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Abstract

Implementations of the most popular scheme of indirect field-oriented control
for AC induction motor drives still suffer from difficulties due to the sensitivity of
rotor parameters in decoupling torque and flux and control algorithm complexity
in meeting real-time control requirements.

This thesis presents solutions to some of these problems. A new parameter
adaptation control scheme, named rotor flux orientation control, is proposed and
verified by digital simulations which show a very good result in dynamically cor-
recting the mismatched value in the slip frequency calculator that usually occur
when temperature rises or flux saturates. This method is based on the principle of
feedback control which uses the detected rotor flux orientation as a feedback control
signal.

For ing complex control al, in real-time, a new parallel processor

archil using T800 Tr is d. Impl jon results show

that with this parallel processing controller complex control algorithms such as
field-oriented control and parameter adaptive control together can be handled in
very short processing times thus meeting fast dynamic control demands.

In addition, the design of indirect field-oriented control of AC induction motor is
studied. A design method for linear control of AC induction motor control based on
the indirect field-oriented control scheme is proposed. Decoupling of torque current
and flux current is achieved by applying feed-forward controllers.

A new control scheme, named extended indirect field-oriented control, is pro-
posed and verified by simulation results which show an excellent control perfor-

mance that can not be achieved by a linear control scheme.

il



Furthermore, the incorporation of fault tolerance for Transputer communication
link failures and processor failures is studied and some simulation tests have been
carried out. As a result of the fault tolerance mechanisms incorporated, control

system reliability is improved.
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Chapter 1

Introduction

Electric machines have been a workhorse of industry for many years. The three

basic electric hines - DC, induction, and synch - have served industrial
needs for nearly a century [1]. Although the induction machine is superior to the
DC machine with respect to size, weight, rotor inertia, efficiency, maximum speed,
reliability, cost, etc., because of the former’s highly non-linear dynamic structure
with strong dynamic interactions, it requires more complex control schemes than
a separately excited DC machine. As for DC machines, torque control is achieved
by controlling the motor current. However, in contrast to DC machines, in AC
machines, both the phase angle and the modulus of the current have to be con-
trolled, or in other words, the current vector has to be controlled. Furthermore, in
DC machines, the orientation of the field flux and armature mmf is fixed by the
commutator and the brushes, while in AC machines the field flux and the spatial
angle of the armature m.m.[. require external control. In the absence of this con-
trol, the spatial angles between the various fields in AC machines vary with the
load and yield an unwanted oscillating dynamic response [2]. With field-oriented

control of an AC machine, the torque-and flux-producing characteristics are similar



to those of a separately excited DC machine and the system will adapt to any load
disturbances and/or reference value variations as fast as a DC machine.

In the past such control techniques would have not been possible because of
the complex hardware and software required to solve the complex control problem.
Field-oriented control techniques incorporating fast microprocessors have made pos-
sible the application of AC motor drives for high performance applications where
traditionally only DC motor drives were applied.

Field-oriented control techniques are now being accepted almost universally for
high performance control of AC machines. Such control methods were developed
in Germany in the early 1970’s. Blaschke [3] developed the direct method of field-
oriented control and Hasse [4] invented the indirect method. At present, the field-
oriented control techniques have been implemented in terms of four types (rotor
flux-oriented control, magnetizing- flux-oriented control, rotor-oriented control, and
stator flux-oriented control). The most popular method is the rotor flux-oriented
control because of its easy implementation, robustness and fast dynamic response
(5] In rotor flux-oriented control, there are two schemes: direct and indirect field-
oriented control. As it has easy implementation, practical use and robustness,
indirect field-oriented control has been given extensive attention in recent years
(el7ia)el.

However, the syst~m response of indirect field-oriented control is limited by the
accuracy with which the rotor time constant is known. Unfortunately, the rotor
time constant varies with both airgap flux and temperature so that it is difficult
to keep the controller in tune. Means for estimating and adjusting the rotor time

constant in the slip frequency calculator is currently an area of intense activity [6].




The researchers are attempting to find a suitable parameter-adaptation scheme for
optimum decoupling torque and flux under various operating conditions.

On the basis of field-oriented control, modern control techniques have been em-
ployed for obtaining a higher dynamic control performance. Modern control theory
is certainly more difficult to apply for AC drives. However, for the AC drives with
field-oriented control used in the inner core, there is no difference in the dynamics
between the AC and DC drives. Therefore, it is expected that modern control
theory will be applied to AC drives with field-oriented control in the inner loop
(2. Applying modern control theory to AC motor drive control remains a challenge

because of the large time critical comp jon work

d compu-
tational speed is, of course, the primary benefit of parallel processing. This allows
the system to be controlled more quickly and gives the choice of added complexity
in the control algorithm,

Fault tolerance can be realized in a parallel processing system by organizing

ina d sense, so that an ion failure results

inpedl; degradati

rather than a complete breakdown of the Il

Today, motion control is an area of technology that embraces many diverse disci-
plines, such as electrical machines, power semiconductor devices, converter circuits,

dedicated hardware signal electronics, control theory, microcomputers, LSI/VLSI

circuits, sophisticated id design i and system reliability tech-
niques [10] (Fig.L.1). Eachof the isciplines is undergoing an

ary process, and is ibuting to the total ad of machine drive control
technology.

The aim of this thesis is to investigate the characteristics of indirect field-



= =]
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Figure 1.1: Motion control system-An interdisciplinary technology [10]

oriented control of an AC induction motor and to develop new schemes for solving
problems in indirect field-oriented control of AC induction motor.

Due to the complexity of algorithms for indirect field-oriented control, most
recently developed parameter adaptation control schemes are restricted to motor

steady ion for ing the mi: hed value in the slip calculator.

d. control

In this thesis, a new easily impls d rotor
is expected to correct the mismatched value in both motor steady operation and
transient operation.

Considering the complexity of indirect field-oriented control and modern con-
trol in AC drives, a new VLSI product, known as a Transputer, is chosen as the
parallel processing controller for the real-time control requirement. Simulations of
indirect field-oriented control on multi-transputer networks have been carried out

to examine the parallel ing effecti The di ion times




for control algorithms and some fault tolerance test results for improving control
system reliability have been obtained.

A linear control model of an AC induction motor based on indirect field- oriented
control have been studied for the purpose of design of PI or PID controllers by using
the classical methods such as root-locus approach or frequency domain scheme.

This thesis is organized in eight chapters. In Chapter 2, the principle of in-
direct field-oriented control is described. An overview of the state-of-the-art of

based i i f field-oriented control of AC induction mo-

tor and the lop of rotor d control for indircct ficld-

oriented control of AC induction motor is presented.

In Chapter 3, in order to investigate the characteristics of indirect field- oriented
control, an analytical model of indirect field-oriented control of AC induction motors
has been set up and a series of simulations have been carried out. On the basis of
field-oriented control, the conditions for obtaining a truly linear control model of
the AC induction motor are studied. Finally, a new proposal for achieving excellent
properties from field oriented control is made and the corresponding simulation has
been carried out for verifying this proposal.

In Chapter 4, a new parameter adaptation scheme for indirect ficld-oriented

control of AC induction motors is developed and simul. results are d
Finally, results are discussed.

In Chapter 5, a brief introduction to the principles of parallel ing and
the transputer is presented.

In Chapter 6, a parallel ller using five Ti for indirect

field-oriented control of AC induction motor is i and di




simulations are carried out. Execution times and some fault tolerance tests are
examined.
Chapter 7 presents conclusions.

The last Chapter proposes suggestions for future study.



Chapter 2

Review of Indirect Field-Oriented
Control of Induction Motor

2.1 Principles of Indirect Field-Oriented Con-
trol [35]

In recent years, the problem of obtaining fast torque response from A.C. machines
has received considerable attention. However, unlike the D.C. machines, the volt-
age, current, torque and speed of an A.C. motor are all interdependent, which
results in a highly non-linear dynamic structure. The possibility of obtaining high
performance from the A.C. motor is very desirable. A control strategy for achiev-
ing this is termed vector or field-oriented control. This was originally derived from
Blackshe; extended and generalized earlier work done by Hasse; similar ideas were
expressed by several other researchers: Abbondanti, Nabae et al., Plunkett, Bose
and Leonhard [11].

In principle, the strategy involves the transformation of the machine dynamics
into those of a pseudo-DC machine equivalent in which a torque and field component
of machine current are obtained. These current components are independent, if they

are measured in the so-called field co-ordinates. In this way, the AC motor may

7



be controlled in the same manner as the DC motor, thus leading to an improved
transient reponse. Figure 2.1 explains the indirect field-oriented control with the
help of a phasor diagram. The a-J axes are fixed on the stator while the d-g axes
rotate at synchronous angular velocity w, as shown. At any instant, the g electrical

axis is at angular position 0, with respect to the B axis. The angle , is given by

the sum of rotor angular position 8, and slip angular position 8,;, where 6, = w,t,
0, = w,t, and 8, = wyt. The rotor flux ¥, consisting of the air gap flux and
the rotor leakage flux, is aligned to the d axis as shown. Therefore, for decoupling
control, the stator flux component of current i and the torque component of current
iq are to be aligned to the d and g axes, respectively.

‘We can write the following equations from rotating frame d—q equivalent circuits

as shown in Fig, 2.2:

B 4 R+ (=) =0 @
% + Ry = (0, = w,)gy = 0. (22)
Again,
Yo = Leige + Mi, (2.3)
Yar = Leig + Miq. (24)

From equation (2.3) and (2.4),

¢ 1 M.
igr = L_,'b" ~ L (2.5)

. 1 M.
g = E¢4r - (2.6)



Q Electrical axis

__ —» Mechanical axis

Figure 2.1: Phasor diagram for indirect field-oriented control [33]



Figure D-Q reference frame equivalent circuits. a) Q axis equivalent circuit,
b) D axis equivalent circuit (35]



1

The rotor current from equations (2.1) and (2.2) can be climinated by substi-
tuting equations (2.5) and (2.6) as

dige

Lo M piyt Bt wat =0 @)

dvg,
—f‘L-—le R b = wahy =0, (2:8)

where wy = w, — w,.

For decoupling control, it is desirable that

Yo = e =0

Yar = ¥, = constant

e =,
the first one conditi jons (2.7) and (28) ean be simplificd as
= S (29)
fi:d"" +i= Mis, (2.10)

Again, the torque as a function of rotor flux and stator current can derived as

follows: The stator flux linkage relations can be written from Fig. 2.2 as:
Yy = Mig, + Lii, (2.11)
o = Mig + Lyia. (2.12)

Substituting equations (2.5) and (2.6) in equations (2.11) and (2.12), the following

equations are obtained:

Yo =(La— %)i. + %w.. (2.13)



M2
$a= (L~ ~L'—)x} + ‘Lﬁ‘bdr» (2.14)

The torque equation as a function of stator current and fluxes is
3P .
T.= 5('2‘)0.% — igihy). (2.15)

Equations (2.13) and (2.14) can be substituted in equation (2.15) to eliminate
the stator fluxes, therefore

3 P .
T.= E(E)Ll(t,'l).{- —iaty). (216)

Substituting %, = 0 and %4 = ¥, the torque expression is:
3 P M

T.=j 2)L—z.w, (217)

or, using equation (2.10),
M?
.-2(2)‘—w (218)
The equations above, together with the mechanical equation (2.19) describe the

machine model in decoupling control as shown in Fig. 2.3.
( )J— =T.-T (2.19)

The developed torque T, responds instantaneously with current ig, but has delayed
response due to iy in equation (2.10). The analogy of the model with a separately
excited DC machine is obvious.

For implementation of indirect field-oriented control, it is necessary to take
equations (2.9) and (2.18) into consideration. As an example, Fig. 2.4 shows a

position servo system using the indirect method of field-oriented control. The flux



Figure 2.3: Block diagram of machine model with deconpling control 3]

component of current i for the desired rotor flux w, is determined from equation

(2.10) and is maintained constant here. The torque component of current iy

derived from the speed control loop as ustal. The set value of slip wy is related

o

and costly, which

to current i3 by equation (20). The slip-angle vectors sin

determine the desired electrical axis with respect to the rotor-mechanical axis, are
generated in a feed-forward mamer from the @y, signal through a VCO, a counter,

and a ROM-based sin/cos generator. The rotor-pasition vectors cosf, and sin),

ate obtained from angle encoder and are added with the slip vectors Lo obtain the

cosf, and sind, signals as follows:

cos = cos(0, + 03)) = coslrcosly — sin0,sinlly (2.20)

sin0; = sin(0, + 03) = sinl,cos0}, + cosl,sin0} (2.21)
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2.2 Field-Oriented Control Using Microproces-
sors

Control of the AC machine is considerable more complex than control of the DC
machine. The complexity increases for higher performance requirements. The
reason is that AC machine dynamics are more complex, intricate signal processing
is required, and the variable frequency supply requires more complex control than
does the DC converter.

Recent achievements in LSI and VLSI technology led to practical utilization of

the mi The mi makes it possible to realize very compli-

cated control strategy that is difficult or even impossible to realize with c
analog circuitry, When the microprocessor is used in variable speed motor drives,
it gives high accuracy surmounting the nonlinearities involved in motor character-
istics, power conversion equipment and sensing devices, and providing against the
drifts of temperature and source voltage.

The control system shown in Fig. 2.5 has been implemented on an Intel 8086
microcomputer to which a signal processor NEC 7720 was attached as a high speed
arithmetic unit. This makes it possible to compute the flux model, the transforma-
tion and the inner control loops with 125 us sampling time which is adequate even
for high speed control [11].

It is obvious, of course, that with faster dynamics of the system i

tion of optimal control and adaptive control of multi-variable systems will become
more and more complex. In this respect, the uniprocessor based motor control is
limited in offering higher computing speed. In recent years, multiprocessor based

motor control systems have received iderable attenti I d put.
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Figure 2.5: 8086-Microcomputer control of AC motor 181]



tional speed is , of course, the primary benefit of parallel processing. This allows
faster systems to be controlled and gives the control choice of added complexity in
the control algorithm. Easy expansion, within a uniform hardware and software en-
vironment, is another feature of concurrent control system because it is possible Lo
add more processors as required. Parallel processing also offers a closer relationship
between the inherent parallelism expressed at the design stage and the hardware
implementation.

One of the typical

using multi lications for field-oriented
control was developed in 1985 by Fumio Harashima et al [12]. In their proposal,
a three microprocessor based AC motor controller was used as shown in Fig. 2.6.
With the parallel controller, two single-chip microcomputers Intel-8031 (12 M1lz)
are assigned for 3¢/2¢ to 2¢/3¢ signal conversions, respectively. These signal con-
versions are initiated by the interrupt signal every 1 ms. One 16-bit microprocessor
Intel-8086 (5 MHz) executes both the vector control and speed control programs.
The execution time for one cycle of the control program is about 2.2 ms. This
multiprocessor configuration reduces the workload of the main processor Intel-8086
and permits the realization of more sophisticated control such as adaptive control,
optimal control. and so on. Another advantage from this configuration is that it is
very flexible to be used in various control types, such as V-type control and I-type
control.

In the same year, Kenji Kubo et al [13] proposed a fully digitized AC motor
controller by using multiprocessor system. The configuration of the proposed con-
troller is shown in Fig. 2.7. The motor drive system is composed of a power supply,

PWM inverter, induction motor, and speed controller.
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Figure 2.6: Hardware configuration of experimental system [12]

Figure 2.7: Configuration of speed regulator for AC motor [13]
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Based on a speed reference and detected signals of motor current and speed,

PWM gate pulses are to the control i The PWM

inverter operates following these gate pulses to regulate motor speed. Four micro-
processors are used in the speed controller as indicated by the dotted line in Fig.

2.7. Two microprocessors are assigned to control processing, and other two are

used for gate pulse ion and detecti ing, respectively.
The execution times of SMC 1, SMC 2, SMC 3 and SMC 4 were 750, 700, 380
and 600ps, respectively [13].

With the development of VLSI, the 32-bit transputer systems have been used

as promising parallel ing systems for real-time digital control applications,
such as DC motor or AC motor control.

The first attempt in using Transputer for AC motor control was made by D.1.
Jones and P.J. Fleming [14]. Another Transputer-based high performance AC mo-
tor control system, was developed by G.M. Asher et al [15]. In their proposal,

a parallel i ller has been exploited so that very complex control

algorithms could be implemented in real-time to improve the AC motor control
performance. Three vector control types are presented and implemented by a uni-

form Tr based parallel ing system. The three vector control types

are V-type, current-controlled V-type and I-type. Implementations using paral-
lel processing system are illustrated in Fig. 2.8(a) and 2.8(b). The Transputer

T, handles speed and line current acquisition, speed control, slip and inverter [re-

quency calculati pen-loop stator dynamic P ion and current

for monitoring. Speed is sampled every 5ms while current is sampled at 250 pus.

Consequently, we can conclude that the functions of a lized drive 1l
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exhibit a natural

In particular, a th llelism exits between

control, supervisor/ ication and back d ing functions.

2.3 Parameter Identification and Adaptive Con-
trol

The indirect field-oriented control basically involves a feed-forward control scheme

in which the motor slip frequency is calculated from the esti d ( ded)
stator current and an estimate of the rotor time constant. The desired slip frequency
is added to the measured rotor speed to form the frequency command which is fed
to the inverter. When properly adjusted, the indirect field-oriented control method
provides torque response which can exceed the equivalent DC motor (1]. However,
the speed of response is limited by the accuracy with which the rotor time constant
varies with both air gap flux and temperature so that it is difficult to keep the
controller in tune. Means for estimating and adjusting the rotor time constant in
the slip frequency calculator is currently an area of intense activity.

L. J. Garces [17) and M. Koyama et al.[25] proposed the correcting function for
progressively estimating the rolor time constant in transient state. The drawback
of this method is that a long correcting time is needed for obtaining the actual
rotor time constant.

K. Ohnishi et al.[26] and Y. Ueda et al.[27] developed the model reference adap-
tive control system . These two schemes involve much more computations for esti-
mating the adaptive gain. The estimated results are affected by load disturbances.

L. C. Zaiand T. A. Lipo [19] proposed a method which used an extended Kalman

Filter approach to estimate the rotor time constant. The drawback of this scheme



is that the actual computation for estimating the rotor time constant took about 30
seconds of CPU time on a high ing speed MC68000-based
T. Matsuo and T. A. Lipo [18] developed another method in which a prescribed

negative sequence current perturbation signal was injected into the AC motor and
then the corresponding negative sequence voltage was detected for obtaining the
rotor parameters. This scheme requires additional hardware and may induce a
strong second harmonic torque pulsation due to the interaction of the position and
negative rotating components of mmf. [7).

The recently reported results have still been concentrated on parameter identifi-
cation or model reference adaptive control. As an example, C. C. Chan (7] proposed
an effective method for rotor resistance identification. This method is based on the
proper selection of coordinate axes: the d axis of the rotating frame is set to be
coincident with the stator current vector. A direct estimate of rotor resistance can
be derived from the reference frame. The advantage of this approach lies in its
simplicity and accuracy for rotor resistance identification. However, correct results
from this identification method can only be obtained when motor is working in
steady state and a load should be applied.

M. B. Zhou and W. Qu [24] developed a scheme where the rotor time constant
is derived from the vector diagram of T-I type equivalence. This scheme is more or
less similar to that of C. C. Chan which can be applied only when motor is working
in steady state.

R. D. Lorenz and D. B. Lawson (8] proposed a simplified approach of model
reference adaptive control system to continuous on-line tuning for field-oriented

control. Due to its simplicity, the primary advantage of the proposed technique is
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the ease of implementation of the adaptive control methodology given the . This
method could be affected by applied load [9] and takes long time for control con-
vergency.

Based on the ahove review of mi based ller impl i

and parameter adaptation control for field-oriented control, it can be concluded
that complex field-oriented control of AC induction motor can be realized with the
help of microprocessors. In addition, various parameter adaptation control schemes
have been developed and applied to solve the problem of parameter sensitivity in
indirect field-oriented control.

However, microprocessor-based controllers reported to date in the ficld-oriented

control of AC induction motor have not been developed adequately to meet higher

the developed d ion control

schemes can only be applied when motor works in steady state.
With an intent to solve these problems, some solutions are proposed in the

subsequent chapters.



Chapter 3

Modeling and Simulation of
Indirect Field-Oriented Control
System

3.1 Introduction

I[n Chapter 2, recent developments in the theory of indirect field-oriented control
of AC induction motor and its applications have been reviewed. In this chapter,
modeling and simulation of indirect field-oriented control of induction motor with
squirrel-cage structure are studied. The model of indirect field-oriented control
of AC induction motor is used for the study of parameter adaptation control and
parallel processing controller which are intended to satisfy the requirements of high-
performance control of AC motor.

The dynamics of the AC machine drive control system is extremely complex
and the subject is receiving wide attention in recent years. The complexity arises
because of the nonlinearity of AC motor dynamics. For this reason, when a control

strategy is developed, it is the usual practice to simulate the drive system on the

digital computer and study the perf in detail before ding to build an

%
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experiment. The electrical dynamics of an ind

motor can be d by
a fourth-order nonlinear differential equation which may be either in a stationary
reference frame (Stanley equation), or in a synchronously rotating reference frame
{2]. The advantage of the latter model is that the steady state sinusoidally varying

parameters appear as DC quantities. The established model with a means of feed-

back control can be simulated on puter and control such as Pl or

PID, can be fine tuned until the desired performance is obtained.

Models of AC induction motor and field-oriented control of AC induction motor
have been developed and studied by researchers [7], [20], [31], [20], and [30]. A
common method of modeling is that the indirect field-oriented control of AC in-
duction motor can be linearized about a steady state operating point using small
signal perturbation principle.

In this chapter, the design and simulation for indirect field-oriented control
system are studied. A linear control system is achieved by applying feed-forward
control scheme so that design of PI or PID controllers does not depend on system
operating point. In addition, a new control scheme has been developed to improve

control performance.

3.2 System Analysis and Modelling

The AC drive with field-oriented control is a well-known alternative to the DC
drive. To implement the field-oriented control, the sufficient conditions for the

quick torque control of an induction motor are summarized as follows [12]:

he secondary flux is controlled to be constant, which is equivalent to keeping

astant.



2. The AC power supply frequency w, is determined by:

v, =w.+(% (3.1)

i
3. The primary currents i, and iy must be adjusted instantaneously and precisely

according to the reference values i3 and i.

Consequently, the arbitrary quick torque control without unnecessary transients is
realized by adjusting the torque current i, while keeping the secondary flux constant
(or iq constant). However, the following problems preventing the satisfaction of the

foregoing conditions should be taken into consideration:

1. The secondary flux level may be changed by the parsmeter variation in the
induction motor suchas the change of rotor resistance due to the temperature

rising in the windings.

:

The slip frequency w, determined by equation (3.1) may have some error
when the time constant value of the secondary circuit used in the controller
is mismatched with the actual value. This error causes the coordination of

the secondary flux to depart from the d-axis.

3. Thei and precise adj of the primary current necessitates

some control means, such as the current feedback control loops.

To achieve instantaneous and precise adjustment of the primary current, design for
the inner current control loops plays an important role.
As usual, for the consideration of system stability, the inner loop (current control

loop) design should be carried out first. After the inner control loops have been



designed satisfactorily, the design of outer control loop (speed control loop) can be

carried out.

3.2.1 Analysis and Modelling of Flux Current and Torque
Current Control Loops

To analyse the indirect field-oriented control for AC induction motor, some neces-
sary assumptions are given below [38]:

ASSUMPTIONS:

1. Symmetrical armatures

2. Constant airgap

3. Sinusoidal induction repartition

4. Saturation, hysteresis and eddy effects negligible

5. Indirect field-oriented controlled (this means that the direction of the rotor

flux is aligned to the synchronous rotating axis d).

Based on the above tons, the d " o of el cige iid

motor in the d — g reference frame are given [7):

U R, +pl, -—wl, M —wM iq

U | _ w, R,+pL, uwM M i, (32)
[ M 0 R.+pL, 0 igr ’

0 wayM 0 waL, R, dgr

According to the d — g equivalent circuits, shown in Fig. 2.2, the following

equations are derived:

War = Lyige + Miq (33)



Yar = Lyigr + Mia. (3.4)

By solving equations (3.1)-(3.4), the following equations are obtained:

.M ; ;

wa=Riat (e +PT'p),,, —w,pLyig (3.5)
; . M .
ug = Ryig + pLupiq +'U.(—-L T+ Tr) 1:"7, F)H— pLyw,ig (36)
or

_ L+pTp,. :
e = Rl 4+ Topeia — wipLaiy (37)

’ L+pTp, .
1q = B{U+ pTiplis + LY oD hwiie @8

3

In order to control the flux current iy and torque current iy, feedback control
is used favorably. The purpose of feedback control is to improve the dynamic
performance of controlled currents such that the torque current i, follows the ref-
erence values as quickly as possible, while the flux current iz keeps constant. From
the equations (3.7) - (3.8), it is clear that even though the field-oriented control
scheme linearizes and decouples the relations between rotor flux and electromag-
netic torque, the coupled relations between d-axis current and g-axis current or
d —q currents and rotor speed w, still exist, which presents a non-linear and multi-
variable structure to the current control.

In order to approach the design of current controllers by using classical method
such as root-locus or frequency domain analysis, it is proposed here to use interac-
llati hoi

tive for d ling the i ions between i, and ig or iy

and ig and w,.

It is noted that if the interactive variables w,i; and w,i4 as shown in equations

(3.7)-(3.8) idered as external disturbances o the control of i4 and iy, the flux
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current and torque current control can be configured as a linear control structure
and, therefore, the transfer function can be used to analyze the closed-loop control,

as shown in Fig, 3.1, where:

1+ Ts 39)
pI,T.R.s* + (TR, + T, R.)s + R, "
1
Gl) = Tt @10
D\(s) = pL, (3.11)
_ g L+pTs
Dy(s) = L(7 T ). (3.12)

It is obvious that the disturbances w,i, and w,ig are easily computable from

the measured quantities iy, i, and w,; therefore, an effective control approach for

cancelling this kind of disturbances is to use the feed-forward control technique.
Feed-forward control means the control of undesirable effects of measurable dis-

turbance by for it before it iali This feature

is advantageous, because, in a usual feedback control system, the corrective action
starts only after the output has been affected. This technique achieves the objec-
tive of instantaneous compensation control of external disturbances 4w, and i,uw,
and minimizes the transient error. When feedback control is combined with the
feed-forward control, it is expected that the feedback control compensates for any
imperfections in the functioning of the feedback control and provides corrections
ble disturb.

for and hile the feed-forward control minimizes

the transient error caused by measurable disturbances such as the w,i, and w,is.

The block diagram of this compound control is shown in Fig. 3.2, where:

G/(s) = pls = Di(s) (319
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Figure 3.1: Flux current and torque current closed-loop control. (a) Flux current
control. (b) Torque current control.



Gq(s)

Gqle)

(b)

Figure 3.2: Compound Conlrol. a) Flux current with feed forward controller, h)
Torque current control with feed forward controller
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1+ pT.s
1+Trs

Gi(s) = Ly( ) = Da(s). (3.14)
It can be seen that the disturbances w,i, on iy and w,iy on iy Lin be cancelled

completely by the feed-forward controllers G¢(s) and Gi(s), while the PI controllers

affoct the curieat loop sontrol.
3.2.2 Analysis and Modelling of Speed Control Loop

By taking advantage of the feed-forward control, the disturbances can be cancelled
so that a linear control structure of AC motor speed control can be simplified as
shown in Fig. 3.3.(a),
where:
K %n,i—-’jim (3.15)
To design the speed loop, several methods are available. The root-locus based ap-

proach is popular. In general, ding to design specificati domi complex

poles (—a + bj) and (~a ~ bj) with a far away real pole (—c) can be specified as
shown in Fig. 3.3(b). The parameters of PI controllers can be easily obtained from

the locations of dominant poles which provide a desirable control performance.

3.2.3 Modelling of Indirect Field-Oriented Control of Voltage-

Fed Squirrel-Cage Induction Motor

For the purpose of analysis of indirect field-oriented control of AC induction motor,

it is essential to run simulations of an overall AC induction motor control system
model instead of a simplified control model. As a result, the simulation results do

not only give control variables in synchronous reference frame, but also give the

control variables in stationary reference frame which provides analysis of alternate
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loop, (b) Pole location



variables such as stator currents, voltages and rotor flux.

In the simulation set up, the voltage-fed PWM inverter is defined as an ideal
sinusoidal power supply. The gain of the inverter is assumed as Ko = 30. The
current feedback coefficient and the speed feedback coefficient are defined as K;
and K,, respectively.

As usual, the motor model is represented in the two-axis system, a-4 reference

frame. An N-pole induction motor with a sh ircuited rotor circuit is ch

ized by the following equations:

Ug R, +pL, 0 M 0 ia
ug | _ 0 R, +pL, 0 M ip @.16)
0~ M wM R +pL, wl, fr .
0 —w,M M -wl, Re+pLe]|ip
J dw, wy -
=5 _T—TL-D; (3.17)
T= %Mn.(i‘-'m — iaigy) (3.18)
d 4
ﬁ% =u,— Ria (3.19)
d 2
Tver = —Reiae — wegr (3:20)
d y
qiVor = —Reip + wrtber (3.21)
d :
g% = uo = Riia, (3.22)
where:
ia Lo ~ Mpa,
far 1 Lybar = Ma | (323)

igr | T LL —M? | Lo — Mibg
ip Lopg — My,

k]
3
g
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Based on equations (3.16) - (3.23), the time domain simulation model for indirect
field-oriented control of AC induction motor can be constructed as shown in Fig.
3.4. The VAX 8530 digital computer is chosen for studying the dynamics of AC
motor control. Under the indirect field-oriented control, the required stator voltages

s and up are obtained by the following coordinate transformations:
o | _ [ cost, —sind, ] [ us .,
[ us ] = [sinﬂ, cost, | | ug )" (v:24)
Three phase variables in AC motor can be casily transformed from two axes

variables by the following transformations:

- 10
HEEEAE s
1

The stator current i, and i in the o — 3 reference frame can be transformed

to field-oriented unidirecti ities i4 and i, with the following coordinate
transformations: "
ia 10 0 o]
[‘.]=[0 5 _.] i (3.26)
g A ) i

and
HE S wan
The frequency and phase of the voltage components u, and ug in the station-
ary reference frame for establishing the required rotor flux and stator current are
controlled by the slip frequency w, which can be calculated from equation (3.1).
The controllers applied in the indirect field-oriented control of AC induction
motor include speed and current feedback PI controllers as well as flux and torque

current feed-forward controllers. The transfer function that approximates the action
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Figure 3.4: Time domain model of indirect field-oriented control system



of a feedback continuous PI controller is given by:

Y 1
Gs) = FE% =K1+ ), (3.28)

where 7 is the time constant, K, is the controller gain.
A difference equation of this type of controller is characterized by :
Yn = Yn-1 + Kplen —en1) + Tox Ki v e, (3.29)

where K; = &; Ty is the sampling time.

All the feedback ities are d with the ding reference quanti-

ties, and the error quantity e forms the input to the controller. The feed-forward
controller of the flux current is expressed by the following equation:
Gy(s) = pLa. (3.30)

The feed-forward controller of torque current is expressed by the following equation:

14T,s
1+Ts’

Gi(s) = Ly (3.31)

A difference equation of the torque current feed-forward controller is characterized
by:

Yn=(Tr *Yn-1 +To* Lo % px Tr(en — €a1))/(To + T}). (3.32)

For different load simulations, the load-setting unit is used to change the applied

load to the motor.

3.3 Simulation Results of Indirect Field-Oriented
Control of AC Induction Motor

A C program for the simulation of time domain model was designed for simulation

purposes (see appendix A-1). The parameters of the AC motor given in (7] are
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Table 3.1: Parameters of controll
Type of controller
Speed controller 3 | 0.003
Flux current controller | 0.3 ] 0.01
‘Torque current controller | 0.6 | 0.01

Table 3.1: Parameters of controller

listed in appendix A-2. Using the MatLab to simulate the linearized and simpli-
fied AC motor control system as shown in Fig. 3.3(a), the proportional gain and

can be d ined. The of

the integral time constant of P1

current controllers and speed controller are listed in Table 3.1. For studying the
dynamic properties of indirect field-oriented control of AC motor, a series of sim-
ulations have been carried out . By viewing the simulation results, it can be seen
that, when the compound control of feed-back and feed forward controllers were
applied, the flux current was controlled better than that of only feedback control.
In these simulations, the dynamic response of the control system for the following

disturbances were studied:
1. Step change in the reference speed

2. Step change in the load



39

3. Speed reversal.

Step Change in the Reference Speed

The step response of a control system is usually applied to evaluate the control
system performance in its response time, overshoot, transient or steady errors and
stability.

Nine motor variables were chosen in this simulation for studying the dynamic
performance. They are the d — g coordinate components, such as the torque current
and flux current, @— 3 coordinate components, such as stator currents and valtages,
and motor state variables, such as electromagnetic torque, rotor flux and speed. The
behaviour of the field coordinates and the control variables are plotted in Figs. 3.5
-3.9.

Fig. 3.5(a) shows the rotor speed response with starting speed of 1040 rpm.
At t =23, the speed reference was changed to the speed of 512 rpm. IL can be

scen that the rotor speed is accelerated or decelerated hly by controlling the

motor torque which is proportional to torque current. Fig. 3.5(b) shows the motor
torque response. At the beginning, it is obvious that the torque was not linearly
proportional to the torque current , because the flux current was not constant due
to dynamic transience as shown in Fig. 3.6(b). At t=0.6s, a 2Nm load was
applied, the corresponding torque and torque current, as illustrated in Fig. 3.5(b)
and 3.6(a), show the linear response to the input load because the constant flux has
been set up at this time. This proves that under the field-oriented control if the
flux is constant, the machine torque is linearly proportional to the torque current .

In this simulation, as the feed-forward controller was not applied, the flux current



was disturbed by changes in speed or load, as indicated in Fig. 3.6(b).
Figs. 3.7 - 3.9 show the corresponding responses of stator currents, stator volt-

ages and rotor flux when input speed and load were changed. In order to satisfy

the conditions of field-oriented control, the ding stator current or voltages

changed their magnitude and phase, and the rotor flux kept constant.

Step Cha:ige in the Load

The ability to withstand disturbances in a control system is another important
feature. A step change in the load is considered as a typical external disturbance.
A high performance control system should have a fast dynamic response in adjusting
its control variables so that the system outputs affected by the disturbances will
recover to their original status as soon as possible. The dropped aptitude of system
output such as rotor speed and its recovering time are the important performance
specifications.

Figs. 3.10 - 3.14 show the control system response when a step load was applied.
In this simulation, the feed-forward controller was applied. In Fig. 3.10(b), 2 2Nm
step load was applied to the motor at ¢ = 0.6s. The corresponding motor torque has
emerged to balance the load for keeping speed constant as shown in Fig. 3.11(a).
When the load was changed from 2 Nm to the rated value of 8Nm at t = 2s, the
motor torque quickly followed the load applied to attain a new equilibrium point.
The rotor speed, as shown in Fig. 3.10(a), dropped a little at t = 0.6s and t = 2s,
and then raised quickly to its original value. In this time, due to the feed-forward
control, the flux current remained constant without being disturbed by changes in

load.
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Figs. 3.12 - 3.14 show the corresponding responses of stator currents, stator

voltages and rotor flux when input load were changed.

Speed Reversal

With the field-oriented control, AC motor can be operated in four quadrants like
the DC motor.

Figs. 3.15 - 3.19 show the system response for speed reversal. According to
input command, the rotor speed reversed at ¢ = 2s from positive rated speed to
negative rated speed as shown in Fig. 3.15(a). The stator currents and voltages,
as shown in Figs. 3.17 - 3.19, changed their phase, frequency and amplitude when
speed reversed. A negative current, as shown in Fig. 3.16(a), occurred to produce
negative torque, as shown in Fig. 3.15(b), for speed reversal. The flux current
and rotor flux are kept constant with speed reversal. In this simulation, the feed
forward control was also applied, therefore, the flux current remained constant
without being disturbed by speed reversal.

Figs. 3.5 - 3.19 demonstrate the field-oriented control mechanism of the lin-
earized control of decoupled flux and torque currents in an AC induction motor.
The control performance of AC induction motor is found to be like that of DC
motor. The motor speed was been controlled to regain the original speed after a
small dip for a short duration when load was applied. It also shows that an AC
drive of this kind permits operation in four quadrants and allows the motor to be
loaded continuously with rated torque at standstill. Because of the slow response
of the rotor flux, there is a small dip in magnitude during speed reversal which is

regained subsequently.
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For the purpose of comparison between feedback control and compound control,
Fig. 3.20 - 3.24 present the corresponding simulation results.

Fig. 3.20(a) shows the rotor speed response at a starting speed of 512 rpm. At
= 2s, the speed reference was changed to rated speed of 1710 rpm. Fig. 3.20(b)
shows the motor torque response when a 2Nm load was applied at ¢ = 0.6s. The
corresponding torque and torque current, as illustrated in Fig. 3.20(b) and 3.21(a),
show the linear response to the input load. In this simulation, as the feed-forward
controller was applied, the flux current remained constant without being disturbed
by changes in speed or load, as indicated in Fig. 3.21(b).

Figs. 3.22 - 3.24 show the corresponding changes of stator currents, stator
voltages and rotor flux when input speed and load were in changes.

It can be seen that with feed-forward controller, the flux current is controlled
more constant, as shown in Fig. 3.21(b), than that without feed-forward controller,

as shown in Fig. 3.6(b).

3.4 Extended Indirect Field-Oriented Control of
AC Induction Motor

The concept of series-shunt excited control is well-known in DC motor control
techniques. The series-shunt excited control takes advantages of coupled torque
and flux current control to enhance the ability of withstanding disturbances and to
increase the maximum torque. Implementation of the series-shunt excited control in
DC motor is made by connecting flux winding and torque current circuit to let flux
current contain some of torque current. The DC motor control theory has proved

that a series-shunt excited control system can provide higher torque response than
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separately excited control. This performance shows a strong robustness and fast
control response.

In AC motor control, the naturally coupled torque and flux current could be
easily realized as a series-shunt excited control model, if a proper value of slip is
found. However, the coupled torque and flux current characteristics makes the
analysis of control performance very complex because of its non-linear and multi-
variable structure.

To exploit the possibility of series-shunt excited control in AC motor, first lct the
AC motor be controlled in field-oriented coordinates, which presents a separately
excited type and then the slip is reduced to a smaller value than that for completely
decoupling torque and flux. In this case, we can expect to obtain a series-shunt
excited control in AC motor like in DC motor.

The proposed series-shunt excited control in AC motor has been simulated in a
digital computer to verify the validity and feasibility of this method. The simulation
programs and motor parameters [13] are listed in Appendix B-1 and Appendix B-

2, respectively. The of PI ller and slip fi are listed in

Table 3.2. Simulation results are illustrated in Figs. 3.25 - 3.27, which indicate an
excellent robustness and fast response with almost no overshoot. The features of

this control performance can be summarized as follows:

1. There is almost no overshoot during motor transient speed response (see Fig.

3.25(a)).

2. The transient speed response time is equal to that of separately excited control

of AC motor (compared Fig. 3.25(a) with Fig. 3.10(a)).
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Table 3.2 Parameters of Controller and Slip Frequency
Type P | 1| Normal | Small

Speed controller S| 0.003
Flux current controller | 0.8 | 0.01
Torque current controller | 0.6 | 0.01
STip Frequency 1007 |_10%

Table 3.2: Parameters of Controller and Slip Frequency

w

. There is almost no drop or increase in speed (Fig. 3.25(a)) when rated load

was applied or removed (20Nm, see Fig. 3.25(b)).

Rotor flux current is not constant when control system is working in transient
status (Fig. 3.26(b), which is similar to the series-shunt excited DC motor

control).

o

The stator current is still sinusoidal which can be provided by power electronic

devices (Fig. 3.27(a)).

For comparison, Fig. 3.28 shows the linear control response by regular field-
oriented control method. The motor is started at a speed of 680 rpm and changed
to the rated speed of 1710 rpm at ¢ = 2s. It can be seen that, with 20 Nm rated
load applied at ¢ = 0.7s and removed at ¢ = 3s, the rotor speed dropped much

lower or higher than that of series-shunt excited control scheme.



3.5 Discussions

3.5.1 Conditions for a Truly Linear Control System of AC
Induction Motor Drives

Generally, an AC induction motor can be controlled linearly by applying the indirect
field-oriented control scheme. However, it is a fact that the indirect ficld-oriented
control is only a necessary condition in realizing a linear AC induction motor control
system. In other words, the indirect field-oriented control only provides the solution
that if the flux current is constant and the rotor flux orientation is aligned to the
d-axis in synchronous reference frame, a linear control of AC motor lorque can be
realized by controlling the torque current.

But the field-oriented control scheme does not ensure that the flux and torque
current can he controlled linearly and separately.

In fact, under indirect field-oriented control, the torque current is produced not
only by the voltage in the g-axis but also by the voltage in the d-axis and by the
rotor speed. The flux current is also produced by both voltages in the d and the ¢
axes as well as by rotor speed.

The coupled relations between flux current and torque current are expressed
in equations (3.5) - (3.6). According to the study in this chapter, a linear control
model for an AC induction motor under the indirect field-oriented control can be
obtained if the feed-forward controller is applied, which results in decoupling the
torque current from flux current as shown in Fig. 3.2. Therefore, it can be said
that the necessary and sufficient conditions for obtaining a linear control system
of AC induction motor is to employ both field-oriented control and feed-forward

control.
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3.5.2 Extension of Field-Oriented Control

Realization of high control of AC i motor using field-oriented

control is required to satisfy both flux current constant and the alignment between
d-axis and rotor flux orientation.

However, high-perfc control of AC induction motor could be achieved by

an extended field-oriented control that a departure of rotor flux orientation from
the d-axis is allowable. In addition, constant rotor flux is not necessary in transient
state.

In this, such an extended proposal of field-oriented control has been verified
by a series of simulation results which show excellent characteristics of AC motor
control. Obviously, the proposed control scheme behaves non-linearly because of its
nonconstant rotor flux and the coupling of torque and flux. The principle of such a
scheme is similar to that of a series-shunt excited DC motor control. However, the
simulation results have shown that the control performance obtained is superior to
that of DC motor control. These results probably hint that an AC motor control
under the extended field-oriented control could be the most favourable choice over
others due to its several excellent characteristics as described in this chapter.

To prove this conjecture, experimental work and further theoretical work should

be carried out.

3.6 Summary

In this chapter, based on the model of indirect field-oriented control of voltage-fed
squirrel-cage induction motor, a series of simulations have been carried out to verify

the control performance which is usually exhibited by DC motor control.
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Feed-forward control scheme for decoupling the interactions between flux current
control loop and torque current control loop can linearize and simplify the design of
AC motor control system and, therefore, improve the control dynamic performance.

Finally, the series-shunt excited control technique is proposed to be applicable
to AC motor control. Through simulations, exccllent robust control performance
was obtained by using this technique.

It is noted that only part of simulation results have been presented in this
chapter to limit the number of figures. Actually, we have tried two different types
of motors for each simulation. Simulation results have shown a good agreement in

control behaviour on these two different motors.
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Figure 3.9: Rotor flux response for step change in the reference speed
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Chapter 4

Rotor Flux Orientation Control

4.1 Introduction

In Chapter 3, a simulation model of indirect field-oriented control of induction
motor with squirrel-cage structure was set up. This model has been used to study
the control performance of AC motor. It is known that if the rotor parameters

keep constant, a linear, d led, simplified model of induction motor control

system can be derived under the indirect field-oriented control. To implement
the indirect field-oriented control, the effects of parameter variations should be
considered as discussed in Chapter 2. Efforts to solve this problem are continued
by many researchers {1] (6] [2].

In general, the proposals developed so far for adapting parameter variations in
the indirect field-oriented control may be divided into two groups. One focuses on

the identification of rotor parameters which could be obtained from either indirectly

rotor resi [7) [24) or identification scheme (18] [19]; an-
other is based on the model refeience adaptive control scheme which adjusts the
control system gain when errors occur between the actual model and the reference

model 8] [26] [27].
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The purpose of these two approaches is to change the parameters used in slip
frequency calculator or to tune the control system gain when rotor parameters
change with rising temperature so that the rotor flux can be oriented to the d-axis,
which is the essential condition in indirect field-oriented control. The estimated
values of rotar parameters obtained from parameter identification are directly used
to correct the slip frequency calculation. However, any error resulting from the
identification method may lead to a wrong correction. Although the second group
makes the control results checkable by feedback control, usually it nceds a long
time for control convergency, and also the resulting control is affected by load
disturbances (6] [9].

So far, most of the schemes developed to cancel the effects of parameter vari-
ations on indirect field-oriented control work well in motor steady operation state
but not in motor transient operation state, which limits the dynamic control per-
formance.

In this chapter, a new scheme has been proposed to expectedly work for indirect
field-oriented control not only in motor steady operation state but also in motor
transient operation state.

To describe this new proposal, the principle of the scheme, realization and sim-

ulation will be discussed in the subsequent sections.
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4.2 The Principle of Rotor Flux Orientation Con-
trol

4.2.1 Control Strategy

It is well-known that in the indirect field-oriented control the rotor flux orientation
will depart from the d axis if the rotor resistance or inductance changes with increase
in rotor temperature or rotor flux saturation. The quantitative description of rotor
flux departure from d axis has been studied by Min-Ho, et al [28] and the phasor
diagram is presented here (Fig. 4.1) for explanation purposes. Fig. 4.1(a) shows
the case where the flux is aligned to d-axis. Fig. 4.1(b) presents the case where
the flux departed from d-axis. Defining the angle between flux and d-axis as 8, the
following torque and flux current equations can be derived from the vector variable

relations as shown in Fig. 4.1(b).

ir = i4(cosé + :—’siné) (4.1
d

iz = ig(coss + Lsind) (1.2)
i

b = Mif, (1.3)

where i and i7 are the flux and torque current components in d — ¢ coordinate
system; iq, and iy, are the motor stator currents in two phase d, ¢ axis. Due to the
departure of flux from d-axis, the developed torque is characterized as:
M? i, i
7= %n,ti,id(l - sinfeos(32 = :—:)). (.4)
In Fig. 4.1(a), as the rotor flux orientation and d-axis coincide, the developed torque

is characterized as the same as shown in equation (2.18). In this case, it is clear that
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Figure 4.1: Flux and torque current vectors in d-q axes. a) Flux orientation aligned
to d-axis, b) Flux orientation departec from d axis [28].
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the departure angle § is equal to zero. However, if the rotor flux orientation and
d-axis do not coincide, the departure angle is nonzero. The corresponding torque
is a complex non-linear function of iy, ig and 6.

For controlling the departure angle to zero, a proper feedback control is proposed

here. The principle is that when a departure angle occurs due to changes in rotor

or flux ion, this angle is d with the reference angle (ideally,
it is zero). If there is any difference from the comparison, an error signal is fed
back to a controller, named flux orientation controller, which sends proper control
signals to adjust the rotor time constant T, used in slip frequency calculator until
the departure angle § becomes zero. Before implementing the proposed scheme, two
things have to be studied: one is to analyze the stability of this fecdback control

system; another is to find a way of detecting the departure angle 6.
4.2.2 Stability Analysis

From the phasor diagram Fig. 4.1(b) and equations (4.1), (4.2) and (3.1), the
following equation is obtained (28]:

AT,
5= S— - (4.5)
+(1+585):

where:
L. T, = L/R, (rotor time constant)
2. T: : normal value of rotor time constant

3 AT, =T,—T;.
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From equation (4.5), it can be seen that the departure angle is a function of flux
current, torque current and rotor time constant, which presents a nonlinear and
complex problem. Obviously, an accurate analysis is very difficult.

However, in practice, since the time constant of the rotor parameter variation is
much larger than that of the induction motor, the departure angle can be adjusted
instantaneously by controlling stator current. Therefore, the equation (4.5) can be
simplified as in equation (4.6) because departure angle will be instantaneously cor-
rected by adjusting motor stator current. In other words, the presence of departure

angle is very small (AT, << 1) due to fast current adjustment.

..AI;
TEL+EE
Rewriting the equation (4.6), it becomes as the l’cllowing:

(4.6)

AT,
P Srigid
a%g"

i +igia + 72

As the flux current and torque current can be controlled instantaneously, for the

%))

departure angle control, the iz and i; can be
Therefore, the relations between departure angle and rotor time constant can be

d as a linear and inertial process. Of course, at the transient

simply

adjustment, the relations are much more complex.
4.2.3 Detection of the Departure Angle

By viewing equation (4.4), we see that the developed torque T, is composed of
two parts: one is the motor torque by regular field-oriented control, which presents

no parameter variations in rotor; another is an undesirable motor torque which is
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caused by rotor parameter variations. The motor torque by regular field-oriented
control can be easily obtained using d-q current variables as shown in cquation
(2.8).

Now, it is clear that if the actual motor torque can be obtained, then the
departure angle can be detected by using equation (4.4). There are many methods
to obtain actual motor torque. But a simple, easy and accurate scheme introduced
by Lorenz [8] is to estimate the motor torque from stator flux, which takes advantage

of the low parameter sensitivity of the stator voltage in estimating stator flux:
Yop = / (u3g — iagRy)dt. (4.8)
This solution allows the stator flux to be calculated from teminal voltages and

phase current. The actual torque can then be directly estimated from the stator

flux and stator current according to:

nyVanias (4.9)

or
= Syl — o). (.10)
Fig. 4.2 shows the approach which is well-known as a means of estimating motor
torque from terminal variables only and is the basis of the robustness of stator flux
oriented control. Now using equation (4.4) and (4.10), the departure angle can be
obtained by computing the following equations:
M iq

fop=ar =30 M s b4
BT = AT = Sn, Tridigsinbeoss((t = 1) (4.11)

2
Al:l——-n,.;in(zﬂ(i: —id), (4.12)
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Figure 4.2: Stat, iented model for estimating torque (8]
then
1. _  4ATL,
&= gsin (,u‘“’w(‘_3 5 (4.13)

4.3 Realization of Flux Orientation Control

Based on the departure angle detection, a feedback control technique could be ap-
plied for the control of flux orientation. The proposed control system and controller
structure are shown in Fig. 4.3 and Fig. 44. In Fig. 4.3, the departure angle

is calculated from torque difference (AT') and is then sent to flux orientation con-

troller in which the slip fr lculation is ted. The ler is chosen
as a proportional regulator:

y=Kp+6, (4.14)
where KF is the gain of the controller. The controller output y is then added with

the normal rotor time constant for adjusting the rotor time constant used in the
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slip calculator. The corrected rotor time constant used in slip calculator adjusts the
motor stator currents such that the flux orientation is controlled to aligned in the
direction of d-axis eventhough the rotor time constant keeps changes. The control
process can be explained that when the departure angle is zero, the addition is
equal to the value of normal rotor time constant; when nonzero departure angle
is resulted by the rotor parameter variations, the addition is equal to the value of
normal rotor time constant and the value of departure angle. This results in the
changes of the slip frequency and, thus corrects the flux departure.

It is noted that the controller may not just be a proportional controller. It could
be a Pl or PID controller. However, the simulation results show that the feedback
controller works well in both steady and dynamic states for control of the departure
angle. If the corrected rotor resistance resulted from the flux orientation control

goes to a filter, a better accuracy result can be achieved [39].
4.4 Simulation and Results

In order to verify the validity and the feasibility of this method, the mathematical
model of the indirect field-oriented control system with rotor flux orientation control
is set up by equations (3.16 - 3.23) and (4.10 - 4.14), and a series of digital computer
simulations have been carried out. In the simulation, the motor was operated under
variable load and variable speed conditions which verified that whenever the system
is working in variable load or constant load and variable speed or constant speed,
the proposed scheme for eliminating the effects of rotor parameter variations arc

correct.

In order to test a in rotor resi: iations, the R, setting unit is
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set as given by equation (4.15). In Chan's simulation (6], the rotor resistance was
assumed te change from 0.3 ohm to 0.7 ohu in about 12 seconds. In Loranz’s [7],
the rotor resistance was assumed to change from high to low in 25 seconds. In our
test, the rotor resistance is assumed to change from high to low and then comes
back from low to high in only 4.5 seconds. Such a faster change in rotor resistance

could test a worse-case for rotor flux orientation controller. Since the higher rotor

resistance the less effect on p (see Chan’s simulation), variations of rotor
resistance in our test are supposed to change from a normal value to a smaller value

and then return back to its original value, as illustrated in Fig. 4.5.
R, =0.08+(t—3)*+0.125 (4.15)

Simulation program and parameters of the motor are the same as in Appendix A-1
and Appendix A-2. Simulation results are shown in Figs. 4.6 - 4.13.

Figures 4.6(a), 4.7(a), 4.8(a), 4.9(a), and 4.10(a) show the responses of indirect
ficld-oriented control system in the condition of no changes in rotor resistance.

Figures 4.6(b), 4.7(b), 4.8(b), 4.9(b), and 4.10(b) show the responses of indirect
ficld-oriented control system in the condition of changes in rotor resistance without
flux orientation control. The results indicate that when R, changes, the flux current,
flux level, stator current and motor torque also change with a result of non-linear

response in the motor torque and rotor speed. The system behaves non-linearly

£ 11

and the control is degraded d

Figures 4.11 - 4.13 show that the system responses are unaffected by rotor
resistance variations when the flux orientation feedback control is applied. The
system is linearly controlled as the same with the properties of conventional field-

oriented control system as shown in Figures 4.6(a), 4.7(a), 4.8(a), 4.9(a) and 4.10(a).
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The corrected rotor resistance is shown in Fig. 4.13(b) which is very close to the
actual rotor resistance as shown in Fig. 4.5. As it can seen that the corrected rotor

resistance has certain dynamical errors becouss of the feed-back control adjustment.

4.5 Discussion
4.5.1 Advantages of the Rotor Flux Orientation Control

Parameter identification applied in indirect field oriented control for parameter
adaptive control has a feature of forward calculation. The calculation result from
parameter identification method is directly sent to the slip frequency calculator for
correcting the mismatched value that are used for coordinate transformation calcu-
lations. Therefore, if any errors resulted from parameter identification calculation
or were caused by some uncertain factors, the calculation of field coordinates will
not be accurate.

Techniques developed to date (7] [18] [24] [8] have a limitation to solve uncertain
parameter variations or external disturbance such as variable load and unstable
power source caused by PWM inverter.

The flux orientation control scheme proposed in this thesis provides solution for
these problems, because a feedback control system not only can instantaneously
adjust the controlled system outputs to the desired target but also can overcome
uncertain factors which may be harmful to control system. For example, if the

power frequency is changed by external di the non-zero d angle

is detected and compared with the reference value through the feedback controller.
Then the departed flux orientation caused by power frequency variation can be

corrected by feedback controller.
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The features of the proposed scheme for correcting flux orientation errors can

be summarized as follows:

. The method considers not only the effects of rotor resistance and rotor self
inductance variations, but aiso any effects which may result in flux orientation

depatture from its desired position due to its feedback contro) propertics.

2. Impl jon of the flux ori ion feedback control is easy, because only

terminal variables are needed.

Lo

Regardless of whether the motor is working under full load or no load, tran-
sient state or steady state, variable speed or constant speed, this method is

suitable

>

This method works not only for high speed motor control but also for low
speed operation when it is incorporated with motor stator resistance identifi-

cation which will be discussed in next section.

Obviously, these features are excellent and valuable. The proposed parameter
adaptation control scheme is expected to be applied widely for indirect field-oriented

control systems.

4.5.2 Limitati and Soluti

As a result of stator flux based torque estimation for detecting departure angle,
the proposed scheme is limited to high performance velocity-controlled applica-
tions that do not require low-speed operation. The reason is that with stator flux
based torque estimation this technique loses accuracy and becomes unreliable at

low speeds due to the increased dependency of stator voltage on stator resistance
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8] [9). To overcome such a problem, a simple stator resistance identification can

be: used if adaption at low operating frequencies is required.

Stator Resistance Identification

To directly obtain the dynamic value of stator resistance during system operation
is difficult. So far, no effective methods have been reported in the literature for
identifying the dynamic stator resistance. Obviously, this limits the application of
stator flux orientation control and stator flux-based estimation of motor torque.

In order to solve this problem, a new and simple approach for dynamic stator
resistance identification is developed here.

In Chapter 3, it is known that the torque current control loop can be simplified, if

a feed-forward controller is employed. From equation (3.6), the following equations

are derived:
ug = Ry(1+ pTS)iy (4.16)
5
Uy = Raiq + (L = % &, (@11

- o (4.18)

Viewing equation (4.18), we see that the identified stator resistance R, is dependent

d

on stator i L,, mutual ind M and rotor ind L, as well as

Uq and iy, Item M?/L, has been shown not to change with temperature (24]. In

general, variations of stator ind isd dent on stator flux saturation which

is caused by a high voltage to stator. As the stator resistance identification is only
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tuned in at low speed operation which is corresponding to low stator voltage, R,

can be considered only as a function of u, and 7.

Simulation and Results

The simulation results have been shown in Fig. 4.14 - 4.15. The simulation program
and motor parameters are listed in Appendix B-1 and Appendix B-2, respectively.
The controlled motor was working at low and variable speed. The load was changed
from 0 to 5 Nm and 5 Nm to 2 N'm during the tests. Fig. 4.14(a} presents the
identified motor stator resistance in the condition of variable speed and load. Fig.
4.14(b) gives the motor speed response. Fig. 4.15(a) indicates the motor torque
induced by variable load. Fig. 4.15(b) presents the rotor flux current. The identified
stator resistance R, is very accurate which is very close to the original value of 2.192.
It can be seen that the identified stator resistance is not affected by speed variations

and changes in load.

4.6 Comparisons

As a relatively easy and inexpensive implementation, the indirect field-oriented
control has been used to achieve a high performance control of an AC induction
motor in various application fields. However, this favourable scheme suffers from

rotor iati with rising and flux i Many

schemes to overcome such problem have been tried out. Unfortunately, the efforts

to date have not provided satisfactory results.

b

The present work applied to indirect field-oriented control place on

the parameter identification and model reference adaptive control. The parame-



89

ter identification is limited to the estimation of an expected variable, such as the
rotor time constant. Any unknown factors will lead to a mis-correction in slip fre-
quency calculation. Model reference adaptive control application is restricted due
to complex designs, complex calculations and long convergence times. So far, a
wide acceptance of parameter adaptation control scheme has not been found (6] [1].

A standard version for using parameter adaptive control has been suggested
by some researchers (24] [6] as described in this chapter. The proposed scheme in
this study has shown results very close to the standard version. In order to give a
further proof of the proposed scheme, another simulation has be carried out using
Chan'’s scheme.

Chan[7] proposed an identification method in which the rotor resistance can

be estimated in motor steady ion. In this simulation, the rotor

variations with rising temperature stand for the worst case as defined in equation
(4.15).

Figs. 4.16 - 4.17 show the simulation results. The simulation program is listed
in Appendix-E and motor parameters are the same as in Appendix A-2.

It can be seen that in the transient response of the rotor speed, control perfor-
mance is affected by variations of rotor resistance even when C.C. Chan’s parameter

scheme is i d as shown in Figs. 4.16 - 4.17.

Fig. 4.16(b) shows a wrong identification result of rotor resistance when the
control system is operating in transient state. The resulting non-linear control
characteristics between torque current and motor torque are shown in Figs. 4.17(a)
- 4.17(b).

Compared with Chan’s proposal, the new scheme proposed in this thesis is
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much better in obtaining dynamic identification results as shown in Fig. 4.13(b).
The steady identification results are the same as Chan’s. The proposal by Chan
is only suitable in the motor steady operation for the adaptive control of rotor
resistance variations, but not rotor inductance. The proposal here is not only
suitable to correct the rotor time constant in both dynamic and steady state, but
is also suitable to correct the rotor time constant variations induced by unknown

factors with the help of applied feedback control of flux orientation.
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Chapter 5

Parallel Processing and
Transputers

5.1 Introduction

The range of processor hardware to handle complex real-time problems of which

the field-oriented control of AC motors is an example, can be categorized into the

following groups [16] [15]:

L

e

Single conventional microprocessor: In its baseline form, this constitutes the
memory and arithmetic unit of the control system. A high interface chip
count, together with an external coprocessor or analogue processing, is usually

necessary if fast real-time processing is required.

Mi lier: Control-oriented p: in which commoen interface com-

11 st Jotegad

out-

ponents (A/D, timer, interrupt and pul

puts) are carried onboard chip, so reducing off-processor chip count.

ASICs (application specific integrated circuits): An ion of

troller which minimizes off-processor chip count and onchip silicon for a spe-

cific application,

103
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*

Digital signal processor: A high-speed development of (1), utilizing high clock

rates and specific onchip architecture for fast multiply-shift-add operations.

o

Concurrent or Parallel processing architectures: Either a number of conven-
tional processors or Transputers are used in an effort to obtain increased speed

and/or flexibility of control processing.

However, as the requirements of high dynamic control, flexible architecture, self-
tuning, fault tolerance and user interface in high performance AC motor control
increase, an ASIC, microcontroller or signal processor based system is not suitable.

Parallel processing is a plausible alternative to meet these requirements.

5.2 Fundmental Principles of Parallel Process-
ing [40]

Most computer applications, such as adaptive control, speech recognition and neu-
ral networks, are explicit models of systems in the real world. Any system that
can be viewed as a collection of interconnected parts or events is said to possess
concurrence.

Virtually, all known systems have some degree of concurrence because the mo-
tion in the world, by its very nature, is immensely parallel.

Events occur in both time and space. Usually multiple events within a system
occur at the same time. Rarely do they happen individually in nice sequential
order. Therefore, the most workable approach for accurately modelling real-world
systems is parallel processing,

Parallel computers achieve their speed by dividing up the composite parts of a

problem and working on them simultaneously as they occur.
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Figure 5.1: Distributed and shared resource systems [40]

Conventional processors, both RISC (Reduced Instruction Set Computer) and
CISC (Complex Instruction Set Computer), are not parallel machines and con-
sequently are not equipped to exploit the parallel nature of many applications.
Instead, they are sequential architectures, one task must be completed before the
next can begin. This means that the parts of a problem are handled one at a time,
even if they actually occur together and are interrelated. When parallel systems
are modelled with sequential computers, the impact of real-time interactions be-
tween events is lost. Artificial constraints and assumptions must be imposed to

obtain imati The itude of this ing limitation increases as

grow in size and

Parallel processing can be divided into two basic architectures: Shared Resource
and Distributed Resource Systems, as shown in Fig. 5.1. Shared Resource Systems

execute the components of a problem on conventional CPUs. They are connected
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by a common bus (a channel over which data and programs can be moved) to
shared memory. Concurrence is achieved by time sharing the memory. Sequential
processors used in Shared Resource System have a Von Neumann architecture.
Although processor performance has increased dramatically with improvements in
circuit technologies over the last thirty years, the underlying design of all CISC
and RISC devices has remained Von Neumann. It is the basis for virtually all of
today’s computer designs and software programs, a single instruction stream being
sequentially decoded by one processing engine.

Conversely, a Distributed Resource System gains speed by partitioning the par-
allel parts of a problern among hardware nodes. Each node runs its own program
and includes a CPU with local memory and facilities that support concurrence.
Inherent drawbacks of Von Neumann machines severely constrain the parallel pro-
cessing performance of Shared Resource Systems. Each machine operates sequen-
tially by fetching an instruction from memory, reading an operand, executing the
instruction, and storing the result. Delays first occur because of demands placed on
system memory - a processor can only access this shared memory when no other
processor is accessing it.

The performance improvement of Shared Resource Systems may stop at just
three or four processors because memory access times begin to limit the speed at
which a program can execute. It is only possible to speed up a Shared Resource
System by using expansion memory that is very much faster than the CPUs. A
Shared Resource System might attempt to overcome its memory access limitation
by giving some dedicated memory to eack processor, in addition to global mem-

ory. This strategy is not a permanent solution because the interconnection data
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bus quickly becomes a fatal bottleneck. C ional mi in order to

communicate with each other, send out messages on a common interface bus. This
bus has a finite bandwidth, which means that only a fixed number of transactions
can take place each second. When one CPU is sending a message, arbitration is
required and the other CPUs are added, the communications bus becomes satu-
rated by simultaneous requests. Contention for the bus and increased capacitance
degrade performance.

Shared Resource System may attempt to overcome bandwidth problems by
adding buses. A cluster of processors, each with local memory, could share some
cluster memory via one common bus. More buses could be used to interconnect
clusters, perhaps to shared memory again.

The major problems of Van N based archi 5 icating via

a common resource, a bus or shared memory, have the following limitations [15]
[16):
1. A shared resource becomes a bottleneck limiting system expansion.

2. Expansion of the system is difficult due to complexity.

»

Bus arbitration logic is necessary, which increases complexity, cost and chip

count.

Lad

Multiprocessor bus layout suffers from high track densities , capacitance and

cost problems.

o

Software development is cumbersome and it is left to the programmer to

establish the llelism using inh ly designed for sequential

processors and programs.



5.3 Transputers T800 [39]

The Transputer suffers from none of the disadvantages listed in the previours subsec-

tion. It is a parallel mi generally ized as a Multiple Instruction
Multiple Data (MIMD), with four standard serial communication links. Trans-
puters do not share a common bus, but instead exchange messages through their
own high-speed serial links. Each link is a fast, asynchronous, full-duplex channel

used to provide pairwise ion of Transp nodes. These ions can

be configured in a variety of topologies such as rings, atrays, and pipelines.
The bandwidth of a Transputer system rises linearly with the number of trans-
puters added. Each of the four bidirectional link engines on the IMS T800 can

transfer serial data to and from the transputer at a selected rate of 5, 10, or 20

Megabits/ d. The total bandwidth of just one IMS T800 is 4 x 2.3 or 9.2
MBytes/second of real data. This data throughput is equivalent to 8-27 Ethernets.

Another key point about the links is that ongoing data communication between
transputer nodes requires zero processor overhead. Each link has its own DMA con-

troller so it can operate autonomously, in parallel with the other three links, CPU

and FPU. This enables ication to take place simul ly with compu-

tation. Transputers can be easily added as building blocks to transputer networks

dul

because their ity and synchronized point-to-point ication create a

unified system This flexibility enables to large multip

ing networks. Some systems today use over 1000 Transputers.
The INMOS T800 transputer is a 32 bit CMOS microcomputer with a 64 bit
floating point unit and graphics support, as shown in Fig. 5.2. It has 4 Kbytes

oa-chip RAM for high speed processing, a configurable memory interface and four
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standard INMOS communication links. The instruction set achieves efficient imple-
mentation of high level languages network. Procedure calls, process switching and
typical interrupt latency are sub-microsecond operations. The processor speed of
a device can be pin-selected in stages from 17.5 MHz up to the maximum allowed
for the part. A device running at 30 MHz achieves an instruction throughput of 30
MIPS peak and 15 MIPS sustained. The INMOS T800 provides high performance
arithmetic and floating point operations. The 64 bit floating point unit provides
single and double length operation to the ANSI-IEEE 754-1985 standard for float-
ing point arithmetic. It is able to perform floating point operations concurrently
with the processor, sustaining a rate of 22 MFLOPs at a processor speed of 20
MHz and 3.3 MFLOPs at 30 MHz. High performance graphics support is provided

by microcoded block move instructions which operate at the speed of memory. The

I block move in ions provide for conti block moves as well
as block copying of either non-zero bytes of data only or zero bytes only. Block
move instructions can be used to provide graphics operations such as text manip-
ulation, windowing, panning, scrolling and screen updating. Cyclic redundancy
checking (CRC) instructions are available for use on arbitrary length serial data
streams, to provide error detection where data integrity is critical. The INMOS
T800 can directly access a linear address space of 4 Gbytes. The 32 bit wide mem-
ory interface uses multiplexed data and address lines and provides a data rate of
up to 4 bytes every 100 nanoseconds (40 Mbytes/sec) under a 30 MHz clock. A
configurable memory controller provides all timing, control and DRAM refresh sig-
nals for a wide variety of mixed memory systems. System service include processor

reset and bootstrap control, together with facilities for error analysis. Error signals
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may be daisy-chained in multi-transputer systems.

The standard INMOS communication links allow networks of transputer family
products to be constructed by direct point to point connections with no external
logic. The INMOS T800 links support the standard operating speed of 10 Mbit
s/sec, but also operate at 5 or 20 Mbits/set. Each link can transfer data bidirec-

tionally at up to 2.35 Mbytes/sec.

In recent years, Tr based real-time i ller has been ap-
plied in many control application fields (14] [15] [16] (23] [32] (33]. The results show
that the Transputer is a high speed processor which can be used for complex con-
trol in real-time requirement. In next chapter, Transputer-based parallel processing
controller has been proposed for the requirements of high-performance control of
AC induction motor drives and fault tolerance issues. The effectiveness of parallel

processing on the AC induction motor control is examined.

Itis d that the cost ison between using

puters and Tr be perfc d after




Chapter 6

Parallel Processing Controller for
the Indirect Field-Oriented
Control of AC Induction Motor

6.1 Introduction

In Chapters 3 and 4, the design of field-oriented control for AC induction motor

and the solution to the motor itivity in field-oriented control due to
temperature rising or flux saturation have been studied.
In this chapter, to achieve fast processing for field-oriented control, a parallel

processing controller using one and four T800 Transputers has been proposed. Sim-

e

ulation has been carried out to i igate the of parallel

tn implement the field-oriented control. Estimation times of control process in one

Tt and four T are i i The effects of sampling time on

A are studied. Furth some fault tolerance issues

control system
for Transputer failures or link failures are proposed and tested.

As a digital control of high performance AC induction motor using field-oriented

control strategy requires llers with signil high ional power

112
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and throughput, many AC induction motor control systems to date are controlled

by multi-processors. Custom ASICs,

and signal have
also been used effectively in embedded systems. Some control systems, such as

servo drives, often require additional features of self-tuning, fault tolerance, on-line

di i ion, data ing, and user interface [16]. These additional
requirements are difficult to be met by ASICs, microcontroller or signal processor
based systems due to their inflexible hardware architectures, small memory space
and inconvenient software development tools. Existing multiprocessor solutions

based upon Von Neuman architecture, communis

ting via a common resource, a
bus or shared memory, have many disadvantages as discussed in Chapter 5. The
Transputer does not have any of these disadvantages and is proved to be the most
suitable fast processor in real-time digital control [15][16][14][33].

To study the effectiveness of parallel processing on the field-oriented control sys-
tems, the parallel p ing envi for real-time simulations is proposed. In
this case, real-time response of the motor control system from the parallel process-
ing simulation has advanced the digital control system development, performance
studies, checkout and troubleshooting.

The approach that has been proposed is to connect several processors in a paral-
lel arrangement and to provide a means of communication between the processors.
The software is then partitioned over the several processors forming the paral-
lel processing control. However, partitioning necessitates a careful and thorough
consideration in the dynamic coupling relations within the control algorithms to
determine the optimal breakdown of the system functions. In some case, inherent

parallelism in the system may simplify the partitioning. The issue of how many



14

processors to use then can be addressed. For efficient operation, the portions of the

simulation that are allocated to the individual should use |

the same amount of compute time per processor. This will ensure correct updating
of system variables and avoid wasted time in the calculation cycle. The updating of
variables within the partitioned simulation will require not only careful timing con-
sideration but also efficient data transfer between processors to avoid inadvertent

phase shift.

6.2 Two Transputer Based Simulation of Field-
Oriented Control System

To study the effe of parallel ing on field-oriented control of AC
motor, it is helpful to check the control algorithm execution times in single processor
for comparison with multiprocessors.

In this section, two Transputer are employed to simulate the motor control

system. one Ty f as the ller; another functions as the motor
by executing its dynamic i Based on the i various ution
times of control algorithms, such as the PI ller, slip fr lcul,

and the di ion, are ined in one Ti C

in control algorithm execution times between conventional single processor and
single Transputer are presented. The results show that the Transputer is a higher

processing speed controller.
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6.2.1 Hardware Implementation

In the simulation set up, an IBM-PC microcomputer (386 model) and two T800
Transputers are used to form the simulation system. The IBM-PC microcomputer
is connected with the two Transputers, and functions as a compiler.

In the simulation, the executable files compiled and linked by the IBM-PC
microcomputer were loaded down into each Transputer. Transputer with loaded
executable files worked individually unless communications were required between
Transputers. The Transputer communication works such that when a processor
performs input or output to a communication channel, the processor is blocked
until the corresponding processor performs its respective output or input. Chan-
nels can be used as a synchronization mechanism in addition to a communication
mechanism.

Fig. 6.1 shows the hardware structure for the simulation of control system. In
Transputer 1, the motor speed w, was sampled from Transputer 2, which represents
the AC induction motor, through channel 1. The motor a — 3 current I, and /5
are sampled from Transputer 2 through channel 2. Transputer 2 works like a real

motor, if the dynamics computation time s less than the required current sampling

time. In this way, at each dynami putation loop, Ti 2
all the motor state variables and sends them out to Transputer 1 for closed-loop
control.

In Fig. 6.2, it shows that the twa parallel processors can simulate the real-time
motor control system. Fig. 6.2(a) indicates a real motor control system in which
the dynamic processes of AC motor can be emulated by a Transputer as shown in

Fig. 6.2(b). The Transputer computation time for motor dynamics is obviously
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Transputer 2 Transputer 1

Microcomputer

Figure 6.1: Parallel processing hardware configuration for real-time simulation of
AC motor control
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longer than the real motor response time, but it is acceptable if it is equal to 10-20
times of the motor stator time constant [16].
6.2.2 Software Design

The simulation software flow chart is illustrated in Fig. 6.3 in which the programs
consist of three subroutines: set-up routine, process control routine and motor dy-

namics ion routine. In T 1, the current /, and [ are sampled

from Transputer 2, and then the I, and I are transformed to [, and [y in d —¢
coordinate. According to the values of /; and /4, the current controller algorithms
as expressed in equation (6.1) are computed. The calculation results of current
controller are then transformed back to U, and Up in a-f coordinate according
to equation (3.24). These two variables are then sent to the Transputer 2 as the
required stator voltages. The PWM calculation is not included here as it is be-
yond the scope of this research topic. The control algorithm program and motor

dynamics program are listed in A dix C-1 and A dix C-2, ively. The

parameters of motor are the same as in Appendix A-2.

Set-Up Routine

This routine enables Transputers to get commands from the IBM-PC microcom-
puter and to set up the motor speed reference, computing step size, load setting
time, adaptive control tuning time and the starting time for rotor resistance change.

All the control system state variables are reset to the initial values.
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Speed Controller and Slip Frequency Calculation Routine

The purpose of this routine is to calculate the speed PI control algorithm, current

and slip The diffe equation of the PI controller in the

increment approximation of equation (3.29) can be expressed as:
Ly(k) = Ky » (e(k) — ek = 1)) + K, » Ki we(k) + [(k = 1), (6.1)
where:
LKi=%;
2. Ty is the sampling time;

3. 7 is the integration time constant.

The PI control algorithm is d in Tr 1 when rotor speed w, is
sampled. The output of PI controller is compared with the current limitation value

and goes through the limitation function which produces the final PI controller

output. Following the cal lcul of slip f and angle

of iy, the
are handled. The difference equations of slip frequency and angle equation are

written as:
I(k)+ R,
Ly + I(k)

0(k) = (wai(k) + we(k) + wa(k — 1) + we(k = 1)) * To/2 + 0u(k = 1).  (63)

walk) = (6:2)

The calculated slip frequency is added to the rotor frequency as the required motor

stator frequency for field-oriented control. The calculated slip angle is added to the

& "’

rotor angle for field
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Current PI Controller and Coordinate Transformation Calculation Rou-
tine

The difference equations of flux current controller and torque current controller

from equation (3.28) are written as:
Ua(k) = Kaq s (e(k) —e(k = 1)) + Ky % Ky + e(k) + Ug(k - 1) (6.4)
Uy(k) = Kq x (e(k) — e(k = 1)) + K * K3 % e(k) + Uy (k= 1), (6.5)

where:

3. Ty is the sampling time.

The coordinate transformation for changing I, and Iy to Iy and I, is expressed in
equation (3.27). The coordinate transformation for changing Uz and U, to U, and

Up is expressed in equation (3.24).

Flux Orientation Feedback Control

The actual and reference motor torques are calculated according to the motor ter-
minal variables, such as the stator voltages, stator current and motor rotor speed.
The torque error results from the difference between actual and reference torque is

fed back to the field orientation controller that adjusts the slip frequency.
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Motor Dynamics Calculation

The diff ions for motor dynami ions (3.16) - (3.23) are expressed
in software program (see Appendix C-2). To obtain a high accuracy of motor
dy i lculation, the predi Igorithm is used for solving the first
order differential i The simulation shows that the computing step size

determines the accuracy of motor dynamics calculation. With a proper choice in

lgorith the ing step size could be increased without losing

computation accuracy. This helps the simulation not to take so much CPU time.
6.2.3 Execution Times

To measure different calculation times for different control algorithms and channel

communications, the T800 Transputer internal high privilege timer with s resolu-

tion is used. Th ion times are d by using T
The d ion times are listed in table 6.1. In order to make
with ional 16 or 32 bit mi the typical control al-

gorithm execution timesin 16 o 32 bit microcomputers are givenin Table 6.2 [22].
It is obvious from comparing table 6.1 and table 6.2 that the processing speed by
Transputer is much faster than that of conventional microcomputers.

If the field-oriented control system incorporates flux orientation feedback con-
trol, the overall control system execution time is found to be 260 ps. It can be seen
that, even though the Transputer has very fast processing speed, one Transputer
controller is still not fast enough to meet the requirement in high dynamic servo

rontrol system in which 100 us current sampling time is needed (16].



Table . 8ingle Transputer Execution Times
(Time in Microseconds)

Algorithm Executien Time
Addition 0.35
Substraction 0.35
Multiplication 1
Division 1.65
One Link don 5.6
Coordinate i 5.5
Triangle Function Computing 45
Speed Controller 15.5
Current Controller 9.5
Field-Oriented Control 161.5
Field-oriented Control With
Field orientation feedback 230

Centrol

Table 6.1: Execution times in single Transputer
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6.3 Multi-Transputer Based Simulation of Field-
Oriented Control System

One Transputer controller is not suitable in servicing very fast dynamic servo control
systems. Owing to their speed of computing and flexibility for real-time digital
control, parallel processing systems have made implementation of complex control
algorithms feasible for critical time requirement. The fast processing speed and
hardware flexibility provided by multi-transputer also make it possible for system

fault tolerance.
6.3.1 Hardware Implementation

To simulate the field-oriented control with incorporation of fault tolerance in a par-

allel i i five Ti named T 1, T 2

Ty 3, T 4 and Tt 5 have been loyed. This parallel

processing hardware architecture is shown in Fig. 6.4. Each Transputer has four
communication links named link 1, link 2, link 3 and link 4. Each link is a bidirec-
tion transmission line with 20Mbit/sec. The [BM-PC (model 386) microcomputer

compiles and links all C-coded parallel programs and loads them down into each

Tr: for ing. Results are reported back to the IBM-PC
from oach T for display or storage.
T 1, d to Transputer 2, Tt 4, T 5 and IBM-

PC microcomputer through Channel 0, Channel 1, Channel 4, Channel 5, respec-
tively as shown in Fig. 6.4, performs two functions: (1) it works as an interactive
interface which receives any information from other Transputers and sends it to the

IBM-PC microcomputer, or transfers any command from IBM-PC microcomputer
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Transputer 2 Transputer 3

Transputer 1 Transputer 4

Microcomputer

Figure 6.4: Five Transputer based parallel processing architecture for real-time
simulation of AC motor control
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to other Tr (2) it also i P system fault tol by acting as a

redundant processor which will make the parallel processing architecture reconfig-
urable. This provides the possibility to improve the system reliability. Transputer

2is i to Tr 1, T 3, T 4 and Transputer 5. It

handles the motor speed controller, slip calculation and sine triangle function of

slip angle calculation. The calculated results in Tt 2 are sent to Trans-
puter 3 for computing the current PI control algorithm. Transp 3is 4
to T 2, T 4 and T 5. The flux and torque current PI

control algorithms, sampled I, and I, and coordinate transformation are handled

in Transputer 3. The control outputs U, and U are sent to the motor which is

d by Tr 5. T 4is d to Tr. 1, Trans-

puter 3 and Transputer 5. It performs the flux orientation feedback control. The
feedback control will adjust the slip frequency so that the field-oriented control con-
dition as indicated in equation (3.1) is always satisfied even when the motor rotor
resistance is changed with rising temperature or flux saturation. The actual and
reference torques are calculated in Transputer 4 at first. Any errors resulting from

comparing actual and reference torque will result in correcting the flux orientation

errors. T 5is dto T 1, T 2, Transputer 3 and

Transputer 4. It performs the dynamics calculation of the motor, as expressed in
equations (3.16) - (3.23). The calculated results of motor speed, flux and torque
currents, stator currents and voltages are sent to other Transputers for control

purposes.
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6.3.2 Parallel Processing Sofiware Design

Proper design of parallel processing software is important to achieve minimum
execution time. Based on the inherent parallelism in motor control, the control
algorithm programs are assigned to Transputer 2, Transputer 3 and Transputer 4
such that the total execution time expected is less than 100 ps which can meet
very fast dynamic servo control requirements. The designed parallel processing
program flow-chart for real-time motar control simulation is illustrated in Fig. 6.5.
The programs are coded in C and operated in Transputers featuring 64-bit floating
point operations. The C codes for these programs are listed in Appendices D-1 to
D-5. The parameters of motor are the same as in Appendix A-2.

As shown in Fig. 6.5, the parallel processing programs consist of set-up routine
and five parallel processing routines run in five Transputers. These five parallel

processing programs are named as parallel-1, parallel-2, parallel-3, parallel-4 and

parallel-5. All sub-p are ly executed in the corresponding Trans-

puters.

Set-Up Routine

The function of the set-up routine is to initialize each Transputer. Commands
from host computer (IBM-PC) are passed to each individual Transputer for setting
motor speed reference, flux current reference, timing for loading and field orientation
feedback control tuning. All the control and motor state variables are initialized
at this time. The computing step size and the starting time for rotor resistance

variation are also defined here.



Figure 6.5: Parallel ing program for si ion of AC motor con-
trol
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Parallel-1 Routine

The main purpose of this routine run in Transputer 1 is to work as an interactive

interface which passes host comp ds to other Tr and receives
calculated results and status information from any of the other Transputers and

then sends them to host computer. This program is listed in Appendix D-1.

Parallel-2 Routine

Tt » listing for this routine is given in Appendix D-2. This routine run in Transputer
2 performs the speed PI controller, torque current limitation and slip frequency

calculation. The sine triangle function of slip angle is also included in this routine.

The calculated speed P1 ler output, slip fi and sine function are sent
to Transputer 3 through Channel 2 as shown in Fig. 6.4.
Parallel-3 Routine

This routine run in Transputer 3 handles the flux and torque current PI control.

In addition, it calcul di formations of a3 to d-g and d-q to a-

as well as the cosine triangle function of slip angle as shown in equations (3.26)
and (3.27). The processing speed of this routine plays a critical role in determining
the overall control system sampling time. According to data dependency in the
field-oriented control, this routine is carefully decomposed from system control al-
gorithms. It is expected that the Transputer 2 takes tasks as much as possible so
that the Transputer 3 works as little as possible to achieve a fast control of stator
currents. In the simulation, it shows that the triangle function takes most of the

processing time, The listing of this routine is given in Appendix D-3.



131

Parallel-4 Routine

This routine run in Transputer 4 performs the flux orientation feedback control. The

calculated control signal is sent to Transputer 3 for ing the slip f

The listing of this routine is given in Appendix D-4.

Parallel-5 Routine

This program is run in Transputer 5. It simulates the motor dynamic behaviour.
For each computing loop, it sends out all the necessary motor state variables to
other Transputers for the control purposes. In each computing loop, Transputer 5
responds nearly as fast as a real motor does. This means that for each computing
loop in Transputer 5 the other Transputer should have already prepared to sample
the motor state variables, such as the motor speed, stator current and voltages.
Otherwise, the processing speed may be not high enough to match such fast dynamic

motor control. The listing of the motor dynamic program is given in Appendix D-5.

6.3.3 Execution Times

Execution times are measured using the 1us timer provided in each Transputer
board. The execution time at Transputer 3 which performs the inner loop current

control gives the minimum bound for the sampling time. To explain the method-

ology of multi-Tr ing time Fig. 6.6 shows the task
dependent relations among processes on different Transputers in which the mini-
mum execution time can be easily calculated. P1, P2 and P3 represent different
control processes. In Transputer 2, P1 is the motor speed controller, slip frequency

calculation and communication to motor. P2 is the sine function computation and



T4 T2 T3

I~ T
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Figure 6.6: Control task dependency in AC motor control
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( Time in Microseconds )

Processes T2 T3 T4
P1 34.5 17 27.5
P2 50 24.5 37.5 Excution
P3 50.5 Times
Total 84.5 92 65

Table 6.3: Execution times in five transputers

communications to Transputer 3. In Transputer 3, P1 represents the current sam-
pling, the a-3 to d-q transformation, flux current and torque current controller.

P2 is the cosine function calculation. P3 is the di fe ion of d-q

to a-f for motor stator voltages. In Transputer 4, P1 and P2 represent the flux
orientation feedback controller. In Fig. 6.6, The lines between processes indicate
the data dependency. For example, The process P2 in Transputer 3 can not start
until the precess P1 in Transputer 2 has been completed. The Table 6.3 illustrates
the execution times for each process; the minimum processing time for the indirect
field-oriented control is shown as 92us. In order to compare to other multiprocessor
based parallel processing system, Table 6.4 presents the execution times in different

parallel processors. Compared with single Tr: and other multi

the proposed multi-Transputer controller system offers the fastest processing speed

(92us).




Parameter | Sampling
Controbter| precipinity| S gtation |  Time
Type P Control
Tntel-B086 +
il procesnr|  Ho Cuabersone Yo 125
iy | Yes | Cusberseme No 2200
1171
Pour
Tnter-8088 Yes Cubersoae Yo 0
(91
Three
Teosputers Yes Basy No 250
(1400) (71
Fire
Traasputer Yes Easy Yes 92 or 83
(1800)
Table 6.4: E times in multi
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6.4 Fault Tolerance

Another major advantage of parallel processing that can explicitly improve the
reliability for real-time control systems is the possibility of incoporating the fault
tolerance. The fault-tolerant control system has the ability to continue performing
its tasks after the occurrence of faults. The most common technique used to achieve
fault tolerance is design redundancy, which is the addition of hardware, resources,
or time in excess of that needed for normal system operation [37]. Hardware redun-

dancy requires two or more processors which offers a very high processing speed

d needs no additional hardware

but requires a high cost. Time
that are required in hardware redundancy, but it takes extra time for fault detec-

tion, avoid and isolation. Considering the ad of both hardware and

time redund; a hybrid fault-tol t i using Transp for field-
oriented control is proposed. The proposed architectureis fully based on the parallel
processing controller as indicated in Fig. 6.4. It takes advantages of Transputer's
fast processing speed, which gives possibility for time redundancy, and flexible ar-
chitecture, which offers the ability for reconfiguring the communication links and

processors when faults occur. A -ding to the Tr ’s high ing speed,

the execution time in one sampling is divided into two parts: one is for control
algorithm computation; the other is for the purpose of fault tolerance.
Based on above concepts, the link failures and processor failures are studied in

the following subsections.
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6.4.1 Link Failure

Most frequently, failures in a multi-Transputer system can be attributed to failures
in communication links. For example, broken links, unreliable connections between

Transputers and loosen pin contacts will result in a communication failure. For

ing these probl T i ion sets provide special link com-

munication instructions which use the time-out concept to improve communication

Liabili

Having ined Ti based parallel for field. ted
control, it is clear that the Transputer 2 and Transputer 3 play a very important
role in achieving high performance real-time motor control.

Fig. 6.7 shows the principle of reconfiguration of Transputer links for fault
tolerance concerns where the dotted lines represent the reconfigured communication
channel path. The four communication links in each Transputer make the dynamic
reconfiguration possible. The strategy in the motor control system is that the
system should survive any link failure between Transputer 2 and Transputer 3 as
well as the links to Transputer 5 which represents the motor. As shown in Fig.
6.7(a), Channel 2 formed by link 1 of Transputer 2 and link O of Transputer 3
will be taken over by Channel 9 formed by link 3 of Transputer 2 and link 3 of

Transputer 3, if Channel 2 failed. The principle is that the link failure would result

f

in communication time-out causing the T’ to its

through other channels. The failed Channel 5 will be taken over by Channel 1 and
Channel 8 as the dotted line shown in Fig. 6.7(b). Similarly, the failed Channel
6 will be serviced by Channel 3 and Channel 7 as shown in Fig. 6.7(c). By
implementing this scheme, any single link failure among the Channel 2, Channel 5

and Channel 6 is isolated and recovered by other links.



Figure 6.7: Reconfigurable communication channels in Transputer network
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Another significant feature of this parallel architecture is its multi-fault toler-
ance which allows Channel 2, Channel 5 and Channel 6 to fail at the same time.
This case is shown in Fig. 6.8 in which the Channel 2, Channel 5 and Channel 6 are
replaced by Channel 1, Chaanel 8, Channel 3, Channel 7 and Channel 9, respec-
tively, as shown in the dotted lines. Obviously, the communication reconfiguration
in Transputer is superior to that of bus-shared parallel processor architecture. In
the latter, the failure in the common shared bus will result in a total system com-
munication failure.

It is noted that, for the rest of communication link failures, the strategy is
to give up any communication among failed links instead of trying to reconfigure
existing channels. The failed links with Transputer 4 results in no correction for
slip calculation when motor resistance changes due to temperature. The failed links
with Transputer 1 will shut down the communication between working Transputers
and IBM-PC microcomputer, but motor control is kept going by Transputer 2 and

Transputer 3.

System Testing

The fault-tolerant controller for the indirect field-oriented control of AC motor is

tested by disconnecting any one of Channel 2, Channel 5 or Channel 6 during

1iabili 4

the simulation. The results show that the

is imp
by dynamic channel reconfiguration. It should be noted that reliable communi-

cation instructions do take more time than general communication instructions.

Using the reliable ication i i ing time in each Transputer

is increased. The increases in execution time depend on how many times of the
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Figure 6.8: Recovery of multi-communication channel failures
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Figure 6.9: Reliable communication times

reliable communication are needed in one sampling period. In Transputer T800,
one general communication time between two Transputers is 5.5us. One reliable
communication time between two Transputers takes about 10-15 us. The commu-
nication time out is chosen as 8us which should be equal to or longer than one
general communication time. The following formula gives the calculation of one

reliable communication time.
Reliable Comm. Time = Gen. Comm. Time + Time Out .

Let us take the process in Transputer 3 as an example to explain how much ex-
tra times is taken by reliable communication. In Parallel-3 routine, there are four

times of Channel 6 ication, as shown in A dix D-3. Fig. 6.9 shows one

Channel 6 communication calculation. Fig. 6.9(a) indicates the normal communi-

cation case without link failure. The square the normal

time. The diamond time-out ication. The ication time
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Figure 6.10: Communication time with auxiliary channel

of Channel 6 without failure is totally 15 ps. Fig. 6.9(b) indicates the communi-
cation with Channel 6 failure. The circle represents the communication time for

channel fi ion. So the ication time when Channel 6 is failed is

about 19ps. For four Channel 6 failure ications, the total

time for channel reconfiguration is 76 ps. Fig. 6.10 shows one Channel 2 commu-
nication time calculation. There are four Channel 2 communications in Parallel-3.
For normal communication, the four Channel 2 communications take 44 us. For
Channel 2 failure, the total reconfigured channel communication time s 54 us which
is different from the results shown in Fig. 6.9 because the auxiliary Channel 9 is
used. It is clear that the improved communication reliability is a benefit, but the

processing speed slows down by channel reconfiguration and channel time out.
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6.4.2 Transputer Failure

To improve the reliability in presence of a processor failure, the proposed software is
illustrated in Fig. 6.11. Before control algorithm programs stat, the diagnosis pro-
grams in each Transputer (for fault detection, voting, and isolation) are executed.
Methods to achieve fault tolerance in presence of different Transputer failures are
shown in Figures 6.12, 6.13, 6.14, 6.15, and 6.16.

The diagnosis results are reported ta the Transputer which performs the task of
a voter; it determines which processor is failed and marks the failed one and then
sends its decision to each working Transputer. The failed Transputer would not
get information from the voter and is isolated as the other Transputers reconfigure
their communication channels according to voter’s decision.

Fig. 6.12 shows the case when Transputer 2 is failed. T1, T2 and T3 execute
diagnosis programs and then send their results to the fourth Transputer T5, a voter.
In T5, the three inputs from T1, T2 and T3 are compared with each other. If there
is any difference (only a single fault is assumed), the failed one (Transputer 2) can
be allocated and isolated. The function of the failed Transputer will be taken over
by the voter, Transputer 5. Fig. 6.12 also shows the reconfigured soft:ware programs
for the failure of Transputer 2. Any one of the Transputers is possible to be a voter
or a substitute. The principle of fault tolerance illustrated in Figures 6.13, 6.14,
6.15 and 6.16 is similar to that of Fig. 6.12.

It is noted that, in order to improve the voter reliability, at least three voters are
available for detecting the same faulty processor, if time s allowed. For exam, iz, if
the T2 is assumed to be failed, the three possible voters, namely T5, T3, and T1,

can be applied. These three voters also can be compared with each other before
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arallel processing program structure incorporated with processor

P:

fault tolerance

Figure 6.11:



Figure 6.13: Transputer 2 failuce



Figure 6.15: Transputer 4 failure
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Figure 6.16: Transputer 5 failure
passing a verdict on the failed processor T2. Fig. 6.17 shows such a strategy.

6.5 Effects of Sampling Time On Control Sys-
tem Performance

In real-time digital control, sampling time is a performance factor. To evaluate the
sampling effects on the performance of field-oriented control system, a simulation

based on the parallel i hi with five Tr was carried out.

The motor dynamics algorithm is performed by Transputer 5. In each processing
loop, Transputer 5 sends out the motor state variables, such as motor speed, stator
currents and voltages. If the Transputer 3 is not fast enough to catch up with
the Transputer 5 in every processing loop, one or two more sample values may be
lost. For example, if the processing time for one loop in Transputer 5 is 100us,

losing two processing loops in Transputer 3 means that sampling time becomes



Figure 6.17: Multi-voting for transputer failure
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300p. To indicate the sampling time effects, four sampling times (100, 130us,
200ps and 400us) are selected for testing. The simulation results are shown in Fig.
6.18. In Fig. 18(a), by using 100 us sampling time, the motor torque is controlled
instantaneously and the control behaviour is satisfactory. In Fig. 6.18(b) (150 pis).

the controlled torque current presents hat higher h d with

Fig. 6.18(a). In Fig. 6.18(c), the controlled torque current overst ot is dramatically
increased due to a relatively slow sampling time (200 us). This high torque current
overshoot may be not acceptable. In Fig. 6.18(d), the torque current is totally out
of control due to a very slow sampling (400 ps).

The simulation for sampling time effects on control performance has indicated
that the stability of digital control system not only depends on the control system
gain, but also depends on the control system sampling time. To insure a stable
control system, the system gain has to be reduced if the sampling time is not short
enough due to processor speed. We know that reduced control system gain can
result in a slow dynamic control response. Usually, the current sampling time is
chosen be 10-20 times the stator time constant to satisfy a high dynamic response
[16]. In order to obtain a very fast system dynamic control, high processing speed

processors are necessary so that a very short sampling time is achievable.



Current (Amperes)

Current (Amperes)

149

2(’]l'rax\siem Response of Torque Current

, Transient Response of Torque Current

'.:? N
15 g 1sf B
10 g 10 <
E 1
5 g s 1
3 !
0 0
0 5 10 15 0 5 10 15
(a) (b, )
,Transient Response of Torque Current Transient Response of Torque Current
- - -
§_ 30r, ] /u
20 5 11
2 (il
10 g J ’ |
g 101] i
3 \
0 ° 0 y
0 5 10 15 0 5 10 15

(€)
Time in (Milliseconds)

(d)
Time in (Milliseconds)

Figure 6.18: Motor torque current response



Chapter 7

Conclusions

The objective of achieving a high performance AC induction motor control has heen

approached through the following three major original contributions:

LI igation of the control ch istics of AC induction motor based on
the principle of indirect field-oriented control.

control method.

2. Devel of a new p:

3. Proposal of a parallel processing controller for complex control and system

reliability requiremnents in the time critical condition.

An analytical model for indirect field-oriented control of AC induction motor has
been developed. A series of digital computer simulations have been carried ont to
verify that using the field-oriented control the control performance of AC induction
motor is similar to that of DC motor.

The necessary and sufficient conditions for obtaining a linear model of indirect
field-oriented control of AC induction motor have been derived and verified by
simulation results, which can support the design of PI or PID controllers for field-

oriented control of AC induction motor by using the classical Nyquist, Bode or root
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locus techniques.

In addition, the definition of field-oriented control has been extended in a broad
sense to show that a high performance control can also be realized. Excellent
dynamic control response using such an extended scheme has been shown by cor-
responding simulation trials. In principle, the extended field-oriented control is
similar to the series-shunt excited DC motor control, but the resulting performance
is superior to that of DC motor, which can be seen from a series of simulation
results.

Next, anew parameter adaptation scheme termed fluz orientation feedback con-
trol for indirect field-oriented control of AC induction motor has been developed.
The simulation results of the proposed method show an excellent performance of
parameter adaptive control when the simulated rotor resistance is varied in a worst
case and under various operation conditions, such as step change in rotor speed
or in load. It is expected that incorporated with the proposed stator resistance
dynamic identification, such a scheme can work well under zero or crawling speed

diti Furth the variations of rotor can be identified dy-

namically so that the actual rotor parameters can be obtained. The simulation
results of the proposed scheme of dynamic correction for rotor flux orientation and
dynamic identification for rotor parameters have clearly shown that the method is
superior to any other recently reported schemes (7] (8] [24].

Lastly, a Transputer based parallel processing controller has been proposed for
indirect field-oriented control, and a set of experiment has been carried out for par-
allel processing simulation purposes. Results show that with the parallel processing

controller very complex control algorithms, such as the field-oriented control and
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parameter adaptation control, can be handled in a very short time which is enough
to satisfy a fast dynamic control system.

The potential of parallelism in a task dependent AC drive control system has
been studied. Simulation results show that if sampling time is small enough, the

modification of task dependency in an AC drive control system might provide a

further d ition of control , 30 that the parallel processing speed

could be increased again.
It is believed that the Transputer system has significant advantages, particularly

to meet ifarious ifications is the main criterion.

if a flexible
Furthermore, real-time simulations can be realized with a parallel processing envi-
ronment, which leads to a more practical design of a parallel processing controller.

The effect of link failures and processor failures have been studied. As a result

of flexible and bl hi system reliability can be increased by

fault tol hni

A simulation test shows that any link failure can be recovered by dynamically
reconfiguring the link network.

A combination of hard dundancy and time redundancy has been proposed

to improve the processor reliability such that the failed processor could be found
out and replaced by a voter .
Finally, it is expected that all the results in this study will be further examined

by expetimental testing.
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hapter 8

Suggestions for Future Work

The

cont:

present research contributes simulation results related to indirect field-oriented

rol of AC induction motors. Obviously, all the simulation results should be

further verified by experimental work. The proposed schemes also need more the-

oretical analysis. The suggestions are outlined as follows:

L. It is strongly recommended that the proposal of the extended field-oriented

I

E

control be verified by i imental works. Theoretical analysis of

the effectiveness of lower slip frequency on field-oriented control is required.

. The truly linear control structure of the AC induction motor should be ex-
amined by experimental work. To validate the linear design of the PI or PID
controller for AC induction motor control, comparisons should be carried out
between the parameters of the PI or PID controller from the linearized model

and the parameters of the PIor PID controller from an experimental model.

It is strongly recommended that the proposed parameter adaptation control,
named rotor Bux orientation feedback control be verified by experimental

study. The theoretical analysis of the control stability is required.
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4. A full experimental set-up for the indirect field-oriented control of AC induc-
tion motors using parallel processing controller - Transputer network - should

be put together to verify the feasibility and effecti [ parallel

control under a time critical condition.

Modern control techniques, such as the adaptive control, model reference
adaptive control, parameter identification, sliding model control and optimal
control are expected to be realized by such a parallel processing controller for

the real-time control requirement.

In addition, the incorporation of fault tolerance techniques could be attempted

in the parallel i i 1o meet the i d requi of

systam reliability. Analysis of the increased controller reliability should be

studied by using a Markov model.
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Appendix-A1

This program is designed for the simulation of indirect field-oriented control
of AC induction motor.

#include<stdio . h>
#include<math.h>
main( )
{ FILE »fp;
int i, T3, T4, T5, T, Np=2, Kp=8, T6, T7;
float Rs=0.49, Ls=0.0388, Lr=0.0354, Lb=0.0021, M=0.0354,
J=0.024, D=0.0011, TR, Si,o0,ua,R=0.45,n,phai,
Rr, t, Ws, Is, T2, TL, N1, N2, Kd, Kq, Ki, K1, K2,
Ka, Q, y1, y2, y9, y14, yi5, y16, yi7, y18,y19, y20, y21,
y22, y23, y24, y25, y26, y27, y28, y29, y30, y31, y32, y33,
¥39,y3(50010], y4(5001¢], y5(50010], y6(50010], y7(50010],
y8(50010], y10[50010], y11[50010], y12[50010], y13[50010],
y34[50010], y35(50010], y36[50010], UT1[50010],51[50010],
y37[50010], y38[50010], y40[50010], UT[50010], TH[50010],
y41[50010], y42[50010], Ud[50010], Uq[50010], V[50010],
U[50010], X[500101, Ta[50010], ph[§0010], S[50010],
1a[50010], y[50010],e[50010],p[50010];

printf("Enter input T,T3,T4,TS,T6,T7\n");
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scanf (“%d %d %d %d % %d",&T,&T3,&T4,4TS,&T6,4T7) ;
printf ("T=4d, T3=/d, T4=4d, T5=%d, T6=4d , T7=%d\n",T,T3,T4,T5,T6,T7) ;
printf ("Enter input T2,TL,N1,N2\n");
scanf ("Uf U Yf %t",kT2,8TL,&N1,EN2);
printf ("T2=4f , TL=/f ,N1=Uf ,N2=/f\n", T2, TL,N1,N2) ;
i=1; Kd=0.8; Kq=0.6; Rr=0.45; Ki=0.003; Ka=0.01; K1=0.01;
K2=0.01;
Q=1.0/(LssLr-M*M);
y14=0; y15=0; y16=0; y17=0; y24=0; y25=0; y26=0; y27=0; y28=0;
y29=0; y30=0; y31=0; y32=0; S[i]=0;51[i]=0;e(i]=0;p[il=0;
y3[il=0; ya[il=0; y5(il=0; y6[il=0; y7[il=0; yB([i]=0; y10[i]=0;
y11(i]=0; y12[i]=0; y13(i]=0; y35[il=0; y36[i]=0; y37[il=0;
y38(i]=0; ya0[il=0; ya1[il=0; y42[il=0; UT[i]=0; TM[i]=0;
if (! (fp=fopen("ud.d","wb")))

{printf("cannot open file\n");

exit(1);

while (¥<=T)

{ i=isg;
if (i>T3)

TL=4;

else TL=0;
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if (i>T6)

TL=2;
else TL=TL;
if (i>T4)

Rr=0.08#(t-3)*(t-3)40.125;  * Rotor resistance variations *
else Rr=Rr;
yi=N1; y2=N2;
if (1>T7)

y2=10;
else y2=N2;
y3lil=y1-y42[i-1]%0.585652;
v4[il=y2-y40[i-1]%0.027922;
y5[i]=Kp*(y4[i]-y4[i-1])+Kp*Kixy4 [i]+y5[i-1];
y6[i]=Kd*(y3(i]l-y3[i-1])+Kd*K1*y3(i]+y6[i-1];
if (y5[i]>10)

yslil=10;
else if (y5[il<(-10))
y5Lil=(-10);

else y5[i]=Kp*(y4[il-y4(i-1])+Kp*Kisy4[il+yS[i-11;
y7[i]=ys[i]-y41[i-1]#0.585652;
y8Lil=Kqx(y7[i]-y7 [i-1])+Kq#K2#y7 [i]+y8[i-1];
y9=y5[i]*R/ (y1*Lr) ;
y10[il=y9+y40[i-1];
ylil=(y100il+y10[i-1]1)*T2/2+y[i-1];
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yitlil=y(il;
Ud[i]=y6[i]-(Ls-(MsM/Lr))+y10(i)#y41[i-1]/30; » Feed-forvard
Uqlil=y8[i)+Ls+y10[i]*y42[i-1]/30; controller *
y12[i]=(Ud[i]*cos(y11[i])-Uqli)#sin(y11[i1))*30;
y13[i]=(Ud[1]*sin(y11[i1)+Uqlilecos(y11[2]))*30;
y18=y12[i]-Rs*(Lrey14-Hey15)Q;
y19=(~=1)#Rr«(Ls*y15-Mey14) «Q-y40[i-1]*y17;
y20=y13(i]-Rs*(Lr+y16-H¥y17)+q;

1=(~1) #Rr*(Ls*y17-Mxy16) «Q+yd0[i-1] +y15;
y22=y14+y184T2;
y23=y15+y19+T2;
y24=y16+y204T2;
y25=y17+y21+T2;
y26=y12[i]-Rs*(Lrsy22-M+y23)+Q;
y27=(-1)sRre(La*y23-M*y22) +Q-y40[i-1]*y25;
y28=y13[i]-Rs*(Lrey24-M*y25)+Q;
y29=(~1)*Rr*(Ls*y25-Msy24) *Q+y40[i-1]+y23;
y30=y14+T2¢ (y18+y26)/2;
y31=y15+T2# (y19+y27)/2;
y32=y16+T2%(y20+y28)/2;
y33=y17+T2# (y21+y29)/2;
y14=y30; yi5=y31; y16=y32; y17=y33;
y34[i]=(Lr*y30-M+y31)*Q;
y35[i]=(Ls*y31-M*y30)*Q;
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y36 (1] (Lrey32-Hey33)+Q;
37 [i]=(Ls#y33-U#y32)+Q;
n=sqrt(y31+y31+y33¥y3d) ;
phai=n*sin(y33/n);
y38[i]=3#M# (y36[i]*y35[i]-y34[i]*ya7[il);
y39=(y38[i]-TL) *Np;
740 [1]=T25y30/ (T23D+1)+J+y40[i-11/ (124D+3);
ya1[i]=y36[i]*cos(y11[i])-y34[il*sin(y11[il);
ya2[il=y34 [i]scos(y11[i])+y36[i]*sin(y11Lil);
UT[3]=y13[1]-y36 i) *Rs;
T4 [i]=y12[1]-y34[i]#Rs;
S[i=(UT[i1+UTi-1])#T2/2+5(i-1];
510i)=(UT1 [i]+UT1[i-1])*T2/2451 [i-1];
TH{i1=3#(S1(i]+y36 [i1-S[i1#y34(il);
if (i<T5) * Flux orientation control *
{TR=0, Si=0,0=0,e[i-1]=0,p[i-1]=0;}
else {
TR=3#M#6.83+y5[1]/0.585652-TH[1] ;
SiaTR*4/(3sNp*M* (y41 [i1*ya1[i]-y42(i]#y42(i1));
if (5i>0.75) !
{5i=0.75;}
else {Si=si;}
0x0.5%asin(51);

o[i]=0-0; p[i]=0.2%a[il; \* The controller may be PI
or PID */

B



R=0.45+p[il;
}

fprintf(£p,"f Uf Uf Wf Uf %f Uf %f Uf\n",y40(il,y38[il,y41[il,y42(i],
y34[i],y36(i],y12(i],y13{i] ,phai) ;

t=t+T2;
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are used in the si

of indirect field-oriented control

of AC induction motor.

rated power
rated speed
number of poles
Rs

Rr

Ls
Lr
M

total inertia J

1 KW
1710 rpm
4

0.49 Ohm
0.45 Okm
0.0388 H
0.0354 H
0.0354 H
0.024 Nm s/rad



Appendix-B1

This program is designed for the simulation of indirect field-oriented control
of AC induction motor.

#include<stdio.h>
#include<math.h>
main( )
{ FILE *fp;
int i, T3, T4, T5, T, Np=3, Kp=8, T6, T7;
float Rs=2.0, Ls=0.235, Lr=0.234, Lb=0.0021, M=0.%24,
J=0.051, D=0.0011, R=2.1,n,RS,
Rr, t, Ws, Is, T2, TL, N1, N2, Kd, Kq, Ki, Ki, K2,
Ka, Q, y1, y2, ¥9, y14, y15, y16, yi7, y18,y19, y20, y21,
y22, y23, y24, y25, y26, y27, y28, y29, y30, y31, y32, y33,
¥39,y3[50010], y4[50010], y5[50010], y6[50010], y7[50010],
y8[50010], y10[50010], y11[500101, y12[50010], y13[50010],
y34[50010], y35(50010], y36[50010], UT1[60010],51[50010],
y37[50010], y38[50010], y40[500101, UT[50010], TM[50010],
y41[50010], y42[50010], Ud[50010], Uq[50010], V[50010],
U[50010], X[{50010], Ta[50010], ph[50010], S[50010],
R2[50010], R3[50010], R4[50010], Ia[50010];
printf("Enter input T,T3,T4,T5,T6,T7\n");
scanf("%d %d %d %d %d %d",&T,&T3,&T4,&T6,&T6,4T7);

printf ("T=Yd, T3=Yd, T4=!d, T5=%d, T6=4d, T7=Yd\n", T, T3,T4,T5,T6,T7) ;
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printf("Enter input T2,TL,N1,N2\n");
scanf (“Uf %f %f 4f",&T2,&TL,&N1,EN2);
printf ("T2=Yf, TL=Yf ,N1=f ,N2=Yf\n" T2, TL N1,N2);
i=1; Kd=3; Kq=6; Rr=2.1; Ki=0.0007; Ka=0.01; K1=0.01;
K220.01;
Q=1.0/(Ls*Lr-M*M) ;
y14=0; y15=0; y16=0; y17=0; y24=0; y25=0; y26=0; y27=0; y28=0;
y29=0; y30=0; y31=0; y32=0; S[il=0;S1[i]=0;R2(i]=2.1;
y3[i1=0; y4[il=0; y5[il=0; y6[il=0; y7[il=0; y8[il=0; y10[il=0;
y11[i1=0; y12[i1=0; y13[i]=0; y35[i]=0; y36[il=0; ya7[il=0;
y38(i1=0; y40(il=0; ya1[il=0; y42(i]=0; UT[il=0; TM[il=0;
if (!(fp=fopen("vd.d","wb")))

{printf("cannot open file\n");

exit(1);

}

t=0;
while (t<=T)
{ i=is1;
if (i>T3)
TL=5;
else TL=0;
if (i>T6)

TL=2;



else TL=TL;
if (i>T4)
Rr=(0.47)*(t-3)*(t-3)+0.1; * Rotor resistance variations *

else Rr=Rr;
yi=N1; y2=N2;
if (>T7)

y2=1;
else y2=N2;
y3lil=y1-ya2(i-1];
y4[il=y2-ya0[i-11%0.027922;
y5 [i]=Kps(y4[il-y4[i-1])+Kp*Kisya[i]+yS[i-1];
y6 [i]=Kde(y3[i]-y3[i-1])+KdsK1*y3[i]+y6[i-1];
if (ys[il>10)

yslil=10;
else if (y5[il<(-10))

ys[il=(-10);
else yS[il=Kpe(y4[il-y4[i-1])+Kp*Ki*ya[il+ys[i-11;
y7[i)=ys(il-y41(i-1];
y8Li]=Kqe(y7 [i]-y7 [i-1])+Kq#K2#y7 [i]+y8[i-1];
y9=y5 [i]#R/ (y1+Lr) ;
y10[il=ys+y40[i-11;
y11[i)=(y10 [i]+y10[i-1])*T2/2+y11[i-1];
Ud[i]=y6[i]-(Ls- (M*M/Lxr)) *y10[i) »y41[i-1]/30; * Fead-forvard
Uq[il=y8[i]+Ls*y10[i]*y42[i-1]/30; controller *



y12[i]=(Ud[il*cos(y11[i])-Uq[il*sin(y11[i]))*30;
y13[i]=(Ud[i]*sin(y11[i])+Uq[il*cos(y11(i]))*20;
y18=y12(i] -Rs*(Lr*y14-N+y15)+Q;
¥19=(-1)*Rr*(Ls*y15-Mry14) *Q-y40 [i-1]%y17;
y20=y13[i]-Rs#*(Lr*y16-M+y17)*Q;
y21=(-1)*Rr*(Le*y17-Mxy16) *Q+y40[i-1]*y15;
y223y14+y18%T2;

y23=y15+y19%T2;

y24=y16+y204T2;

y25=y17+y21T2;

y26=y12[i]-Re# (Lr*y22-M*y23)*Q;
y27=(-1)*Rr# (Ls*y23-Mey22) +Q-y40 [i-1]#y25;
y28=y13[i]-Rs*(Lr+y24-Msy26)*Q;
y29=(-1)#Rr* (Le*y25-M+y24) +Q+y40[i-1]4y23;
y30=y14+T2%(y18+y26)/2;

y31=y16+4T2% (y19+y27)/2;

y32=y16+T2% (y20+y28,/2;

y33=y17+T2% (y21+y29)/2;

y14=y30; y15=y31; y16=y32; y17=y33;
y34[il=(Lrxy30-Mxy31)*Q;
y35[1i]=(La%y31-M*y30)+Q;
y36[i]=(Lr*y32-M*y33)+Q;
y37[1i]=(La*y33-Mey32)+Q;

n=sqrt (y31%y31+y33#y33) ;



y38[i)=4.5+Mw (y36[i1+y35(i]-y34[i]eya7[il);
y39=(y38[i]-TL)*Np;
y40[i]=T20y39/(T2+D+J)+J+y40(i-1]/(T2+D+J);
y41[i]=y36(i*cos(y11[i])-y34[i]*sin(y11[i]);
y42(il=y34[i]*cos(y11[i])+y36[i]*sin(y11[i]);
fprintf(£p,"Uf %f Uf Uf Uf %f %f Ut %f Uf\n",y4o(il,y38[il,y41[i],
y42[il,y34(i],y36(il,y12(i] ,y13[il,n);

tat+T2;
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Appendix-C1

This program run in Transputer 1 is designed for the simulation of indirect
field-oriented control of AC induction motor.

#include<stdio.h>
#include<math.h>
#include<conc.h>
#undef Time
#undef SetTime
main( )

{ FILE »fp;

int i=1,j=1, T3, T4, T5, T, Np=2, T6, T7, 2,

ProcToHigh(void), Kp=8, start, end;

float
R=0.45, n, Rr,TL, N1, N2, y40a, y40, yi8, y41, y42, t,
ud,Uq, yi, y2, y9, ya,vi,w2,
y3, y3a, y4a, y4, ySa, y5, y7, y7a, y8a, y8, y10a, yi10,
y42a, y, y4la, Kd, Kq, Ki, K1, K2, T2, y11, Ka, y6a, y§,
Rs=0.49, Ls=0.0388, Lr=0.0354, Lb=0.0021, M=0.0354,
J=0.024, D=0.0011,Si,0,ua,Ws, Is,
Q, yi4, yis, y16, yi7, y19, y20, y21,y22,
y23, y24, y25, y26, y27, y28, y29, y30, y31, y32, y33,
y39, y12, yi3, y34, y35, y36, y37, y38, TR,
Sia, UTia, y34a, y36a, S, Sa=0,UT1, S1, UT, M, V,

UTa=0, Ia, e, p, X;
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S=0; Sta=0; e=0; p=0; y12=0; y13=0; y36=0; y34=0; 51=0;

T1; UT1a=0; UT=0; TM=0; Rr=0.45; t=0; ya:0

y14=0; y15=0; y16=0; y17=0; y24=0; y25=0; y26=0;
y27=0; y28=0; y29=0; y30=0; y31=0; y32=0; y40a=0;
y41a=0; y42a=0; y12=0; y13=0; y35=0; y36=0; y37=0; t=0;
Rr=0.45; Q=1.0/(Ls*Lr-M*M); y34a=0; y36a=0;

Kd=0.8; Kq=0.6; Ki=0.003; Ka=0.01; K1=0.01;

K2=0.01; y41a=0; y42a=0; y7a=0; yBa=0; y4a=0;

y5a=0; y3a=

; y6a=0; Lr=0.0354; y10a=0; R=0.45;
printf("Enter input T,T3,T4,T5,T6,T7\n");

scanf("d %d %d %d %d %d",&T,&T3,&T4 4TS ,&T6,&T7);

prlntf("T=Vd T3=%d,T4=ld, T5—7d T6=d, T7=Yd\n",
T, T3, T4, TS, T6,

printf ("Enter input T2,TL,N1,N2\n");

scanf ("If Uf %f %f",&T2, &TL, &N1, &N2);
printf("T2=Yf,TL=4f, N1=Yf, N2=Uf\n", T2, TL, N1, N2);
if (!(fp=fopen("ud.d","wb")))

{printf("cannot open file\n");

exit(1);}

ChanQut (LINK1OUT, (char*) &T,sizeof(T));

ChanOut (LINK1OUT, (char®) &T2,sizeof(T2));

ChanOut (LINK1OUT, (char*) &T3,sizeof(T3));

ChanOut (LINK1OUT, (char*) &T4,sizeof(T4));

ChanOut (LINK1OUT, (char») &TS,sizeof(TS));



ChanQut (LINK10UT, (char#) &T6,sizeof(T6));
ChanOut (LINK1OUT, (chare) &TL,sizeof(TL));
ProcToHigh();
t=0;
while (t<=T)
{
SetTime(o);
imit+l;
y2=N2; y1=Ni;
if (DT7)
y2=3;
else y2=N2;
it (j<6)
{i=j+1;}
else {
ChanIn(LINKLIN, (chars) kyd0a,sizeof(y40a));
=1 }
ChanIn(LINK1IN, (chars) &y34a,sizeof(y34a));
ChanIn(LINK1IN, (chars) &y36a,sizeof (y36a));
y4=y2-y40a#0.027922;
y5=Kp#* (y4-y4a) +Kp*Kisyd+y5a;
yaa=y4;
if (y5>10)

y5=10;
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else if (y5<(-10))
y5=(-10);

else y5=yS;

y9=y5*R/(y1sLr);

ySa=yS;

y10=y9+y40a;

y=(y10+y10a)*T2/2+ya;

y10a=y10;

yit=y;

yasy;

wi=sin(y11);

w2=cos(y11);

yala=y36asu2-y3dasul;

y42a=y34asv2+y36a*wl;

y3=y1-y42a%0.585652;

y6=Kd»(y3-y3a) +Kd*K1#y3+y6a;

y3a=y3;

y6a=y6;

y7=yS-y41a+0.585652;

yB=Kq*(y7-y7a) +Kq*K2#+y7+yBa;

yTa=y7,;yBa=y8;

start = Time();

end = Time();

z= end - start;
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y12=(y6+u2-y8rw1)*+30;
y13=(y6wui+y8+u2)*30;
ChanOut (LINK1OUT, (char*) &y12,sizeof(y12));
ChanOut (LINK1OUT, (chars) &y13,sizeof(y13));
UT=y13-y36a*Rs;
UT1=y12-y34asRs;
S=(UT+UTa)*T2/2+Sa;
S1=(UT14UT1a)#T2/24S1a;
TH=3%(S1*y36a-S*y34a);
Sa=S;UTa=UT;UT1a=UT1;S1a=51;
if (i<T5)
{TR=0, Si=0,0=0,6=0,p=0;}
else {
TR=3+M#6.83+y5a/0.585652-TM;
Si=TR*4/(3sNpsM*(y41a*rysla-y42a+yd2a));
if (5i>0.75)
{si=0.75;}
else {Si=Si;}
0=0.5*asin(5i);
@=0-0; p=0.2%e;
ReRr+p;
}
printf("difftine=Yd\n",z);

ChanIn(LINKiIN, (char*) &Rr,sizeof(Rr));
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fprintf(fp,"%f %f %f %f %f\n\r",y40a,y41a,y42a,y34a,Rr);

t=t412;
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Appendix-C2

This program run in Transputer 2 is designed for the simulation of indirect

ted control of AC i motor.

#include<stdio.h>
#include<math.h>
#include<conc.h>

#undef Time

#undef SetTime

main(

i=1,j=1,Np=2,T,T6,T3,T4,T5;
Rs=0.49, Ls=0.038¢, Lr=0.0354, Lb=0.0021, M=0.0354,
J=0.024, D=0.0011, TR, Si, o, ua, R=0.45, n, Ws, Is,
T2, w2, Q, y14, y15, y16, yi7, yi8, y19, y20, y21,

y23,y24, y25,y26, y27, y28, y29, y30, y31, y32, y33,
y39, yii, y12, yi13, y34, y3s, y36, y37, y38, y40, t,

y40a, y4t, yila, y42, y42a, Rr, y34a, y36a, TL, y22;

y14=0; y15=0; y16=0; y17=0; y24=0; y25=0; y26=0;
y27=0; y28=0; y29=0; y30=0; y31=0; y32=0; y40a=0;
y41a=0; y42a=0; y12=0; y13=0; y35=0; y36=0; y37=0;
£=0; Rr=0.45; Q=1.0/(Ls*Lr-MsM); y34a=0; y36as0;
ChanIn(LINKOIN, (char*) &T,sizeof(T));
ChanIn(LINKOIN, (char*) &T2,sizeof(T2));

ChanIn(LINKOIN, (char*) &T3,sizeof(T3));



ChanIn(LINKOIN, (char*) &T4,sizeof(T4));
ChanIn(LINKOIN, (char*) &TS,sizeof(T5));
ChanIn(LINKOIN, (char*) &T6,sizeof(T6));

ChanIn(LINKOIN, (char*) &TL,sizeof(TL));

while (t<=T)

{

SetTime(0);

i=i+1;

if (j<6)

{j=i+1;}

else {

ChanOut (LINKOOUT, (char*) &y40a,sizeof(y40a));
j=1; }

ChanOut (LINKOOUT, (char+) &y34a,sizeof(y34a));
ChanOut (LINKOOUT, (char*) &y36a,sizecf(y36a));
ChanIn(LINKOIN, (char*) &y12,sizeof(y12));
ChanIn(LINKOIN, (char#) &y13,sizeof(y13));

if (i<T5) {Rr=0.45;}

else { Rr=0.08%(t-3)*(t-3)+0.125;}
y18=y12-Rs*(Lr*y14-M*y15)*Q;

y19=(-1)*Rr* (Ls*y15-M*y14) *Q-y40a*y17;
y20=y13-Rs*(Lr+y16-Mey17)*Q;

y21=(-1)*Rr* (Le*y17-Mry16) *Q+y40a*y1§;
y22=y14+y18+T2;
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y23=y15+y194T2;

y24=y16+y204T2;

y25=y17+y214T2;

y26=y12-Re* (Lr#y22-M#y23)*Q;
y27=(-1)*Rr* (Ls*y23-Mey22) #Q-y40a*y25;
y28=y13-Rs* (Lr+y24-M+y25)*Q;
y29=(-1)*Rr*(Ls*y25-M*y24) ¥Q+y40asy23;
y30=y14+T2# (y18+y26)/2;
y31=y15+T2%(y19+y27)/2;

y32=y16+T2* (y20+y28)/2;
y33=y174T2%(y21+y29)/2;

y14=y30; y15=y31; y16=y32; yi7=y33;
y34=(Lr#y30-Mey31)+Q;
y35=(La*y31-My30)*Q;
y36=(Lrey32-M*y33)*Q;
y36a=y36;y34a=y34;
y37=(Ls*y33-Msy32)~Q;

a=sqrt (y31+y31+y33+y33) ;

y38=3#Ms (y36+y35-y34+y3T) ;

if (i<T3) {TL=0;}

else {TL=2;}

y39=(y38-TL)*Np;

y40=T2xy39/ (T2*D+1)+J*y40a/(T2#D+J) ;

y40a=y40;
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ChanOut (LINKOOUT, (char*) ¥Rr,sizeof(Rr));

T=t4T2;
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This program run in Transputer 1 is designed for the simulation of indirect

field-oriented control of AC induction motor in parallel processing

environment.

#include<stdio.h>
#include<math.h>
#include<conc.h>

#undef Time

#undef SetTime

main( )
{ FILE

int

float

“Ip;
i=1, T3, T4, T5, T, Np=2, T6, 17,z,21,22,
ProcToHigh(void),start,end;

R=0.45,n,Rr, T2, TL, Ni, N2, y12, y13,y5,y8,y34,
y40a,y11, y38, y40,y18, y4la,y42a,t;
printf("Enter imput T,T3,T4,T5,T6,T7\n");

scanf ("4d %d %d %d %d 4d",&T,&T3,&T4,8T5,&T6,4T7);

printf ("T=Yd, T3=%d, T4=%d, T5=%d, T6=%d , T7=%d\n",
T,T3,T4,75,T6,T7);

printf ("Enter input T2,TL,Ni,N2\n");

scanf (“Uf Uf Uf U£",&T2,RTL,&N1,&N2);

printf ("T2=%f , TL=Uf ,N1=Yf N2=Yf\n" , T2, TL, N1, N2) ;
"))

{printf(“cannot open file\n");

if (!(fp=fopen(‘ud.d",




exit(1);}

ChanOut(LINK10UT, (chare) &T,sizeof(T));
ChanOut(LINK10UT, (chare) &T7,sizeof(T7));
ChanQut (LINK10UT, (chars) &N1,sizeof(N1));
ChanOut (LINK10UT, (chare) &N2,sizeof(N2));
ChanOut (LINK10UT, (chars) &T2,sizeof(T2));
ChanOut (LINK10UT, (char#) &TS,sizeof(TS));
ChanOut (LINK20UT, (char#) &T,sizeof(T));

ChanOut(LINK20UT, (char*) &T2,sizeof(T2));

ChanOut (LINK20UT, (chare) &T3,sizeof(T3));
ChanOut(LINK20UT, (chars) &T4,sizeof(T4));
ChanOut(LINK20UT, (chars) &TS,sizeof(T5));
ChanOut(LINK20UT, (char*) &T6,sizeof(T6));
ChanOut (LINK20UT, (chars) &TL,sizeof(TL));

ChanQut (LINK3OUT, (chars) &TS,sizeof(T5));

vhile

{

ChanOut(LINK30UT, (chare) &T,sizeof(T));
ChanOut(LINK30UT, (chars) &T2,sizeof(T2));
t=0;
ProcToHigh() ;

(t<=T)

SetTime(0) ;
i=i+l;

ChanIn(LINK1IN, (char#) 2z,sizeof(z));



printf ("difftime=id\n",z);

ChanIn(LINK1IN, (chare) &z1,sizeof (z1));
print£ (" difftize=%d\n",21);
ChanIn(LINK3IN, (chare) &y41a,sizeof(y41a));
ChanIn (LINK3IN, (chars) &y42a,sizeof(y42a));
ChanIn(LINK2IN, (chars) &y40,sizeof(y40));
ChanIn (LINK2IN, (char*) &y38,sizeof(y38));
ChanIn(LINK2IN, (chars) &y34,sizeof (y34));
ChanIn (LINK2IN, (char#) &n,sizeof(n));
ChanIn(LINK2IN, (char#) &Rr,sizeof (Rr));

if (i<T5) {R=0.45;}

else { ChanIn(LINK3IN, (chars) &R,sizeof (R));}
ChanIn(LINK3IN, (chars) &z2,sizeof (z2));
printf (" difftize=}d\n",22) ;
fprintf(fp,"%f\n\r",y4ta);

t=t4T2;
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Appendix-D2

This program run in Transputer 2 is designed for the simulation of indirect
field-oriented control of AC induction motor in parallel processing
environment.

#include<stdio.h>
#include<math.h>
#include<conc.h>
#undef Time
#undef SetTime
main( )
: !
int i=1,j=1, T3, T4, TS, T, Np=2, Kp=8, T6, 17,2z,
z1,ProcToHigh(void),start,end;
float
t, T2, TL, N1, N2,Ud,Uq, y1, y2, y9, ya,v1,v2,y36,
¥3, y3a, y4a,y4, y5a,yS, y7,y7a, y8a,y8, yi0a,y10,
yi1, y12, y13,y34,R,Lr Ki, y38,y40a,y40,y6,y41a,y41,
y42a,542,5;
y41a=0;y42a=0;t=0;y40a=0;ya=0;yda=0;y102a=0;ySa=0;
Ki=0.003; Lr=0.0354;R=0.45;

ChanIn(LINKOIN, (char#) &T,sizeof(T));
ChanIn(LINKOIN, (chars) &T7,sizeof(T7));
ChanIn(LINKOIN, (char*) &Ni,sizeof(N1));



ChanIn(LINKOIN, (char#) &N2,sizeof(N2));
ChanIn(LINKOIN, (chars) &T2,sizeof(12));
ChanIn(LINKOIN, (char*) &TS,sizeof(T5));
ChanOut(LINK10UT, (chare) &Ni,sizeof(N1));
ChanQut(LINK10UT, (char#) &N2,sizeof(N2));
ChanOut(LINK10UT, (char*) &T,sizeof(T));
ChanOut(LINK10UT, (char*) &T2,sizeof(T2));
ChanOut(LINK10UT, (char*) &T7,sizeof(T7));
ChanOut (LINK10UT, (char*) &T5,sizeof(T5));

ProcToHigh () ;

vhile (t<=T)

SetTime(0);
isivl;

start = Time();

y2eN2;y1=N1;
if (>17)
y2=3;
else y2=N2;
Chanln(LINK2IN, (char+) &y40a,sizeof(y40a));
yi=y2-y40a%0.027922;
y5=Kp# (y4-y4a) +Kp*Kiryd+ySa;
yla=yd;
if (y5>10)
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y5=10;
else if (y5¢(-10))

y5=(-10);
else ¥5=y5;
Chan0ut (LINKIOUT, (chars) &yS,sizeof (y5));
yomySeR/ (yislr) ;
ySasy5;
y10=y9+y402;
y=(y10+y10a)+T2/2+ya;
y10a=y10;
yli=y;
ya=y;
Chanlut (LINKIOUT, (chars) iy11,sizeof(y11));
wi=sin(y11);
ChanOut (LINKIOUT, (chars) &w1,sizeof (v1));
end = Time();
z= end - start;
ChanOut (LINKOOUT, (char#) &z,sizeof(z));
ChanIn(LINKIIN, (char*) &z1,sizeof(z1));
ChanOut (LINKOOUT, (chars) &z1,sizeof(z1));

T=LT2;



Appendix-D3
‘This program run in 3 is designed for the simulation of indirect
field-oriented control of AC induction motor in parallel processing
environment.

#include<stdio.h>

#include<math.h>

#include<conc.h>

#undef Time

#undef SetTime

main( )

{
int  i=1,T,T7,T5,start,end, ProcToHigh(veid),
j=1,Kp=8,z,z1;
float

N1,K2, Kd, Kq, Ki, K1, K2,t,T2,yi1,y34a,y36a,
Ka, y1, y4l,y41a,y42,y42a,y7,y72,y8,y8a,y5,
y3,y3a, y6a,y6,y2,y4,y4a,y5a,ya,lr,y40a,
¥10,y10a,y,R,y9,v1,v2,y12,y13;
Kd=0.8; Kq=0.6; Ki=0.003; Ka=0.01; K1=0.01;
K2=0.01;y4ia=0;y422=0; y7a=0;y8a=0;y4a=0;
yS5a=0;y3a=0; y6a=0;Lr=0.0354;y10a=0;R=0.45;
ya=0;y34a=0;y36a=0;ui=0;v2=0;t=0;
ChanIn(LINKOIN, (char*) &N1,sizecf(N1));
ChanIn(LINKOIN, (char®) &N2,sizeof(N2));



ChanIn(LINKOIN, (chars) &T,sizeof(T));
CnanIn(LINKOIN, (chare) &T2,sizeof(T2));
ChanIn(LINKOIN, (chars) &T7,sizeof (T7));

ChanIn(LINKOIN,(chars) &TS,sizecf(TS));

ProcToHigh() ;

while (t<=T)

{

SetTime(0) ;
i=iel;
if (j1=51)
{j=j+1:}
else {
ChanIn(LINK2IN, (char*) ky34a,sizeof(y34a));
ChanIn(LINK2IN, (chars) &y36a,sizeof(y36a));
i=1; )}
start = Time();
y4i=y36asu2-y34asvl;
y42=y34asv2+y36asvl;
y4la=y41;ya2a=y42;
yi=Ni;
y3=yl-y42a*0.585652;
y6=Kd* (y3-y3a)+Kd*K1*y3+y6u;
y3a=y3;
y6a=y6;
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ChanIn(LINKOIN, (char*) &y5,sizeof(y5)) ;

y7=y5-y41a®0.585652;

y8=Kqr(y7T-y7a)+Kq*K2#+yT+y8a;

yTa=y7;y8a=y8;

ChanIn(LINKOIN, (char#) &yi1,sizeof(y11));

w2=cos(yl1);

ChanIn(LINKOIN, (char#) &wi,sizeof(v1));

y12=(y64u2-yBru1) *30;

y13=(y6hut+y8ev2) 30;

end = Time();

zi=end-start;

ChanOut (LINKOOUT,
ChanOut (LINK20UT,
ChanOut (LINK20UT,
ChanQut (LINK10UT,
ChanOut (LINK10UT,
ChanOut (LINK10UT,

if (i<T5)

(char*)
(char*)
(chars)
(char*)
(char*)
(char*)

{R=0.45;}

else {ChanIn(LINK1IN,(char#) &R,sizecf (R));}

tat+T2;

#z1,size0f(z1));
2y12, sizeof (y12));
£y13, sizeof (y13));
&y4la,sizeof (y41a)) ;
2y42a, sizeot (y422)) ;
&y5,size0f (y5));
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Appendix-D4
This run in 4 is designed for the si of indirect
field-oriented control of AC induction motor in parallel processing
environment.

#include<stdio.h>
#include<math.h>
#include<conc.h>
#undef Time
#undef SetTime

main( )
£

int  i=1,j=1,Np=2,T,T6,T3,T4,TS ProcToligh(void), start,

end,z;

float Rs=0.49, Ls=0.0388, Lr=0.0354, Lb=0.0021, M=0.0354,
J=0.024, D=0.0011, TR, Si,o,ua,R=0.45,n,¥s, Is, TL,
12,92, Q, y14, yi5, yi6, y17, y18,y19, y20, y21,y22,
y23,y24, y25,y26, y27, y28, y29, y30, y31, y32, y33,
y39, yii, y12, yi3,y34,y35,y36,y37, y38, yd0,t,y40a,
y41,y41a, y42,y42a,Rr,y34a,y36a;
y14=0; y15=0; yi6=0; yi7=0; y24=0; y25=0; y26=0;
y2T=0; y28=0; y29=0; y30=0; y31=0; y32=0;y40a=0;
y4la=0;y42a=0;y12=0;y13=0 ; y34a=0;y36a=0;y37=0;t=0;
Rr=0.45; Q=1.0/(Ls*Lr-H*M) ;

ChanIn(LINK2IN, (chars) &T,sizeof(T));



ChanIn(LINK2IN, (char*) &T2,sizeof(T2));
ChanIn(LINK2IN, (char*) &T3,sizecf(T3));
ChanIn(LINK2IN, (chars) &T4,sizeof (T4));
ChanIn(LINK2IN, (char*) &T5,sizeof(TS));
ChanIn(LINK2IN, (char*) &T6,sizeof(T6));

ChanIn(LINK2IN, (char*) &TL,sizeof(TL));

ProcToHigh() ;

vhile (t<=T)

4

SetTime(0);
i=i+l
if  (j!=51)

{j=j+1;}
else {
ChanOut (LINK1OUT, (char#) &y34a,sizeof(y34a));
ChanOut (LINK1OUT, (char*) &y36a,sizeof(y36a));
j=1; }
ChanOut (LINK30UT, (char*) &y40a,sizeof(y40a));
ChanIn(LINK1IN, (char*) &y12,sizeof(y12));
ChanIn(LINK1IN, (char*) &y13,sizeof(y13));
if (i<TS) {Rr=0.45;}
else { Rr=0.08x(t-3)*(t-3)+0.125;}
y18=y12-Rs#(Lr*y14-Mey15)+Q;
y19=(~1)*Rr* (La*y15-M#y14) %Q-y40asyi7;
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y20=y13-Rs*(Lr*y16-M*y17)*Q;
y21=(-1)*Rr* (La*y17-M*y16) sQ+y40asy1s;
y22=y14+y184T2;

y23my15+y19%T2;

y24=y16+y20%T2;

y25=y17+y21#T2;
y26=y12-Rs*(Lr*y22-M*y23)*Q;

y27=(-1) *Rr* (Ls#y23-Msy22) #Q-y40a*y25;
y28=y13-Rs* (Lr*y24-Mry25)*Q;
y29=(-1)*Rr* (Ls*y25-M*y24) *Q+y40asy23;
y30=y14+T2#(y18+y26)/2;
y31=y15+T2%(y19+y27)/2;
y322y16+T2%(y20+y28)/2;
y33=y17+T2#(y21+y29) /2;

y14=y30; y16=y31; y16=y32; y17=y33;
y34=(Lr+y30-My31)*Q;
y35=(La*y31-Msy30)*Q;
y36=(Lr+y32-M«y33)+Q;
y37=(Ls*y33-M*y32)*Q;
y34amy34;y36a=y36;

n=sqrt (y31%y31+y33+y33);
y38=3+M*(y36%y35-y34*y37) ;

if (i<T3) {TL=0;}

else {TL=2;}
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y39=(y38-TL) *Np;

y40=T2%y39/ (T2+D+J)+J*y40a/ (T2+D+J) ;
y40a=y40;

ChanOut (LINKOOUT, (char*) &y36,sizeof(y36));
ChanOut(LINKOOUT, (char+) &y34,sizeof(y34));
ChanOut (LINKOOUT, (char#) &y13,sizeof(y13));
ChanOut (LINKOOUT, (char#) &y12,sizeof(y12));
ChanOut (LINK20UT, (char*) &y40,sizeof(y40));
ChanOut (LINK20UT, (char%) &y38,sizeof(y38));
ChanOut (LINK20UT, (char#) ky34,sizeof(y34));
ChanOut (LINK20UT, (char*) &n,sizeof(n));
ChanOut (LINK20UT, (char*) &Rr,sizeof(Rr));

tat+T2;
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This program run in Transputer § is designed for the simulation of indirect

field-oriented control of AC induction motor in parallel processing

environment.

#include<stdio.h>
#include<math.h>
#include<conc.h>

#undef Time

#undef SetTime

main( )

i=1,T,T5,ProcToHigh(void),start,end,z,22;
Rs=0.49,Ls=0.0388,Lr=0.0354,4=0.0354,TR,5i,0,ua,
R=0.45,n,Rr,Ws, Is,Ka,Np,Sia,y5a,y4la,y42a,UT1a,
y12, y13,s,5a=0,y34, y36, UT1,s1,t,T2, UT,TM,V,
UTa=0,Ia, y,e,p;

$=0;51a=0;e=0;p=0;y12=0;y13=0;y36=0;y34=0;51=0;

UT1;UT1a=0;UT=0;TH=0;Rr=0.45; H
ChanIn(LINK2IN, (charx) &T5,sizeof (T5));
ChanIn(LINK2IN, (char*) &T,sizeof(T));
ChanIn(LINK2IN, (char¥) &T2,sizeof(T2));

ProcToHigh();

while (t<=T)

{
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SetTime(0);
imidt;
ChanIn(LINKOIN, (char#) &y4la,sizeof(y4ia));
ChanIn(LINKOIN, (char*) &y42a,sizeof(y42a));
ChanIn(LINKOIN, (chars) &ySa,sizeof(ySa));
ChanIn(LINK1IN, (char%) &y36,sizeof(y36));
ChanIn(LINK1IN, (char*) &y34,sizeof(y34));
ChanIn(LINK1IN, (char*) &y13,sizeof(y13));
ChanIn(LINKLIN, (char) &y12,sizeof(y12));
ChanOut (LINK20UT, (char*) &y4ia,sizeof(y41a));
ChanOut (LINK20UT, (char#) &y42a,sizeof(y42a));
start = Time();
UT=y13-y36*Rs;
UT1=y12-y34*Rs;
S=(UT+UTa)*T2/2+Sa;
S1=(UT1+UT1a) *T2/2+S1a;
THM=3#(S1#y36~S%y34) ;
Sa=S;UTa=UT;UT1a=UT1;S1a=51;
if (i<TS)
{TR=0, Si=0,0=0,ex0,p=0;}
else {
TR=3+M#6.83+y5a/0.585652~TH;
Si=TR*4/(3+Np*M+ (y4lasydla-y42ary42a)) ;

if (Si>0.75)
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{5i=0.75;}

else {Si=Si;}
o=0.5%asin(Si);
e=0-0; p=0.2¢e;
R=0.45+p; /+ The controller may be PI or PID +/
ChanOut (LINKOOUT, (chars) &R,sizeof(R));
ChanOut (LINK20UT, (char*) &R,sizeof(R));
}

end = Time();

z2=end-start;

ChanOut (LINK20UT, (chars) &z2,sizeof(z2));
t=t+T2;



204

Appendix-E

This program is designed for the si ion of indirect field-oriented control
of AC induction motor.

#include<stdio.h>
#include<math.h>
main( )
{ FILE *fp;
int i, T3, T4, T5, T, Np=2, Kp=8, T6, T7;
float Rs=0.49, Ls=0.0388, Lr=0.0354, Lb=0.0021, M=0.0354,
1=0.024, D=0.0011, R=0.45,n,
Rr, t, Ws, Is, T2, TL, N1, N2, Kd, Kq, Ki, K1, K2,

Ka, Q, yi, y2, y9, y14, y15, yi6, yi7, y18,y19, y20, y21,

y22, y23, y24, y25, y26, y27, y28, y29, y30, y31, y32, y33,
y39,y3[50010], y4[50010], y5[50010], y6[50010], y7[50010], ;
y8[50010], y10[50010], y11(50010], y12(50010], y13[50010],
y34[50010], y35[50010], y36[50010], UT1[50010],51[50010],

y37[50010], y38[50010], y40[50010], UT[50010], TM[50010],

y41[50010], y42(50010], Ud[50010], Uq[50010], V[50010],
U[50010], X[50010], Ta[50010], ph[50010], S[50010],
R2(50010], R3[50010], R¢[50010], Ia[50010];
printf("Enter input T,T3,T4,T5,T6,T7\n");
scanf("%d %d %d %d %d %d",&T,AT3,&T4,kTS,AT6,T7);
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printf("Ta}d, T3=4d, T4=%d, T5=4d, T6=%d, T7=Yd\n", T, T3,T4,T5,T6,T7) ;
printf("Enter input T2,TL,N1,N2\n");

scanf("4f %f Uf %f",&T2,8TL,&N1,8N2);

printf("T2=Yf, TL=4f ,N1=Uf ,N2=%f\n", T2, TL,N1,N2);

i=1; Kd=0.8; Kq=0.6; Rr=0.45; Ki=0.003; Ka=0.01; K1=0.01;
K2=0.01;

Q=1.0/(LssLr-M+H) ;

y14=0; y15=0; y16=0; y17=0; y24=0; y25=0; y26=0; y27=0; y28=0;
y29=0; y30=0; y31=0; y32=0; S[i]=0;51[i]1=0;R2[i]=0.45;
y3[il=0; y4[il=0; y5(i]=0; y6[i]=0; y7[il=0; y8[il=0; y10(il=0;
y11[il=0; y12[il=0; y13[i]=0; y35[il=0; y36[i]=0; y37[il=0;
y38(i]=0; y40[il=0; y41[i]=0; y42(il=0; UT[il=0; TM[i]=0;

if (!(fp=fopen("u "wb")))

{printf(“cannot open file\n");
exit(1);

}

t=0;
while (t<=T)

{ imisy;
X[il=t;
if (i>13)

TL=2;
else TL=0;

if (i>T6)



TL=4;

else TL=IL;

if (i>T4)
Rr=0.08#(t-3)#(t-3)+0.125;

else Rr=]

yi=N1; y2=N2;
if (>T7)
y2=3;

else y2=N2;
y3[il=y1-y42(i-1]%0.585652;
yalil=y2-y40[i-11%0.027922;
y5 (i1 =Kpe (y4[i]-y4[i-1])+KpsKisy4[il+y5[i-1];
y6[il=Kd#(y3([i]-y3[i-1])+KdsK1sy3[il+y6[i-1];
if (y5[il1»10)

ys[il=10;
else y5[i]=Kp*(y4[il-y4[i-1])+KpsKisy4[i]l+yS[i-1];
if (y5[i)¢-10)

ys(il=-10;
olse yS[il=Kp*(y4[il-y4[i-1])+KpsKisya[i]+yS[i-1];
y7[i]=ys[i]-y41[i-11%0.585652;
y8Lil=Kqe(y7[i]-y7[i-1])+KqeK2#y7[i]+y8[i-1];
y9=yS[i1*R/(y1i+Lr);
y10(il=ys+y40[i-1];
y11(il=(y10[il+y10[i-1])*T2/2+y11[i-1];



Ud[il=y6[il;

Ug[il=y8[il;

y12[i]=(Ud [1]*cos(y11[i])-Uqlil*sin(y11[i]))=30;
y13(i]=(Ud[i]*sin(y11[i])+Uqlil*cos(y11(i]))*30;
y18=y12[i]-Rs*(Lrey14-Mey15)+Q;
y19=(=1)#Rr*(Ls*y15-M*y14) *Q-y40[i-1]+y17;
y20=y13[i]-Rs*(Lr+y16-M+y17)*Q;
y21=(~1)*Rr*(La%y17-M*y16) *Q+y40[i-1]y15;
y22=y14+y18%T2;

y23=y15+y19+T2;

y24=y16+y20%T2;

y25=y1T+y21%T2;
y26=y12[i]-Rs*(Lr*y22-M+y23)*Q;

y27=(-1) *Rr#(Ls*y23-Mey22)«Q-y40 [i-1]+y25;
y28=y12[il-Rs+(Lr+y24-Hey25)+Q;

y29=(~1) sRr*(Ls*y25-M*y24) #Q+y40 [i-1]+y23;
y30=y14+T2+(y18+y26)/2;

y31=y15+T2% (y19+4y27)/2;

y32=y16+T2# (y20+y28)/2;

y33=y17+T2# (y21+y29)/2;

y14=y30; y15=y31; yi6=y32; yi7=y33;
y34[i]=(Lrey30-Mry31)*Q;
y35[i]=(Ls*y31-M*y30)*Q;
y36[i]=(Lr*y32-M+y33)+Q;
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y37[i]=(La*y33-Meya2)*Q;
n=sqrt(y31sy31+y33+y33) ;
y38[i]=3+Mx(y36[i]+y35[i]-y34[i#y37(il);
ya=(y38[i1-TL)*Np;
y40[11=T2xy39/(T2#D+J) +J#y40[i-11/(T2¢D+J);
ya1[il=y36[i]*cos(y11[i])-y34[il*sin(y11[il);
y42[il=y34[il*cos(y11[i])+y36[il*sin(y11[il);
UT[i]=y13[i]l-y36[i]*Rs;
UT1[i)=y12[i]-y34[i]*Rs;
S[il=(UT[i)+UTIi-11)*T2/2+5[i-1];
S1[i]=(UT1[i]+UT1[i-1])#T2/2+s1[i-1];
TM[i]=3%(s1[i]*y36[i]-S[il»y34[i]);
if (i<T5)

{R2[i]=0.45; Ws=0; Is=0; U[i]=0; Ia[i]=0; R3[i]=0; R4[i]=0;}
else {Ws=sqrt(yo+ys);

Is=y41[i]*y41[i]+6.83%6.83;
Ulil=y13[i]#y34[i]-y12[i]*y36[i];

R2[i]=Ws*sqrt (Lr*y10[il1*0.0013+Is/ (y10[i1#Ls*Is-U[i])-Lr*Lr);
it (R2[i]<0.1)

{R=0.1;}
else

R=R2{i];

}
fprintf(fp, it %€ Y€ %f % % %f\n",ya0[il,y3slil,y41li],
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y42(i],y34[il,n,R2[3]);

t=t+T2;
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