems are simu-

lated. The effects of hysteresis and PWM type of current control in the torque and speed 

responses are studied. 

1.4 S1nall sig11al freque11cy do1nain analysis 

For the small signal study, the nonlinear equations of the induction motor and vector 

controller are linearised around an operating point. The resulting equations are arranged 

in spate space form and the various system transfer functions are obtained. The. stability 

of the drive system is analysed using the Bode plots of these transfer functions. This 

analysis is also useful in the design of speed and position controllers. The torque and 
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speed bandwidths of the drive system are also obtained from the Bode plots of the 

transfer functions. 

1.5 Objectives of the thesis 

The objectives of the thesis are : 

1. To model the indirect vector controlled induction motor drive. 

2. To perform time domain digital simulation of the drive system 

3. To analyze the performance of the torque and speed drive systems. 

1.6 Orgallization of tlze thesis 

This thesis is organized as follows. The vector control principle is described in Chapter 

2. The modeling of the torque and speed drive systems are presented in Chapter 3. The 

methods adopted for simulation of the torque and speed drive systems and the results 

of the same are discussed in that chapter 4. Chapter 5 gives the small signal frequency 

domain analysis of the vector controlled induction motor drive system. Stability analysis 

is also presented in that chapter. Results and conclusions are given Chapter 6. 
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2.0 VECTOR CONTROL SCHEME 

2.1 Introduction 

The principle of vector control is presented in this chapter, including the derivation of 

the vector controller. The transformation of the induction motor control to an equiv-

alent de separately excited motor control is made evident from the equations of the 

vector controller. , 

2.2 Background 

DC motors were preferred to ac motors for high-performance applications, mainly be-

cause of the ease with which they can be controlled. The existence of two separate 

windings for field and armature makes the control of speed and torque of the de motor 

very simple. AC motors are inherently multi-variable, non-linear control plants. The 

lack of control strategy to transform the induction motor to an equivalent de separately 

excited motor prevented their use in high-performance applications demanding precise 

torque and field control. 

The presence of the commutators and brushes in the de motors introduces several me-

chanical limitations which restrict their applications. The brushes and commutators not 

only require continuous maintenance but also limit the maximum speed of the motor. 
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In addition, the de motors can not be operated in corrosive or explosive environments 

thus limiting their use in certain industrial applications. 

The vector control scheme was introduced in the early 1970's as a control solution for 

the ac motor drives. The vector control scheme effectively transforms the ac machine 

into an equivalent separately excited de motor. 

2.3 Separately Excited DC Motor 

The separately excited de motor accepts two inputs, viz a field current i1 and an armature 

current i0 to generate a flux </>1 and electromagnetic torque T • . This is schematically 

shown in Fig 1. The input output relationship is given by the following equations. 

where, 

K1 is the torque constant of the motor. 

K1 is the flux proportional constant. 

(2.1) 

(2.2) 

From these equations it is clear that flux is dependent on field current alone. If field 

current is held constant, torque is directly proportional to the armature current, ia. The 

commutator fixes the angle between the field and armature fluxes at quadrature, thereby 

maximizing the torque production for a given armature current. The field current i1 and 
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Figure l. Schematic of a Separately Excited DC Motor. 
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the armature current i0 are independently controlled. This makes the control of the de 

motor very simple. 

2.4 Steady State Analysis of Induction Motor 

The equivalent circuit of the induction motor is used to analyze the steady state per-

formance of the motor. This circuit is shown in Fig.2. The output torque equation is : 

(2.3) 

where P is the number of poles, s is the slip, l, is the rotor current, R, is the rotor re-

sistance and w, is the synchronous frequency. 

The flux linkages are given by : 

Mutual flux linkage= l/lm = Lm Im (2.4) 

Stator flux linkage = l/I s = Lm Im + Lis Is (2.5) 

Rotor flux linkage= l/I, = Lm Im + L1r I, 

where, Lm is the mutual inductance, L1, is the stator leakage inductance, L1, is the rotor 

leakage inductance, Im is the magnetizing branch current and I, is the stator current. 

From Fig.2. and equations (2.3-2.6), the following points can be noted : 

• Both the rotor field flux and torque are controlled through stator phase currents 

only. 
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Figure 2. Steady State Equh·alent Circuit of an Induction Motor. 
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• Unlike separately excited de motor, there are no separate field and armature 

windings to control the field and torque independently and hence the control be-

comes complex. 

The angle between the rotor flux and stator current Or is known as the torque angle and 

is determined by the load conditions. For an inverter fed induction motor, the phase 

angle of the current can be controlled with respect to the stator reference frame. This 

phase angle is the sum of the torque angle and the flux position angle. With load con-

ditions the torque angle changes and hence to adapt to this condition, the phase angle 

of the current has to be changed accordingly. For this, the knowledge of flux position 

becomes important. If the flux position with respect to the stator currents is known, 

accurate control can be achieved by adjusting the phase currents till the required torque 

angle is obtained. 

2.5 Vector Control Principle 

If the rotor flux position 01 is known, then it is possible to resolve the stator current 

phaser along the rotor flux and in quadrature to it, as shown in Fig.3. The in-phase 

component is the flux. producing current, i1 and the quadrature component is the torque 

producing current, ir- If these two components can be controlled independently, then the 

induction motor control becomes very much similar to the control of a separately excited 

de motor. A block diagram of such a control scheme is given in Fig.4. This process of 

transforming the control of the induction motor to that of an equivalent separately ex-

cited de motor is known as vector control or field oriented control. 
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Rotor Reference Frame 

Stator Reference Frame 

Figure 3. Phasor Diagram of an lnductiim Motor. 
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Figure 4. Control Block Diagram of an Induction Motor Drive. 
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The function of the vector controller is to generate the flux and torque producing current 
~ 

commands from the torque and flux commands. The block diagram of a vector con-

trolled induction motor drive is shown in Fig.5. If the transfer function in the dotted 

box is given by G(s), then the vector controller has a transfer function of G-1(s), thus 

making the responses equal to their command values. 

) 

· -z.6 Classification of Vector Control Schemes 

For proper implementation of the vector controller, the knowledge of the rotor field 

angle, Oft is crucial. The vector control schemes are classified ·according .to the ·manner 

in which this field angle is obtained. The field angle is measured in the direct vector 

control scheme. The indirect vector controllers estimate the field angle by using a model 

of the induction motor. 

The direct vector control scheme makes use of Hall effect sensors or sensing coils placed 

near the air gap and embedded fo the stator slots to measure instantaneous flux values. 

From this flux values the field angle is derived. The introduction of Hall sensors or 
. . 

search coils involves modification to existirtg machine thereby increasing the cost. The 

Hall sensors are found to be sensitive to temperature and thus are not very reliable. In 

addition., the sensing coils produce very low voltage at standstill and at low speeds. This 

impairs the accuracy of measurement. Due to these reasons, the direct vector controller 

is not very popular. Most of the vector controllers use the indirect vector control 

scheme. 
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Figure S. Vector Controlled Induction Motor Drive. 
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2. 7 Indirect Vector Controller 

As indicated earlier, the indirect vector controller uses the machine model in order to 

estimate the rotor flux position. In this section, a step-by-step derivation of the vector 

controller in dynamic reference frames is given. 

The d-q axis equations of an induction motor in synchronously rotating reference frames 

are given by [11]: 

e Rs+ LsP WsLs LmP wslm .e Vqs lqs 
e - wsLs Rs+ LsP - Wslm LmP .e 

Vds 1ds 
- (2.7) 

0 LmP (ws - Wr)Lm Rr+ L,p (ws - Wr)Lr .e 
'qr 

0 - (ws - w,)Lm LmP - (ws - wr)L, Rr + LrP .e 
1dr 

.(2.8) 

pw, = (2.9) 

where, v~ •• Vd, are the stator q and d axes input voltages, i;,, i':t, are the stator q and d axes 

currents and i~,, i~, are the rotor q and d axes currents referred to the stator side. 

R, and R, are the stator and referred rotor resistances per phase. Lm is the mutual 

·inductance and L, and L, are the stator and referred rotor self-inductances per phase. 

L,s and L,r are the stator and the referred rotor leakage inductances respectively. w, and 

w, are the electrical stator frequency and rotor speed, respectively. T. is the 

electromagnetic torque, TL is the load torque, P is the number of poles, B is the damping 

factor, J is the moment of inertia and p is the differential operator. 

VECTOR CONTROL SCHEME 15 



·The rotor flux linkages are given by : 

(2.10) 

(2.11) 

For a voltage source inverter fed induction motor, the voltages u~. , uds can be found by 

a simple transformation from the phase voltages which are input to the system. This 

transformation is described by Equation (2.12). It should be noted that Tabc is a standard 

transformation matrix which can be used for 3-phase to 2-phase transformation of other 

variables such as current, flux etc. 01 is the angle between the stator A phase and the 
-;r-

rotor flux position at any time. ""'f" /o-\'z:: v-)s t 
j 

where, 

2 Tb=-a c 3 [
cos 01 

· sin 01 

cos((} f - 23n: ) 

sin(01 - ;n:) 

! 
i 
I 

(2.12) 

(2.13) 

For the present analysis, a current regulated inverter is assumed. The stator currents 

are maintained at their commanded values, in this type of inverter. The stat.or currents 

form the inputs to the system. This has the effect of c;:liminating stator dynamics from 

affecting the drive performance. Consequently, the stator equations can be omitted from 

the system equations. Thus, the rotor equations become, 

VECTOR CONTROL SCHEME 16 



(2.14) 

R, i~, +pl/I~, - (ws - w,)l/Jqr = 0 (2.15) 

Let slip speed w,1 be defined as, 

(2.16) 

and, let the rotor flux linkage be aligned with the d-axis. Thus, 

I/I dr = I/Ir (2.17) 

l/lqr = 0 = PifJqr (2.18) 

Substituting equations (2.16-2.18) into (2.14-2.15) results m the following rotor 

equations: 

(2.19) 

R,i~, + pl/I, = 0 (2.20) 

The relationship between the stator and the rotor d-q axis currents can be derived by 

substituting equations (2.17-2.18) into (2.10-2.11), 

(2.21) 

·e 1/1, Lm .e 
ld =----Ids 

' L, L, 
(2;22) 

If we define the rotor time constant T, as, 
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Lr T=-
r R r 

the system equations become, 

Pl/Jr= ·~ [ - I/Jr+ Lmi~sJ 
r 

where, 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

(2.27) 

From these, the torque and flux producing components ir and i1 can be identified and 

written as: 

* * ·* ·e * 2 2 Te L, 1 =1 ··=-----T qs 3 p * * 1/1, Lm 

·* -e * 1 ·[ T* ]·'·* 1J = lds = -*- 1 + rP 'I' r 
Lm 

The equation for slip speed is, 

* * * Lm iT 
Ws1=-*---* 

T, I/Ir 

VECTOR· CONTROL SCHEME 
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18 



The quantities marked with asterisk indicate the commanded values and the controller 

instrumented values. Equations (2.28-2.30) describe the function of indirect vector 

controller and a schematic of the controller is shmvn in Fig.6. It can be noted that some 

proportional terms from equation (2.28) are omitted form the schematic in order to 

simplify the schematic. 

The entire drive system consisting of the motor, inverter and the vector controller is 

shown in Fig.7. The current and speed loops of the system are closed. The speed com-

mand forms the input to the system. The actual speed is sensed and compared with the 

reference value and the error signal is produced. The speed controller generates the 

command value of the torque from the speed error signal. The vector controller accepts 

the torque and flux command values to generate the command values of the stator cur-

rents. The current control loop makes the actual currents follow the command values. 

2.8 Tuning of Vector Controller 

The vector controller uses a model of the machine to estimate the field position angle. 

The rotor and stator resistances and leakage inductances along with the mutual 

inductance are the basic elements of the induction motor model. Accurate construction 

of the stator current vectors from the torque and flux commands is achieved only if the 

parameters of the vector controller match those of the motor. The parameters of the 

induction motor change with temperature and saturation. This results in a mismatch 

between the actual motor parameters and the vector controller parameters. This mis-

match can be eliminated by the use of parameter compensation schemes. This thesis 

work assumes that the parameters of the controller are properly compensated and pro-
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ceeds to analyze the transient and steady state behavior of the induction motor drive 

system. 
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3.0 lVIODELING OF VECTOR CONTROLLED 

INDUCTION MOTOR 

3.1 Introduction 

The vector controlled induction motor drive consists of the induction motor, vector 

controller, inverter and the current and speed controllers. The models of these sub., 

systems are presented in this chapter. The dynamic model of the entire drive system is 

obtained by integrating the models of these sub-systems. 

3.2 Model of the induction motor 

The induction µiotor -of the _vector c9ntrolled drive system is fed from an inverter. The 

instantaneous effects of varying voltages/current~, stator frequency should be considered 

in the model. Hence the dynamic d-q axis model of the induction motor in synchro-

nously rotating frame is used. - The detailed derivation of the model is given in reference 

[10]. 

3.3 Model of the inverter 

The inverter circuit used in the drive system is shown in Fig.8. 
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Figure 8. The inverter circuit 
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A constant de voltage is assumed to be available to the inverter input. The six switches 

T1toT6 are used to control the three-phase stator currents of the motor. The switches can 

be controlled using a hysteresis type current controller or a PWM type of current con-

troller. A brief description of the two types of controllers is given below. 

3.3. l Hysteresis Current Controller 

The actual currents flowing in the a and b phases of the stator are measured. The third 

current is calculated from the values of the other two phase currents. This eliminates the 

need for the third current sensor. The comparison between the commanded currents and 

the actual currents is done as shown in Fig.9. The objective of the 

controller is to maintain the actual current within i; + L\; and i; - L\1 The middle curve in 

Fig.9. corresponds to the commanded current z: The upper curve and lower curves cor-

respond to z:+ L\i and 1: - L\i respectively. The switching logic is given below in Table 

l. 

Table 1. 

1: ia T, T4 van 

20 ia S (i; - L\i) ON OFF + Vdc/2 

20 fa 2 (1: + L\i) OFF OFF "'-Vd./2 

<0 ia 2 (i; + L\i) OFF ON -Vdc/2 

<0 '· s (i; - L\1j OFF OFF + Vd./2 

Switching Logic of the Hyteresis current controller 

Whenever T1 is 'on', ia increases positively using either the B or C phases as a return 

path. When T, is switched from 'on' position to 'off position and since the current 

through the machine winding cannot go to zero instantaneously, the freewheeling diode 
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Figure 9. Comparison of commanded and actual currents 
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across the complimentary transistor, T4 in this case begins to conduct the phase current. 

If the midpoint of the de supply Vdc is taken as the reference then, voltage of phase A 

switches from + Vdc/2 to - Vdc/2 as a result of the above switching. The opposite occurs 

when T, switches from 'on' to 'off. A similar logic applies to the other phases. Since the 

voltage is switched between positive and negative to maintain the phase currents within 

a band, this type of controller is called an hysteresis controller. The phase currents are 

therefore approximately sinusoidal. The smaller the hysteresis band the closer the actual 

current to the commanded current. It should be noted that the smaller the hysteresis 

band the higher the switching frequency of the inverter. 

The control logic is used to model the hysteresis current controller. Each and every 

switching of the inverter power switches is simulated for accurate determination of the 

drive performance. 

3.3.2 P\VM Current Controller 

In this method of current control, pulse width modulation technique is used to generate 

the actual stator currents. The actual and commanded currents are compared and the 

error signals are generated. The error signal is compared to a sawtooth shaped trian-

gular wave as shown in Fig.10. 

If the current error signal is smaller than the sawtooth, the voltage is switched negative, 

while if the error current is greater than the of the sawtooth, the voltage is switched 

positive. The phase voltage is pulse width modulated. The switching frequency of the 

inverter is preset in this method. It is thus easy to ensure that the inverter maximum 

frequency is not exceeded. A triangular sawtooth wave of 2kHz is used in the model of 

MODELING OF VECTOR CONTROLLED INDUCTION MOTOR 27 



- -
v an 

-

Figure l 0. PWM controller switching logic 

MODELING OF VECTOR CONTROLLED INDUCTION MOTOR 28 



the PWl'vl controller. The difference between the cormnanded value of current and the 

actual value of current is termed as error current. 

Table 2. 

PWM current controller's switching logic 

(sawtooth voltage - error current) 

positive 

negative 

A similar logic applies to the other phases also. 

3.4 Model of the Vector Controller 

The vector controller accepts the commanded values of the torque and flux to generate 

the command values for the torque producing component, the flux producing compo-

nent of the stator current and the slip of the motor. The following equations model the 

indirect vector controller : 

4 Where ~t = 3p 

* 1 [ * J * ~ =-* 1 + T,p i/J, 
Lm 

* * 
* - [ Lm J [ ir J 

Wsl- -*- --* 
T, i/J, 

MODELING OF VECTOR CONTROLLED INDUCTION MOTOR 

(3.1) 

(3.2) 
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· These models of the motor, inverter and the indirect vector controller are integrated to 

give the dynamic model of the entire drive system. The simulation and analysis of the 

drive system are described in the next chapter. 

3.5 The speed controller 

A proportional plus integral type of speed controller is used in the speed drive system. 

The input to this controller is _the speed error signal and torque command forms the 

output. The transfer function of this system is given below. 

* (s) 
Te * 

{ro,(s) - ro,(s)) 
(3.4) 

KP and K; are the proportional and integral gains respectively. The time domain equiv-

alent of the equation is used to model the speed controller. The block diagram of the 

.speed controller is shown in Fig.11. 
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4.0 Sll\!IULATION AND ANALYSIS 

4.1 Introduction 

The indirect vector controlled induction motor drive system is a nonlinear multivariable 

control plant. The system may give rise to stability problems. The motor may interact 

dynamically with the source impedances of the converter/inverter. The inverter does not 

react instantaneously to the commanded signal. There is always a time lag between the 

command and its response. The developments in semiconductor power devices have re-

duced this delay, but it is not entirely eliminated. This delay may also compound the 

stability analysis of the system. The analytical study of this system is not possible and 

therefore computer simulation of the system becomes essential. The simulation is a val-

uable tool in the validation of the drive system design. 

The torque drive (open speed-loop) system and the speed drive system are simulated and 

the results are analysed. For both the systems the induction motor parameters given in 

Appendix 2 were used. 

4.2 Torque drive system 

The vector controlled induction motor torque drive system accepts two inputs namely, 

the torque command and flux command. These signals are process~d by the vector 

controller and the command values of stator currents are generated. The generation of 
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stator phase current commands requires the rotor position 0,. A position transducer is 

used to get this value. The difference in the actual and commanded current is the error. 

The error signal forms the input to the current controller. The inverter firing logic is 

determined by the current controller. Thus the actual current is made to follow the 

commanded current. The torque drive system is shown shown in Fig.12. 

The models of the induction motor and the vector controller described in the last chapter 

are used along with the inverter logic to simulate the torque drive system. The equations 

of the drive system are written in state variable form. There are 6 states in the torque 

drive system. They are iq,, iq" id,, id,, w" and 8,1 . The input vector consists of 

vq,, vq" vds, and vdr· 

The state equations along with the vector controller equations and inverter logic form 

the model of the torque drive system. The time domain digital simulation of the drive 

system is achieved using FORTRAN. The fourth-order Range-Kutta method is used to 

solve the nonlinear state equations of the system. This method gives accurate results 

with less computation. A integration time step of 5 micro-seconds is used. The flow chart 

of the program to simulate the drive system is given in Fig.13. 

The transistor switching delays are negelected in the simulation, but the program is 

flexible enough introduce them when the need arises. The saturation and iron-losses of 

the machine are neglected. 

In a torque drive system the motor is started and brought to the desired speed before a 

torque is commanded. This ensures that the flux in the machine is at 1 pu value. The 

same condition is simulated by fixing the rotor speed at a desired value and giving a zero 

torque command. The flux will gradually build-up and reach the commanded flux value. 

The flux build-up is shown in Fig.14. 
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Figure 13. Flow chart to simulate the induction motor drive 
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To analyze the performance of the torque drive system, the rotor speed has been fixed 

at 50 radians/second and a 1 pu value offlux was commanded. After the flux has reached 

1 pu, a torque of 1 pu is commanded. At t = 0.125 seconds a torque command of -lpu 

was commanded. The response of the system to this type of torque corrunand is shown 

in Fig.15. An hysteresis current controller was used in the above case. 

The electric torque of the machine reaches the corrunanded value in a very short time. 

The 'a' phase current is also plotted and is shown in the same figure. The phase current 

increases to supply the commanded torque. The torque of the machine is seen to be 

pulsating. The pulsations are due to the switching of the inverter. 

Similar procedure is used to get the response of the torque drive system with a PWM 

current controller. A PWM carrier frequency of 2 kHz is used. The responses of torque 

and current are similar and are shown in Fig.16. 

4.2.1 Comparison between PWM and Hystersis Current Controllers. 

From the results of simulation of the torque drive system with hysteresis and PWM 

current controllers, the following conclusions are arrived at : 

1. The torque pulsations are smaller with a PWM current controller than with a 

hysteresis controller. 

2. The torque pulsations of a hysteresis current controller drive can be made smaller 

by decreasing the size of the hysteresis band. 

3. The smaller the hysteresis band, the larger the switching frequency of the inverter. 
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The variation of torque pulsations as function of the size of the current window is plot-

ted is given in Fig.17. 

In PWM type of current controller the switching frequency of the inverter is preset. 

Hence it is easy to design a controller in which the recommended switching frequency 

of the power devices is not exceed. In a hysteresis current controller, the switching fre-

quency of the power devices is not known. It is a function of the hysteresis band size. 

A trial and error method must be adopted to ensure that the recommended inverter 

switching frequency is not exceeded. The advantage of the hysteresis current controller 

over that of a PWM current controller is the absence of transportation delay or system 

lag. In a PWM controller this lag exists and the average value of this lag is equal to half 

the period of the PWM. If the lag is less than one tenth of the stator time constant, it 

has negligible effect on the system. Thus the PWM controller is more attractive than 

the hysteresis controller for the above application. 

4.3 Speed drive system 

The control block diagram of the speed drive system is shown in Fig.7. The speed of the 

motor is sensed and compared with the commanded speed. The difference in commanded 

and actual speed corresponds to the error signal. This error signal is passed through a 

speed controller. The speed controller is a proportional plus integral type of controller. 

The integral element is introduced to make the steady state error zero. The addition of 

the integral element makes the system response sluggish. Hence, the integral gain is kept 

small compared to the proportional gain. 
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The simulation of the speed drive is system is very similar to that of a torque drive sys-

tem, except for the addition of one more state equation. The PI controller adds a new 

state to system. The output of the PI controller is limited to 2 pu. This limiting is es-

sential because the induction motor's torque should not exceed 2 pu value. The per-

formance of the speed drive system is predicted by simulation. The simulation is 

performed with a speed command of zero and a flux command of 1 pu. The flux in the 

machine incre(lses gradually and reaches a steady state value of 1 pu. The state vector 

at this instant is used as the initial condition vector for the next simulation run. A speed 

command of 1 pu is given to system. After 0.25 seconds a load-torque of 1 pu is put on 

the machine. The responses of the system to this type of input is shown in Fig.18. for a 

hysteresis current controller and in Fig.19. for a PWM current controller. 

The speed increases linearly and reaches the commanded speed. The application of load 

torque produces a very small dip in the speed. The vector control technique is respon-

sible for the linear increase in speed of the machine. The drive is suited for high-

performance applications because of its fast and precise response to commanded signal. 

A more general way of testing the drive system is to observe its response to step changes 

in speed command. A speed of -1 pu is commanded at time t = 0. After 0.25 seconds 

a speed command of+ 1 pu is given to the system. The speed, torque and current re-

sponses to the above type of command are shown in Fig.20. and Fig.21. 

The responses of the speed drive with hysteresis and PWM current controllers are simi-

lar. Once again it is seen that the torque ripple is high in the hysteresis current controlled 

drive. The stator currents follow the commanded currents in both the cases. The PWM 

controller appears to be more attractive for this case also. 
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5.0 SML-\LL SIGNAL FREQUENCY DOIVIAIN 

ANALYSIS 

5.1 Introduction 

The dynamic equations of the induction motor drive system have been derived in chapter 

2 and chapter 3. These equations are nonlinear in nature as some of the terms are 

produced by the product of two current variables or a current variable and rotor speed. 

For the frequency domain study and the controller design it is necessary to linearise the 

dynamic equations around an operating point and use the powerful linear control tech-

niques. The linear control techniques like the Bode plots, Nyquist plots and root locus 

can be used to determine the stability of the drive system. The poles, zeros and the gains 

of the transfer functions vary with the operating point. Hence the stability of the system 

for the worst operating conditions must be analyzed. 

This chapter presents the linearisation of the system equations and the derivation of the 

necessary transfer functions of the drive system. Bode plots of the actual torque to 

commanded torque and actual speed to commanded speed transfer functions are given. 

The stability of the torque and speed drives and their bandwidths are discussed. 
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5.2 The small signal model 

The nonlinear dynamic equations of the induction motor drive ate linearised around an 

operating point using the perturbation technique. The linearised model is valid only for 

small signals or small disturbances. The induction motor model in synchronously rotat-

ing frame is used for perturbation because the steady state operating point consists of 

de values. The linearised equations are obtained as follows : 

The voltages, currents, torque, stator frequency and rotor speed are perturbed. The 

steady state value of these variables is designated by the subscript 'o' . The perturbed 

increments are designated with a D preceding the variables. Accordingly the variables 

after perturbation are, 

.e .e !>. .e 
lqs = lqso + ulqs (5.1) 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

(5.7) 

Wr = w,0 + bw, (5.8) 
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where 

T 3 P L [ .e .e .e .e J 
eo = TT m 1qsoldro - lc1solqro (5.9) 

(5.10) 

The stator currents are inputs to the drivesysteni. The stator dynamics are neglected in 

the small signal frequency domain analysis. This assumption is valid because the stator 

~_currents follow the commanded values accurately because of the fast switching action 

of the inverter. This assumption means, 

. e 0 
P'qs = (5.11) 

(5.12) 

The voltage balance equations of the rotor are 

(5.13) 

(5.14) 

Substituting equations 5.1 - 5.10 in equations 5.13 and 5.14 and cancelling the steady 

state terms the small signal model of the induction motor drive is obtained. The 

equations are written in a state variable form as shown below. 

pX =AX+ BU (5.15) 

where 
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(5.16) 

(5.17) 

(5.18) 

(5.19) 

The output of interest is the torque, which is obtained as 

y = CX+DU (5.20) 

where 

3PL 
C = --4-m-[ -idso iqsJ (5.21) 

and 

3PLm [· 
D = 4 ldro -iqro O] (5.22) 

SMALL SIGNAL FREQUENCY DOMAIN ANALYSIS 50 



5.3 The frequency domain analysis of the torque drive system 

The frequency domain analysis of the torque drive system is performed usmg the 

linearised small signal model developed in the previous section. The torque vs torque 

command and the flux vs flux command transfer functions are obtained to analyze the 

stability of the drive system. 

To find the torque vs torqµe command transfer function, the inputs given by (5.17) are 

are expressed in terms of T,. 

(5.23)\ 

(5.24) 

(5.25) 

The operating point is found from the simulation of the torque drive system. The Bode 

plot of transfer function betw~enthe actual and commanded torques is shown in Fig.22. 

The upper plot of Fig.22. obtained with an hysteresis current controller and the lower 

one is obtained with a PWM current controller. From the plots it is clear that the system 

is stable. 

The transfer function obtained is verified as follows : The torque command is perturbed 

by 0.1 pu. The response of the system to this small disturbance is simulated and also 

mathematically evaluated using the Laplace inverse transformation. The results of both 
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are plotted on the same graph and are shown in Fig.23. The results obtained by both 

methods tally very well, indicating that the transfer function obtained is correct. 

The ~; transfer function is obtained from the state model by writing the inputs in terms 

of Di/!;. 

(5.26) 

(5.27) 

(5.28) 

The output equation can be written as follows : 

y = [ 0 L,] X + [ 0 Lm 0] U (5.29) 

The Bode plot of this transfer function is shown in Fig.24. The upper plot is obtained 

from a system with an hysteresis current controller and the lower one is obtained with 

a PWM current controller. 

5.4 The frequency domain analysis of the speed drive system 

The speed drive system is obtained from the torque drive system by closing the speed 

loop. This involves sensing the actual speed and comparing it with the commanded 

speed. The error signal is sent through the speed controller. The speed controller is a 

proportional plus integral controller. The proportional gain is kept high while the inte-
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Figure 23. Transient response of_ the Torque drive system to a step input: 1.lpu torque at 0.26pu 
speed, step change is O.lpu 
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Figure 24. Bode plot of actual flux to commanded flux transfer function: lpu torque at 0.26pu speed, 
Top : Hysteresis, Bot : PWM control 
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gral gain is kept small. The introduction of the controller increases the order of the sys-

tern by one. The controller equation is perturbed and the small signal version of it 

obtained. 

(5.30) 

The mechanical equation for torque is 

(5.31) 

These two equations along with the other small signal model equations give the small 

signal model of the speed drive system. The system can be represented as 

pX =AX+ BU (5.33) 

y =ex (5.34) 

where 

-R, 
0 0 

L, -wslo 

-R, 
0 0 Wslo L, A = 3L P2 2 (5.35) 

m . 3LmP 
iqso 0 0 81 ldso 81 

3p2 L K idso 
i -3P2L K qso -Ki 0 m P 81 m P 8] 
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0 -L Wsfo ~ l { idsoLm + L,idro) 0 0 m L r r 
Ws/o· 0 i ( Lmiqso + L,iqro) o· 0 Lm-y; 

B= r r (5.36) p2 . 2 
3L p . 0 -P 0 3Lmg't1To """ mg1qro 21 

0 0 0 0 Kt 

C = [O 0 1 O] (5.37) 

(5.38) 

(5.39) 

The operating point is again found from the simulation. The speed vs speed command 

transfer function is derived using the equations (5.33) - (5.39). The 01;,, oi~ and ow,1 are 

written as functions of o 7; and the A matrix is modified to find the speed vs speed 

command transfer function. 

5.4.1 The selection of speed controller gains 

· The speed controller is a proportional plus integral controller. The response of the 

sytem is controlled by the speed controller. The rise time and stability of the system are 

the important factors depend on the constants of the controller. The actual design of 

the controller is complicated and is not attempted. A trial and error method is used to 

select the gains of the controller. The integral term of the controller makes the. response 

of the system sluggish, but it eliminates the steady state error. Hence the integral gain 

is kept small and the proportional gain is chosen to be large. 
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The simulation of the drive system is a valuable tool to analyze the time domain re-

sponse of the system. The controller gains were selected to give a fastest possible re-

sponse with no or very little over-shoot. 

Speed 

lpu 

0.5pu 

0.25pu 

Table 3 

Eigenvalues 

-0.005 -0.32 -3.1 + j24 l.5 -3.1 - j241.5 

-0.0016 -3.34 -1.6 + j151.5 -1.6-j151.5 

-0.0006 -3.33 -1.6 + j 235.7 -1.6 - j235. 7 

Eigenvalues of the speed drive system for 3 operating speeds 

The speed drive system is simulated for various values of commanded speeds. The 

eigen-values of the system are found for each operating point. A table of the eigen-values 

is given in Table 3 for the speed drive system with hysteresis current control. Similar 

values obtained for the speed drive system with PWM current control. The system is 

found to be stable for all the above operating points. 
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6.0 CONCLUSIONS 

The objectives of this thesis were to model, simulate and analyze the indirect vector 

controlled induction motor drive. 

The complexity of control of the induction motors was shown to be the major disad-

vantage for their use servo applications. The Vector control transforms the induction 

motor control to an equivalent separately excited de motor control. The dynamic mod-

eling of the induction motor was presented'. The vector controller equations were derived 

and used along with the induction motor equations to model the entire drive system. The 

real time models of the inverter and current controller were developed. 

The torque drive sytem and speed drive system were simulated. The responses of these 

systems were analyzed. The behaviour of the system with hysteresis and PWM current 

controllers was studied. The PvVM current controller makes the inverter switch at a 

constant frequency. It also produces a smaller torque ripple than the hysteresis control-

ler. Faster response to command signals is achieved in the hysteresis type of current 

control. 

The model of the drive system was linearised around an operating point and small signal 

frequency domain analysis was performed. The 1~ , ~: and w: transfer functions of 
• ,,.,, w, 

the system were derived. The drive system of was simulated for various values of the 

commanded speed and torque. The eigenvalues of the system for these operating points 

were obtained and the stability of the system was analysed. 

CONCLUSIONS 59 



6.1 Contributions 

I. The models for the hysteresis and PWM current controllers were developed. 

2. The models of the various sub-systems were integrated to form the dynamic model 

of the drive system. 

3. Digital simulation of the entire drive system was performed using the above model. 

4. Results of the simulation were analysed. 

· 6.2 Scope for future work 

The next logical step is to close the position loop of the drive system and study its 

behaviour. The vector controlled induction motor drive system can be implemented and 

the actual results can be compared with the simulation results. 
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Appendix A. Induction Motor Parameters 

5 hp, Y-connected, 3 phase, 60 Hz, 4 pole, 200 V. 

R, = 0.277 .Q 

R, = 0.183 .Q 

Lm = 0.05383 H 

L, = 0.0553 H 

L, = 0.05606 H 

J = 0.01667 Kg - m2 
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Appendix B. List of symbols 

All symbols marked with an asterisk indicate the commanded/reference value of the 

quantity. 

ac, AC 

B 

de, DC 

E, 

!. 

i;,, id, 

i;,, i~, 

Appendix B. List of symbols 

Alternating current 

Damping Factor 

Direct current 

Voltage Drop Across Effective Rotor Resistance 

Syncronous Frequency (Hz.) 

Stator Phase Currents 

Armature Current 

Field (Flux Producing) Current 

Torque Producing Current 

d-q Axes Stator Currents 

d-q Axes Rotor Currents 

Moment of Inertia 

Flux Constant 

Integrator Gain 

Proportional Gain 

Torque Constant 

Rotor Leakage Inductance 

Stator Leakage Inductance 

Mutual Inductance 

64 



l, 

l, 

p 

p 

R, 

R, 

s 

T. 

TL 

T, 

V,, !) as !) bs !) cs 

X,, 

X,, 

xm 

~i 

e, 
(} r 

(} rl 

Or 

!)~, u:. 
<Pr 

"'d7' l/J qr 

l/Jm 

l/J r 

"'. 
w, 

. Appendix B. List of symbols 

Rotor Self Inductance 

Stator Self Inductance 

Differential Operator 

Number of Poles 

Rotor Resistance per Phase 

Stator Resistance per Phase 

Slip 

Electrical Torque 

Load Torque 

Rotor Time Constant 

Stator Phase Voltages 

Rotor Leakage Inductance 

Stator Leakage Inductance 

Mutual Inductance 

Hysteresis Current Window 

Field Angle (Flux Position Angle) 

Rotor Position Angle 

Slip Angle 

To~que Angle 

d-q Axes Stator Voltages 

Flux 

d-q Axes flux Linkages 

Mutual Flux Linkage 

Rotor Flux Linkage 

Stator Flux Linkage 

Rotor Electrical Speed 

r 
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w, 

Appendix B. List of symbols 

Synchronous Speed 

Slip Speed 
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Appendix C. Listing of Programs 

C**ifHl11111w1w11111111111111111111111111111111111111111111111111111111 
C THIS PROGRAH SIKJUTES THE DYHAt1IC CONDITIONS Of AH 
C INDIRECT VECTOR CONTROLLED INDUCTION HOTOR TORU DRIVE 
C SYSTEH USING THE SYNCHRONOUSLY ROTATING FRAl'IE 
C••••••••*************«••••••••••••••••••••••••••••••••••••••••••••••••• 
C X IS THE STATE VECTOR 
C Xlll =I~ THE QUADRATURE AXIS CURRENT IN THE STATOR 
C Xl21 = IGR THE QUADRATURE AXIS CURRENT IN THE ROTOR 
C Xl3J = IDS THE DIRECT AXIS CURRENT IN THE STATOR 
C X141 = IDR THE DIRECT AXIS CURRENT IN THE ROTOR 
C XISJ = H THE SPEED OF THE ROTOR IN ELECTRICAL RADIANS/SECOND 
C X16l =THETA THE ANGULAR POSITION OF THE ROTOR 
C RS,RR ARE THE STATOR ANO ROTOR RESISTANCES 
C LH IS THE l'IJT\JAL INDUCTANCE BETHEEN STATOR ANO ROTOR 
C SLL, RLL STATOR AND ROTOR LEAKAGE INDUCTANCES 
C J - l10HENT OF INERTIA , P - NO. OF POLES , HS SYN. FREQ IN RAD/SEC 
C DX - DERIVATIVE OF THE X VECTOR , XEND - VECTOR THAT STORES THE 
C THE LATEST VALUES OF X, XHRK PROVIDES THE HORK AREA FOR RK-HETHOD. 
C**************************••11111111111HHt****************••••••••****** 

DIMENSION Xl7J,DXl7l,XEND171,XHRK14,71,Vl3l 
REAL LM,J,IAS,IBS,ICS,IAC,IBC,ICC 
COMMON RS,RR,LH,SLL,RLL ,J,P ,H$,V .v~.VDS, TEHSP ,VA 
DO 10 I=l,7 
XIIl=O.O 
DXIIl=O.O 

10 CONTilfJE 
C******************••••••••il111i11111111111111111111111•••••••••••••••••• 
C STATE VECTOR IS INITIALISED. FLUX IS 1 PU ANO SPEED IS SOR/S 
C•••••••••••••••••••••••••••••••••••••••••••••••••1111111111111111111111 

XI l l = 16. 710 
Xl 2 J = -16.040 
XI 3 l : 7. 6SlS 
X141 = -0.024 
Xl61 = 8S.817 
XI 71 = 1. 7825 
v~ = o.o 
VOS = 0.0 
RS=0.277 
RR=0.183 
LH=0.05384~ 
SLL=0.00145 
RLL =o. 00222-._, 
J=0.01667 
XISI =SO.OD 
TEHSP =SO.DC 
P=4.D 
T0=0.1Z5 
N=7 
HS=XISI 
VA=285.0 
V8=0.0 
VC=O.O 
Vlll=95 
Vl2l=-190 
Vl3l=95 . 
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c 
c 
c 
c 

HSL="O.O 
KOlMT = 0 
TP3=2.0•3.141S/3.0 
H=S.OE-6 
00 20 I=l,SOO 
CALL RKSYSTI TO ,H ,X ,XENO ,)<HRK ,OX ,N l 
DO 30 JJ=l,N 
XI JJ >=XENOI JJ J 

30 CONTitf.JE 
TE =O. 7S•P*I XI l l•XI 4 J-XI 3 l•XI Z l J•LH 
PSIRD=LH•X13l+ILH+RLLJ•Xl41 
PSIRQ=LH*Xlll+ILH+RLLJ•XIZJ 
PSIR =SQRT IPSIRO••Z + PSIRQ**ZI 
THETA=Xl6l+Xl7l 
IAS=XI 1 J*COSI THETA.l+XI 3 l•SINI THETA l 
IBS:Xlll*COSITHETA-TP3J+Xt31•SINITHETA-TP31 
ICS=Xlll*COSITHETA+TP3l+Xl31•SINITHETA+TP3J 
IFIKOLtrr.LE.ll GO TO 101 
HRITE I 11, 14 l TO ,Xt 5 J,PSIR, TE 
HRITEIS,141 TO, IAS, IAC 
HRITE19,14l TO,VA 

14 FORHATllX,41ZX,ElS.6JJ 
KOl.NT=l 

16 FORHATI lX,SIEl0.3,zXJ l 
101 KOl.tfr=KOl.JllT+l 

CALL INVERH tTO,X,IAS,IBS,ICS,IAC,IBC,ICCl 
TO=TO+H 

ZO CONTINJE 
HRITE 110,151 TD,Xll J,x1,z );X(3 J,X14J,XIS l,Xl6 J,Xl7l, VQS, vos.,HS 

15 FORl1ATl3X,41El6.S,ZXJ,/I 
18 FORHATl3X,31El6.S,ZXll 

ENO 
********••••••••***********•*************«lllllllllllllllllll•••••111111****** 
THIS SUBROUTINE SOLVES A SYSTEM OF DIFFERENTIAL EQUATIONS USING 
4TH ORDER Rl.JNGE-KUTTA HETHOO 
*********************************************••••••••!!•*********+!! 
SUBROUTINE RKSYSTHO,H,XO,XEND,XHRK,F,NI '\""~ ,'t' 
DIMENSION XOINl;XENDINJ,XHRKl4,NJ,FINl,Vl3l ~~";):Iv 
REAL LH,J 
C0tt10N RS,RR,LH,SLL,RLL,J,P,HS,V,VQS,VDS,TEHSP,VA 
CALL DERIVSIXO,TO,F,NJ 
DO 10 I=l,N 

XHRKll,Il=H•FIIJ 
XENOU J=XOI I l+XHRKI 1,I l/Z. 

10 CONTINJE 

20 

CALL DERIVSI XEND, TO+H/2. ,F ,N l 
DO 20 JJ=l,N 

XHRKI 2 ,JJ >=H•FI JJ l 
XENDIJJl=XOIJJJ+XHRK12,JJ)/2. 
CONTINJE 
CALL DERIVSI XEND, TO+H/2. ,F ,N) 
DO 30 K=l,N 

XHRKl3 ,K >=H•FI K) 
XENDI K l=XOl.K l+XHRKI 3 ,K > 

• 30 CONTINJE 
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40 

c 
c 
c 
c 

c 
c 
c 
,C 
c 

50 

CALL DERIYSIXEND,TO+H,F,NI 
DO 40 L=l,N 

)OolRJ(.14,L l=H•FI LI 
CONT IQ 
00 50 l=l ,N 
XENOI I l=XOl .I l+I XHRKl 1,I 1+2. •XHRKI 2 ,I 1+2. •XHRKI 3 ,I l+XHRKI 4 ,I I 1/6 
CONTI~ 
RET\JRH 
END 

HHH*************************************IWWllWl-*!t*-*"--
THIS St.eROUTINE EVALUATES THE DERIVATIVE VECTOR 
*******************·*·•****************************************** 
Sl8ROUTINE DERIVStf,T,f,Nl ~1:::-f.'? ~ 
DIMENSION YINJ,FINJ,111.31 ".,. 1n4 f:'-\\J.W/ 
REAL Ll1,J 
C0tt10N RS,RR,LH •. SLL ,RLL ,J,P ,HS,v ,VQS,vos, TEHSP,YA 
TE=O. 75•P•I YI ll•Yl4 I-YI 3 >•YI 21 l•LH 
YISI = TEHSP 
HSL =HS-Y·I 5 >------ \)):.\:.!- -..(J-:,~Y"-

PHil =Y 16 J+Y.I 7l \,( 
SSL=SLL+U1 . ~ltrVV¥"' 
RSL=RLL+Ll1 
TP=2. •3 .1415/3. 
PHI2=PHI1-TP 
PHI3=PHil+TP 
VQS=t 2 ./3. l•ICO$i PHU l•VI l l+COSI PHIZ l•VI 2 l+COSI PHI3 >•YI 31 l 
VOS=I Z .13. l•I SINl PHU l•YI 11 +SINI PHI Z .J•VI 2 I +SIN! PHI3 l•VI 3 I I 
Bl=l/IRSl*SSL-1.MHZ I 
Xl=VQS-flS•Ylll-HS*SSi.•Yl31-HS•LH*Yl41 
X2=-RR•YIZl-HSL•LH*Y13l-HSL•RSL•Yl41 
X3=-RS•Y13l+VDS+HS•SSL•Ylll+HS•LH•YIZI 
X4=HSL•LH*Ylll+HSL•RSL•YIZl-RR•Yl41 
FllJ=IRSL•Xl-LH*XZl•Bl 
FIZJ=l-LH•Xl+SSL•X2l•B1 
F131=1RSL•X3-LH•X41•81 
Fl 41=1-LH•l<3+X4•RSL l•Bl 
flSJ=TEltZ.O•JJ \ 
Fl 6l=YI 51 .) 
Fl 7 l=HSL 
RETURN 
END 

~b7 
',Cb( 
( .)-::, 

qj 6 

**************************************************•·············· 
THIS Sl8RoufINE SIKILATES THE INVERTER MITH HYSTERESIS CURRENT 
CONTROLLER 
****************************************************'··········** 
St.eROUTINE INVERH I T,x,IA.IB.IC,IAC,l'l~5-· .C I 
C0tt10N RS,RR,LH.,SLL ,Ri.L,J,P,HS,V,VQS,VDS, T HSP ,VA 
OIHENSloH l<17l, Vl31 
REAL ITC ,IFC ,KT ,IAC ,IBC ,ICC ,I.A ,18 ,IC ,IAE ,I E ,ICE ,IDEL ,HIOEL 
REAL LR.LM . . . I 
PSIRC = 0 .'+12 
TEC :: 2Z.O ~ 
IDEL = 0.01 
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TEC = 22.0 
IDEl = 0.01 
VlK = 285.0 
lR = LH + RLl 
TR = LR/RR 
KT= 0.75 * P * ILH/LR) 
ITC = TEC I I KT * PSI RC ) 
IFC = PSIRC/lH 
HSLC = ILH * TECJ / IKT *TR* IPSIRC**2)l 
THETA = 12. * 3.1415927)/3. 
HS = HSLC + XISI 
PHI = X6 + X7 
IAC = ITCitCOSI PHI l + IFCitSUU PHI l 
IBC = ITCitCOSIPHI-THETAJ + IFC*SINIPHI-THETAl 
ICC = ITCitCOSI PHI+THETA l + IFC*SINI PHI+ THETA l 
IAE = IA -IAC 
IBE = IB - IBC 
ICE = IC -rec 
HIDEL = -IIDEL) 
IF IIAE . GT. IDEL l THEN 

VA = -VLK/2.0 
ELSEIF IIAE .LT. MIDELJ THEN 

VA = VLK/2.0 
ENDIF 
IF IIBE .GT. IDELi THEN 

VB = -VLK/2.0 
ELSEIF IIBE .LT. HIDELJ THEN 

VB = VLK/2.0 
ENDIF 
IF I ICE .GT. IDELi THEN 

VC = -VLK/2.0 
ELSEIF IICE .LT. HIDEll THEN 

VC = VLK/2.0 
ENDIF 

C VAS = VA - VB 
C VBC = VB - VC 
C VCA = VC - VA 

c 
.; 

VN = IVA + VB + VCI I 3. 
Vil) = VA - VN 
VIZI =VB - VN 
Vl3 l = VC - VN 
RETURN 
END 

c JOI !I Jlllllllllllll 101 ll llllllllllllllllllll llllltllll llllllllllllllllllllllll llllll llllllllllllllllllllllll** 

C THIS SUBROUTINE Sil"IJLATES AN INVERTER HITH Pl<f1 CURRENT CO 
c llllll ll ll ll ll ltll ll***ll JI llll ll ll llll ll**ll ll llll ll ll llllll ll ll ll llll lllHHHf** ll ll llll ll ll llllllll ll ll 

SUBROUTINE INVERP I T,x,IA,IB,IC,IAC,IBC,ICC) 
COMHON RS,RR,LH,Sll,RLL,J,P,HS,V,TEHSP,X6,X7 
DOUBLE PRECISION XI 7 l , VI 3 l 
DOUBLE PRECISION ITC,IFC,KT,IAC,IBC,ICC,IA,IB,IC, T, H 
DOUBLE PRECISION LH, SLL, RLL, HS, RS, RR, IAE, IBE, ICE 
DOUBLE PRECISION VQS,VDS, VA, vs, vc, RAMCUR 
REAL J, LR 
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... 

Ill 

25 

51 

5Z 

53 

TEC = ZO.O 
PSIRC = 0.41Z 
LR = LH + RLL 
TR = LR/RR 
KT= 0.75 • P • ILM/LRI 
ITC = TEC I IKT * PSIRCJ 
IFC = PSIRC/LM 
HSLC = ILM * TECI I IKT *TR* IPSIRC**Zll 
THETA = 12. * 3.1415927113. 
HS = TEHSP + HSLC 
PHI = X6 + X7 
IAC = ITC*COSIPHIJ + IFC•SINIPHIJ 
IBC = ITC*COSI PHI-THETA I + IFC•SINI PHI-THETA I 
ICC = ITC*COSIPHI+THETAI + IFC•SINIPHI+THETAI 
FORMATl412X,El5.6JJ 
GAIN = 1000.0 
IAE = IIAC-IAJ•GAIN 
IBE = IIBC- IS l•GAIN 
ICE = IICC~ICl•GAIN 
PEAK = 24.00 
IF IABSIIAEJ .LT. PEAK! GO TO 51 

IF IIAE .GE. PEAKI THEN 
IAE = PEAK 
ELSE 
IAE = -PEAK 
END IF 

IFIABSIIBEI .LT. PEAKI GO TO 52 
IFIIBE .GE. PEAKI THEN 

IBE = PEAK 
ELSE 

IBE = -PEAK 
END IF 

IFIABSIICEI .LT. PEAK! GO TO 53 
IF I ICE . GE. PEAK J THEN 

ICE = PEAK 
ELSE 

ICE = -PEAK 
ENDIF 

CALL RAMP IT, RAMCUR, SLOPE! 
IF IIAE .GT. RAMCURl THEN 

CSTl = 1.0 
ELSE 

CSTl = -1.0 
ENDIF 

IF ICSTl .EQ. PCSTll GO TO 100 
IF !SLOPE .EQ. Sll GO TO 100 

Sl = SLOPE 
IF IIAE .GT. RAMCURI THEN 

VA = 14Z.5 
ELSE 

VA = -14Z.5 
END IF 

100 IF IIBE .GT. RAMCURJ THEN 
CSTZ = 1.0 

ELSE 
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II 

CST2 = -1.0 
ENDIF 

IF ICSTZ .EG. PCSTZ) GO TO ZOO 
IF !SLOPE .EG. SZI GO TO ZOO 

SZ = SLOPE 
IF IIBE .GT. RAHCURI THEN 

VB = 14Z.S 
ELSE 

VB = -14Z.S 
ENO IF 

ZOO IF IICE .GT. RAHCURI THEN 
CST3 = 1. 

ELSE 
CST3 = -l. 

END IF 
IF ICST3 .EQ. PCST31 GO TO 300 

IF !SLOPE .EQ. S3l GO TO 300 
S3 = SLOPE 

IF IICE .GT. RAHCUR> THEN 
VC = 14Z.S 

ELSE 
VC = •14Z.S 

END IF 
300 VN = IVA +VB + VCI/ 3.0 

Ylll =VA - VN 
VIZl =VB - VN 
Vl3l = VC - VN 
PCSTl = CSTl 
PCSTZ = CSTZ 
PCST3 = CST3 

c HRITE19,4ll IVILJ, L =1,31, VA,VB,VC 
41 FORMATllX, 'INVERT', ZX, 3Fl0.3,/, 'VA', 3FlZ.3J 
C HRITElll, ZSI T, IC, ICC, VA 
C HRITEl8,ZSI T, IC 
C HRITE19,ZSI T,ICC 

RETURN 
END 

JIJIJIJIJlllll*********************************llllJIJIJIJIJIJIJIJIJIJIJIJlllll•ll•**·········· 
**********SUBROUTINE TO GENERATE A RAMP FlKTION *******UllHHU****** 

SUBROUTINE RAMPIT, RAHCUR, SLOPE> 
DOUBLE PRECISION T, A, RAHCUR 
A = DMODIT,Z.500-4) 
P = ZS.00 
IFIA .LE. l.ZSE-41 GO TO ZO 
RAHCUR =-P + Z*P * I A -1 .. ZSE-4 1/1. ZSE-4 
SLOPE = l 
GO TO 11 

ZO RAMCUR = P - Z•P• A / l.ZSE-4 
SLOPE = -1 

11 RETURN 
ENO 
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C•********************************************************************** 
C THIS PROGRAM Sitt.JLATES THE DYNAMIC CONDITIONS OF AN 
C INDIRECT VECTOR CONTROLLED INDUCTION HOTOR SPEED DRIVE SYSTEH 
C*********************************************************************** 
C X IS THE STATE VECTOR 
C XI 11 = IQS THE QUADRATURE AXIS CURRENT IN THE STATOR 
C X121 = IQR THE QUADRATURE AXIS CURRENT IN THE ROTOR 
C X13l = IDS THE DIRECT AXIS CURRENT IN THE STATOR 
C X14l = IOR THE DIRECT AXIS CURRENT IN THE ROTOR 
C Xl5J = H THE ANGULAR ACCELERATION OF THE ROTOR 
C XI 6 I = THETA THE ANGULAR POSITION OF THE ROTOR 
C RS,RR ARE THE STATOR AND ROTOR RESISTANCES 
C LH IS THE HUTUAL INDUCTANCE BEtHEEN STATOR AND ROTOR 
C SLL, RLL STATOR AND ROTOR LEAKAGE INDUCTANCES 
C J - HOMENT OF INERTIA , P - NO. OF POLES , tolS SYN. FREQ IN RAO/SEC 
C DX - DERIVATIVE OF THE X VECTOR , XEND - VECTOR THAT STORES THE 
C THE LATEST VALUES OF X, XHRK PROVIDES THE HORK AREA FOR RK~HETHOO. 
C***********************************************-********************** 

DIMENSION XIS l,DXI el ,XEN0181,XHRKl4,81,Vl 31 
REAL LH,J,IAS,IBS,ICS,IAC,IBC,ICC 
COMMON RS,RR,LH,SLL,RLL,J,P,HS,V,VQS,VDS,VA,X8,TEHSP,TEC 
DO 10 I=l,8 
XIIl=O.O 
DXIIl=O.O 

10 CONTit«JE 
C************************************ • • • • 111111 • •**• • •• • • • • • •************** 
C INITIALISE THE STATOR VECTOR 
C******************ll 11 • • ····********•• • ••••••••••• 11 llllll II •••••••••••• ******* 

Xlll = 0.473576 
X121 = -0.505784E-Ol 
X131 = 7.768 
X14J = -0.12383 
Xl5l = 182.0 
Xl6l = 31.3493 
X17l = 2.1955 
X181 = 0.139044 
VQS. = 0.0 
VOS = 0.0 
RS=O. 277 
RR=0.183 
LH=0.05384 
SLL=0.00145 
RLL=0.00222 
J=0.01667 
TEHSP = Xf 51 
P=4.0 
T0=0.25 
N=8 
HS=Xl5l 
VA=285.0 
VB=O.O 
VC=O.O 
Vlll=95 
VIZl=-190 
Vl3J=95 • 
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11 

HSL=O.O 
KOUNT = 0 
TP3=2.0•3.l415/3.0 
H=S.OE-6 
DO ZO I=l,25000 
CALL RKSYSTITO,H,X,XEND,XHRK,DX,N> 
DO 30 JJ=l,N 
XIJJl=XENDIJJ) 

30 CONTINUE 
TE=0.75*P*1Xlll*Xl4>-Xl3)*Xl2))*LH 
PSIRD=LM*Xl3J+ILH+RLLJ•Xl4) 
PSIRQ=LM*Xlll+ILH+RLLl•Xl2) 
PSIR = SQRT IPSIRD**Z + PSIRQH2) 
THETA=XI 6 l+XI 7} 
xa = x1a1 
IAS=Xlll*COSITHETAJ+Xl3JlfSINITHETAI 
IBS=Xlll*COSITHETA-TP31+Xl31*SINITHETA-TP3l 
ICS=XI 1 J*COSI THETA+TP3 l+XI 3 l*SINI THETA+TP3 J 
IFIKOUNT.LE.5001 GO TO 101 
HRITH 11, 14 l TO ,XI 5 I ,PSIR, TE 

C HRITEll0,141 TO,IAS, IAC 
C HRITE I 9, 14 l TO, TEC 

14 FORMATl1X,412X,El5.6ll 
KOUNT=l 

16 FORMATl1X,51El0 .. 3,2Xll 
101 KOUNT=KOUNT+l 

CALL INVERH ITO,X,IAS,IBS,ICS,IAC,IBC,ICCl 
TO=TO+H 

20 CONTINUE 
HRITE I 14,14 > IXII l, I = 1,8),HS 

15 FORMAT! 3X,41 El6.S,2XJ,/ I 
18 FORMATI 3X,3lE16.5,ZXJ J 

END 

c ***iHflfllll' ll llll ll ll llllll ll ll llll ll ll ll ll llll ll ll ll ll li llll ll ll ll llll ll ll llll llll ll ll ll If ll ll ll ll ll ll ll If llll lf ll ll ll llll ll ll lillllllll 

C THIS SUBROUTINE SOLVES A SYSTEM OF DIFFERENTIAL EQUATIONS USING 
C FOURTH ORDER RANGE-KunA METHOD. 
C ****************************** llllll ll ll ll ll II ll II II ll ll •II lf J( 11J(•••****lf1111••lf•11 J( JI J(JIJ( J( J( 

SUBROUTINE RKSYSTI TO ,H ,XO ,XEND ,XHRK, F ,N l 
DIMENSION XOI N) ,XENDI N ),XHRK14,N ),FIN J ,VI 3) 
REAL LH,J 
COMHON RS,RR,LH,SLL,RLL,J,P,HS,v,ws,vos,vA,X8,TEl1SP,TEC 
CALL DERIVSIXO;TO,F,NJ 
DO 10 I=l,N 

XHRKI 1,I J=H•FII J 
XENDIIJ=XOIIJ+XHRKll,Il/2. 

10 CONTINUE 
CALL DERIVSI XENO, TO+H/2. ,f ,NJ 
DO ZO JJ=l,N 

XHRKl2,JJJ=H•FIJJJ 
XENDIJJJ=XOIJJ)+XHRK12,JJJ/2. 

ZO CONTINUE 
CALL DERIVSIXEND,TO+H/2.,F,NJ 
DO 30 K=l,N 

XHRKI 3,K l=H•FI K J 
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XENDIKl=XOIKl+XHRKl3,KJ 
30 CONTINUE 

CALL DEiUVSI XEND, TO+H ,f ,NI 
DO 40 L=l,N 

XHRK14,LJ=H•FILI 
40 CONTINUE 

DO 50 I=l,N 
XENDq: l=XOII l+IXHRKI l,I l+Z.•XHRKI Z ,I l+Z.•XHRKI 3,I J+XHRKl4,I) J/6 

50 CONTINl.)E 
XS = XENDI 81 
TEMSP = XENDISI 
RETURN 
END 

C*****************llllllllllll.1111**11111111111111111111********************************** 
C THIS SUBROUTU:!L~VALUATES THE DERIVATIVE VECTOR 
C****************************************ll Jlllllllll 1111 Jiii II******************** 

• 

c 

SUBROUTINE OERIVSI Y, T ,F ,NI 
DIMENSION YINl,FINJ,Vl3J 
REAL LM,J 
COMMON RS,RR,LM,SLL,RLL,J,P,HS,V,VQS,VDS,VA,X8,TEMSP,TEC 
TE=O. 75*P*I YI l JllY( 4 J-YI 3 l•YI Z J JllLH 
TL = 19.5 
HRC =50.00 
HSL=WS-TEMSP 
PHil=YI 6 l+Y( 7l 
SSL=SLL+LH 
RSL=RLL+LH 
TP=Z.•3.1415/3. 
PHIZ=PHll-TP 
PHI3=PHil+TP 
VQS=I Z./3, l*I COSI PHll l•VI l l+COSI PHIZJ•VI Z l+COSI PHI3 l•VI 3 J .) 
VDS=I Z ./3. Jiii SINI PHll l•Vf l J+SINf PHIZ l•Vf Z l+SINl PHI3 l•VI 3 l l 
Bl=l/IRSL•SSL-LM**ZJ 
Xl=VQS-RS•Ylll-WS•SSL*Yl31-HS•LM*Y14l 
xz=-RR•YIZJ-HSL•LM•Yl3l-HSL*RSL*Yl4) 
X3=-RS•Y13l+VDS+WS•SSL*YllJ+WS*LH*YIZl 
X4=HSL*LH•Ylll+HSL*RSL*YIZl-RR*Yl41 
flll=IRSL*Xl-LM*XZl•Bl 
FIZl=l-LM*Xl+SSL•XZl*Bl 
Fl 3 l=I RSUtX3-LM*X4 1•.Bl 
F141=1-LM*X3+X4•RSLJ118l 
F15l:ITE-Tll*Z.O/J 
Fl61=YISI 
Fl 7 l=HSL 
Fl8J = 0.01 * IHRC - TEMSPJ 
RETURN 
END 

C********************************************ll 1111111111111111ll********ll11·11111111111111 
C THIS SUBROUTINE SIMULATES THE INVERTVER HITH HYSTERESIS CURRENT 
C CURRENT CONTROL. 
C*************ll 111111111111ll***ll************************************•11111111111111** 

SUBROUTINE INVE.RH I T,X,IA,IB,IC,IAC,IBC,ICC J 
COMMON RS,RR,LM,SLL,RLL,J,P,HS,V,VQS,VDS,VA,XS,TEMSP,TEC 
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DIMENSION XI 8 J, VI 3.J 
REAL ITC ,IFC ,KT ,IAC ,IBC ,ICC ,IA,IB ,IC ,IAE ,IBE ,ICE ,IDEL.,HIDEL 
REAL LR,LM 
HRC =50.00 
PSIRC = 0.41Z 
TEC = Z5.0lflHRC - TEMSPI + X8 

C TORQUE IS LIMITED TO +ZPU AND -2PU 
c 

-• 
ill 
:j 

.• 1 

31 

3Z 

IF ITEC .GT. 40.0J THEN 
TEC = 40.0 
GO TO. 31 
ELSE 
GO TO 31 
ENDIF 
IF ITEC .LT. -40.0J THEN 
TEC = -40 
GO TO 32 
ELSE 
GOTO 3.2 
END IF 
IDEL = 0.01 
VLK = 285.0 
LR = LM + RLL 
TR = LR/RR 
KT= 0.75 * P * ILM/LRJ 
ITC = TEC / IKT * PSIRCJ 
IFC = PSIRC/LM 
HSLC = ILM * TECI I IKT *TR* IPSIRC**Zll 
THETA= IZ. * 3.1415927!/3. 
HS = HSLC + Xl5J 
PHI = Xl6J + X17l 
IAC = ITC!fCOSIPHIJ + IFC*SINIPHIJ 
IBC = ITC*COSI Pl~I-THETA J + IFC*SINI PHI-THETA J 
ICC = ITC*COSIPHI+THETAJ + IFC*SINIPHI+THETAJ 
IAE = IA -IAC 
IBE = IB - IBC 
ICE = IC -ICC 
HIDEL = -I IDEL J 
IF IIAE .GT. IDELJ THEN 

VA = -VLK/Z.O 
ELSEIF IIAE .LT. HIDELJ THEN 

VA = VLK/Z.O 
END IF 
IF IIBE . GT. IDEL l THEN 

VB = ·-VLK/2.0 
ELSEIF IIBE . LT. HIDEL J THEN 

VB = VLK/2.0 
ENDIF 
IF IICE .GT. IDELi THEN 

VC : -VLK/2.0 
ELSEIF !ICE .LT. HIDELJ THEN 

VC = VLK/Z.O 
END IF 
VAB =VA - VB 
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VBC = VB - VC 
VCA = VC - VA 
VN = I VA + VB + VC J / 3 •. 
Vfll =VA,. VN 
V12l =VB - VN 
V(3) = VC - VN 
RETURN 
END 

C***************************************lf lf.lf lflf lflf llH**HH**************** C .THIS SUBROUTINE SIMULATES AN INVERTER HITH PHH CURRENT CONTROLLER 
C************************************************************ll ll**ll11111111** · 

31 

32 

SUBROUTINE INVERP I T,x.IA,IB.IC,IAC,IBC,ICC,V,TECJ 
.COMMON RS,RR,LM,SLL,RLL,J,P.,HS,TEMSP; X6, X7, XS, VA 
DOUBLE PRECISION XIS), Vl3J 
DOUBLE PRECISION ITC;IFC,KT,IAC,IBc,Icc,·IA;IB.IC, T, H 
DOUBLE PRECISION LH, Sl.L, Rll, HS, .RS; RR, IAE, IBE, ICE 
DOUBLE PRECISION VQS,VDS., VA, VB, VC, RAMCUR 
REAL J, LR 
HRC = 18Z.OO 
TEC = 50.*fHRC - TEMSPl + XS 
IFITEC .GT. 40.0J THEN 
TEC = 40.0 
ELSE 
GO TO 31 
ENDIF 
IF ITEC .LT. -40.0l THEN 
TEC = -40.0 
ELSE 
GO TO 3Z 
END IF 
PSIRC = 0.41Z 
LR = LH + RLL 
TR = LR/RR 
KT= 0.75 * P * llH/lRl 
ITC = TEC I ·I KT * PSIRC J 
IFC = PSIRC/LH 
HSLC = ILH·* TECJ I IKT *TR* IPSIRCHZJl 
THETA= 12. * 3.l4159Z7l/3. 
HS = TEHSP + HSLC 
PHI = X6 + xr 
IAC = ITC*COSIPHI J + IFC•SIMI PHI l 
IBC = ITC•COSfPHI-THETAl + IFCifSINIPHI-THETAl 
ICC = ITC*COSIPHI+THETAl + IFC•SINIPHI+THETAJ· 

25 FORMATt 41 2X,El5.6 J) 
GAIN = 1000.0 
IAE = I I AC-IA l*GAIN 
IBE = IIBC- IBJ*GAIN 
ICE. = fICC-IC l*GAIN 
PEAK = 24.00 
IF IABSIIAEJ .LT. PEAKl GO TO 51 

IF IIAE .GE. PEAKJ THEN 
IAE = PEAK 
ELSE -- IAE = -PEAK 
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ENDIF 
51 IFIABSIIBEJ .LT. PEAK! GO TO 52 

IFIIBE .GE. PEAK! THEN 
IBE = PEAK 

ELSE 
IBE = -PEAK 

ENDIF 
52 IFIABSIICE) .LT. PEAKJ GO TO 53 

IFIICE .GE. PEAKJ THEN 
ICE = PEAK 

ELSE 
ICE = -PEAK 

END IF 
53 CALL RAMP IT, RAMCUR, SLOPE) 

IF IIAE .GT. RAMCURJ THEN 
CSTl = 1.0 

ELSE 
CSTl = -1.0 

ENDIF 
IF ICSTl .EQ. PCSTll GO TO 100 

IF I SLOPE .EQ. Sll GO TO 100 
Sl = SLOPE 

IF IIAE .GT. RAMCURJ THEN 
VA = 142.5 

ELSE 
VA = -142.5 

END IF 
100 IF <IBE .GT. RAMCURJ THEN 

CSTZ = 1.0 
ELSE 

CST2 = -1.0 
END IF 

IF ICST2 .EQ. PCST2l GO TO 200 
IF ISLOPE .EQ. SZJ GO TO 200 

SZ = SLOPE 
IF IIBE .GT. RAMCURJ THEN 

VB = 14Z.S 
ELSE 

VB = -142.S 
END IF 

ZOO IF IICE .GT. RAHCURJ THEN 
CST3 = 1. 

ELSE 
CST3 = -1. 

END IF 
IF ICST3 .EQ. PCST3l GO TO 300 

IF ISLOPE .EQ. 531 GO TO 300 
S3 = SLOPE 

IF !ICE .GT. RAMCURl THEN 
VC = 142.S 

ELSE . 
VC = -142.S 

END IF 
_300 VN = IVA +VB + VCl/ 3.0 

Vil l = VA - VN • 

Appendix C. Listing of Programs 78 



-

Vl21 =VB - VN 
VI 3 I = VC - VN 
PCSTl = CSTl 
PCST2 = CST2 
PCST3 = CST3 

C HRITEl'h411 IVILJ, L =1,31, VA,VB,VC 
41 FORMATllX, 'INVERT', 2X, 3Fl0.3,/, 'VA', 3F12.31 
C HRITElll, 251 T, IC, ICC, VA 
C HRITE!8,25l T, IC 
C HRITEl9>25l T,ICC 

RETURN 
END 

*********************************************************************** 
-********SUBROUTINE TO GENERATE A RAMP FUNCTION u11uuu111t*********** 

SUBROUTINE RAMPIT, RAMCUR, SLOPE! 
DOUBLE PRECISION T, A, RAHCUR 
A = DMODIT,2.SOD-41 
p = 25.00 
IFIA .LE. l.25E-4l GO TO 20 
RAMCUR =-P + 2*P * IA -l.25E-4l/l.2SE-4 
SLOPE = 1 
GO TO 11 

20 RAMCUR = P - 2*P* A I l.25E-4 
SLOPE = -1 

11 RETURN 
END 
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