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Abstract

AC motors have been used in a wide range of power ratings to date and are
playing a prominent role in drive applications. However, their highly non-linear
dynamic structure with strong dynamic interactions requires more complex control
schemes than dc motors.

The conventional linear techniques can no longer satisfy the stringent require-
ment placed on high-performance ac motor drive applications. Modern control tech-
niques. such as optimal control and adaptive control, are applied in motor drive sys-

tems. But the realization of these techniques is generally difficult because of large

time-critical i i Typical field-oriented control of ac motors
uses current loop sampling rates of 5 to 10 KHz. This implies that the controller must

process the control algorithms within 100 to 200 ps. Thus, for high-performance ac

drives, some powerful mi such as Ti and parallel process-
ing techniques are used in ac motor drive systems. On the other hand, reducing
the energy losses in adjustable-speed electric motor drives is becoming increasingly

important due to the high cost of energy.

T based parallel p ing of high perf ac motor drives can
be a good solution for fast dynamic calculation, flexible architecture and interac-
tive control in order to achieve both requirements of high performance and loss
minimization of ac motor drives.

The purpose of this study is to investigate and apply multiple Transputers in

parallel ing of indirect field-oriented vector control employing loss
tion for high performance ac motor drives. A new scheme is proposed based on the

use of multiple Transputers for real-time parallel processing implementation of the



indirect field-oriented control scheme incorporating the loss minimization strategy.
Losses in ac motor drives are studied and verified by experiments. Computer simu-

lation results of trials using five Transputers and experimental results of using four

T for parallel ing are d in the thesis. It is shown that high
performance as well as significant energy savings for ac motor drives can be achieved

by the proposed scheme.
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Chapter 1

Introduction

Electrical motors have been available for nearly a century and are playing a very
important role in today’s industrial automation. Several kinds of electrical motors
— dc motors, induction motors, synchronous motors (in brushless dc form), step
motors, and switch reluctance motors — are used in automatic control system.

DC motors have traditionally dominated the domain of drive systems. Although

ac motors are superior to dc motors with respect to size, weight, rotor inertia,

Tiabilt

fhici i speed, cost, etc., because of their highly non-linear
dynamic structure with strong dynamic interactions, the ac motors require more
complex control schemes than the dc motors. During the last three decades, there
has been intense research on the development of ac drive technology. With the rapid

and

developments in the field of power
the cost and performance of ac drives have been improved considerably, which made
ac drives viable alternatives to dc drives in many applications. AC drives have been
used in a wide range of power ratings to date, for both low-performance as well
as high-performance system, and will continue to play a prominent role in drive

applications in the future[l].



Today’s motion control is an area of technology that embraces many diverse
disciplines. such as electrical motors. power semiconductor devices, converter cir-
cuits, dedicated hardware signal electronics. control theory, microcomputers. \'LS!

circuits and sophisticated computer-aided design techniques[2] (Figure 1.1). Each of

the comp disciplines is undergoing an evolutionary process, and is contributing
to the total advancement of motor control technology.

The conventional linear controllers such as PI (proportional - integral). PID
(proportional - integral - derivative) have been used in many applications. However,
since these controllers with fixed parameters are sensitive to plant parameter varia-
tions and load disturbance, performance of the motor drives varies with operating
conditions, and it is also difficult to change controller parameters both on-line and

off-line. Therefore, the fonal linear control

can no longer satisfy

the stringent requirement placed on high-performance drive applications, such as fast

response, loss minimization, fault tolerance, i itivity and rob

In recent years, research papers have extensively discussed the use of modern control
techniques, such as optimal and adaptive control theories, and powerful microcom-
puters, such as the Transputer, in motor drive systems,

Field-oriented control techniques are now being accepted almost universally for
high performance ac motor drives. Compared with the direct field-orientation
method, the indirect field-orientation method avoids the requirement of flux ac-
quisition by using known motor parameters to compute the appropriate motor slip
frequency to obtain the desired flux position. Therefore, this scheme is simple to
implement than the direct method.

Optimal control theory, such as Pontryagin’s minimum principle, or the dynamic



Figure 1.1: Motor control syst: An interdisciplinary technol 2]

programming technique, which is based on extensive iterative computation, can be
generally applied to a single optimal profile of the drive system. The optimal precom-
puted profile can be generated, for example, on the basis of minimum time of transit
or minimum energy consumption subject to a number of control constraints[2].

It is becoming increasingly important to reduce the energy losses in adjustable-
speed electric motor drives of industrial and transportation systems due to the high
cost of energy. Typical field-oriented control of ac motors uses current loop sampling
rates of 5 to 10 KHz. This implies that the controller must process the control algo-
rithms within 100 to 200 us[3]. Modern control techniques, such as optimal control
and adaptive control, can meet the needs of high-performance drive applications,
but the realization of these techniques is generally difficult because of large time-
critical computation requirements. Thus, some interesting architectures of 32-bit

machine such as the Transputer can considerably enhance the capabilities of mi-



crocomp Since the T allows high-resolution signal processing, it is

useful in high-performance drives using modern control theories and is likely to play

bediled |

an i ingly imp role in future i control i

tions{1].

The T is a powerful mi which has been specifically designed
for parallel processing. The speed of parallel processing techniques has the potential
of creating a flexible and high performance controller [4]. Therefore, Transputer-
based parallel processing of high performance ac motor drives can be a good solution
for fast dynamic calculation, flexible architecture and interactive control in order to
achieve both purposes of high performance and lass minimization of ac matar drives.

The aim of this study is to investigate the application of multiple Transputers
in parallel processing of indirect field-oriented vector control employing loss mini-
mization for high performance ac motor drives. A new scheme is proposed based

on the use of a multiple Transputer system for the real-time parallel processing

l ion of the indirect field-oriented control scheme incorporating the loss
minimization strategy. Losses in ac motor drives are studied and verified by ex-

periments. Computer simulation results of trials using five Transputers and results

of experiments using four Ti for parallel ing are p d in the
thesis. It is shown that high performance as well as significant energy savings can
be achieved by the proposed scheme.

This thesis is organized into six chapters as follows:

Chapter 2 presents a review of the previous work on energy efficient control of ac
motor drives as well as the Transputers and parallel processing for ac motor drives.
The fundamental principle of indirect field-oriented control of ac motor drives is also

briefly addressed in this chapter.



In Chapter 3, losses in ac motor drives are studied in detail by theoretical deriva-
tion and experimental verification. The results of the study show that significant
energy savings can be achieved for operation at light torque loads for all speeds.
and for torque loads near the rated value under low-speed operation. An indirect

field-oriented control method incorporating a loss minimization control strategy in

an adaptive control technique is proposed. The model of an ac motor for the field-
oriented control is also presented. It is shown that an indirect field-oriented control
scheme with a variable frequency loss minimization control system can meet the
needs of high-performance drive applications.

Chapter 4 proposes a new scheme of using multiple Transputers for the parallel
processing implementation of the proposed indirect field-oriented control scheme

employing the loss minimization strategy. The fundamental principles of parallel

p ing and the T are . The hard and software details of
a parallel processing scheme using five T800 Transputers are proposed to emulate the
partitioned algorithms for real-time control studies. Execution times of the control
process using one (and five) Transputer(s) are also investigated. It is shown that the
multiple Transputer system can be a good solution for parallel processing to fully
explore the inherent advantages of real-time digital control of ac motor drives.

Chapter 5 provides the digital simulation and experimental results of the pro-
posed Transputer-based parallel processing scheme for ac motor drives. It demon-
strates that the proposed scheme can achieve both the potential for high performance
of ac motor drives and significant energy savings.

In Chapter 6, conclusions and suggestions for further research are made.



Chapter 2

Review of Literature

In this chapter, a survey of previous work on energy efficient control of ac motor
drives as well as the Transputers and parallel processing for ac motor drives is pre-
sented. The survey is divided into four sections: the review of energy efficient control
of ac motors, field-oriented control, loss minimization based on the field-orientation
and adaptive control schemes, and the review of Transputers and parallel processing

for high performance ac motor drives.

2.1 Energy Efficient Control

The subject of how to reduce the energy losses in adjustable-speed ac motor drives
used in industrial and transportation systems has been studied for several decades.

In 1970, Tsivitse and Klingshirn{3} originally i duced the idea of improving the

efficiency of ac motors and showed that the optimum efficiency of ac motor drives
can be found by combination of stator voltage and frequency for a given speed and
load torque. Though they made a lot of assumptions for simplifying the complex

problem, the general trend of their results was correct.



Nola[6][7] further investigated the subject and suggested that energy could be
saved at light load by restoring the proper balance between no-load losses and losses
under load. He introduced a Triac ac voltage controller at the input to a single-phase
motor(8]. When a motor was operating in steady state. the controller reduced the
motor voltage as a function of load (stator current), consequently reducing the air
gap Aux density, iron loss, magnetizing current and stator copper loss. The success
of this technique was simplicity of both the control strategy and the converter, and
effective for motors that operate with a varying load torque.

Galler(9] proposed a. feedback control system for energy efficient control of an
induction motor driven vehicle. The block diagram of the system is shown in Figure
2.1. He used a linear torque control technique and linear optimal control method
ller. Simul results were

in the devel of a mini energy loss

presented to show that the scheme could improve the energy utilization by the use
of maximum efficiency slip frequency. But he neglected the core losses, and his
technique relied heavily on the knowledge of the component values of his equivalent
circuit of the induction motor.

Jian et al.[10] studied the relationship between maximum efficiency and motor
slip. They used the motor slip as a control quantity and showed that with a linear
model of ac motor, there exists for all values of the load torque a unique value of
the slip which maximizes efficiency. However, their model did not account for the
influence of saturation on the motor parameters.

In 1983, Kusko et al.[11] presented a general survey reporting theoretical anal-
ysis of the loss minimization in ac motor drive systems. They proposed that the

maximum efficiency could be achieved at any speed and torque operating point by



enforcing a precalculated relation between three miotor variables: stator voltage,
stator frequency and slip. They also suggested an open-loop controller as given in

Figure 2.2, Their controller tried to solve the optimization problem, and stred

the power input to the drive and adjusted the output of the controller until the
optimum point was reached. Although a solution to the loss minimization problem
was achieved, they also neglected the influence of saturation.

Park et al.[12] calculated a sub-optimal value of the slip frequency for a slip
controlled current source inverter to achieve the maximum efficiency of ac motor
drives. They also calculated the relationship between the de link current and the
slip frequency, which minimizes the motor losses at light load. The experimental
results obtained with this system showed substantial power savings.

Park et al.[13] reported the use of microprocessor for optimal efficiency drives.
Their scheme was designed to operate at the optimal efficiency slip tracking by
adjusting the voltage to frequency ratio. All the control loops in the scheme were

1 d using Z-80 mi

Recently, Famouri et al.[14] presented a practical adaptive control method for loss
minimization control of induction motor while maintaining any particular torque-
speed load point. Figure 2.3 shows the block diagram of the adaptive controller.
This method was suitable for nonlinear torque-speed characteristics, such as a fan
or pump load.

Since the field-oriented control of ac motor drives can decouple the two compo-
nents of stator current and provide independent control of torque flux as in sepa-
rately excited dc motor, it can achieve both satisfactory steady-state and transient

performance. Comparing direct and indirect field-oriented methods, the later is con-
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Figure 2.1: Block diagram of the vehicle propulsion and control system. [9]
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Figure 2.2: Block diagram of the open-loop minimum-loss controller. [11]
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Figure 2.3: Block diagram of the adaptive controller. [14]

sidered as the most practical system due to its various merits such as no required
flux sensor and higher reliability of flux measurement, etc.

In the next section, the fund | principle of the ional field-oriented

drive system is briefly discussed. More papers concerning field-orientation hased

loss minimization control will be reviewed in Section 2.3.



11

2.2 Principles of Indirect Field-Oriented Control
of AC Motors

Field-oriented control techniques are now being accepted almost universally for
high performance ac motor drives. Such control methods were developed in Ger-
many in the carly 1970’s. Blaschke[15] originally introduced the direct method of
field-oriented control and Hasse[16] developed the indirect method. Numerous con-
tributions have been made in these areas to date[13]-[43].

The concept of field-oriented control is based on decoupling the stator current

into torque and izi to give the of dc motor con-

trol characteristics. Vas[40] discussed in detail three types of field-oriented control,

namely, the rotor-flux-, the stator-flux-. and the izing-fl iented control
including the details of the direct and indirect implementations.

Since the general principle of field-oriented control is well established in the
literature, only the the basic equations of the control methods are presented here.
The more detailed expression and derivation of the principles can be found in several
related references [40] and [41].

It is well known that an ac motor can be represented by the following nonlinear
dynamic differential equations in d — q axes fixed in the stator with the reference
axes rotating at synchronous speed w,:

d),

gy = Ryigs + TZ + wikds (2.1)

) d),
udy = Ryiqy + 7"' = wides (22)



0= Reip + %’ +(wy =) A (2.3
0= Rig + d"};" = (s = wr)Agr (1)
Mas = Laigs + Lniyr (25)

Ms = Lyigy 4 Linia, (2.6)

Ner = Limigy + Lyiqr @7

Mr = Lmids + Lrise (28)

T.= LL—:‘(,\,,;‘,, = Agrids). (2.9)

If the rotor flux vector is entirely aligned with the d-axis, then the rotor flux has

only a d-axis component. That is,

A =0 (2.10)
Thus, equation 2.7 becomes

i L,

= -L—"'I,. (2.11)

Substituting equation 2.10 into 2.9 gives,

Tamitmyis @12)
L,



Equations 2.4, 2.3 and 2.10 yield a relation between 4, and Ay

(R + %Jz\«, =Rl (213)

Equations 2.12 and 2.13 completely describe the dynamic behaviour of the ac motor.

In the steady state, equation 2.13 becomes,
Adr = Liigs (2.14)

Substituting equation 2.14 into equations 2.9 gives,

L L?
To = P hgrig = —Riggigs. 2.15]
o= T Narles = Phisia (2.15)

Equation 2.15 is similar in characteristic to dc shunt motors in which torque and
flux can be controlled by i4, and i, respectively.

Equations 2.3 and 2.11 give the value of slip frequency needed to keep this
orientation of the reference frame. Substituting equations 2.10 and 2.11 into 2.3,

and assuming constant iy, the relation for the slip frequency can be cbtained,

R,

Ln Rei, i
i = (=) = P2 = () (2.16)

The implementations of field-oriented control of ac motor drives are classified
according to the method used to realize the orientation condition, equation 2.10. In
the indirect field-oriented control, measured values of w, and i, are used to calculate
the stator frequency w, from equation 2.16. This particular choice of instantaneous
stator frequency aligns the d-axis of the reference frame with the rotor flux and

equation 2.10 results.



Two types of typical indirect field oriented control system are shown in Figures
2.4 and 2.5. Figure 2.4 is commonly used for a controlled current source, and figure
2.5 is used for a controlled voltage source.

In field-oriented control systems, the flux command iJ, is commonly kept con-
stant to maintain a constant flux level. A speed (or position) loop is used that
regulates the torque command i, to obtain proper torque to satisfy the output

speed (or position).

2.3 Loss Minimization Based on Field-Oriented
Control

Several papers ing field-ori ion based loss minimization control have

been published.

In 1983, Peak et al.[44] designed a sub-optimal control strategy to reduce the
total losses in a field-oriented induction motor drive systems. They analyzed in
detail the losses in the ac motor and the current-fed PWM inverter, and calculated
a sub-optimal value of the slip frequency and hence a flux versus torque program
for the drive system.

Kim et al.[46] presented an optimal efficiency drive scheme for a current source
inverter-fed induction motor by flux control. The efficiency can be substantially
improved when the motor is running under light loads. The air-gap flux can be
indirectly controlled by adjusting the stator current and slip frequency in the drive
system. But their schemes required an accurate knowledge of the motor parameters

as in [9][11]{13][44] and (45]. Because maximum efficiency slip is more sensitive to
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Figtire 261 Block diagtam sepresentation of the prototype systers (H.ES: Hall
effect sensor, FRST: Flux reset command).[47]

the value of rotor resi: and dynamic of its value is quite difficult,
and the implementations of their schemes are not easy.

Using a direct measurement of the power input and an acaptive control strategy,
Kirschen et al.[47] described the implementation of a testing or perturbing controller
for minimum loss operation of an indirect field-oriented controlled induction motor.
The block diagram representation of the prototype system is shown in Figure 2.6.
The principle of the scheme was that for a given load, if the shaft torque or speed is
maintained constant, the efficiency of the drive would be maximum when the power
measured at the input of the system was minimum. This scheme did not require
knowledge of the machine parameters and it yielded a true optimum at any load
torque and speed. Two Intel 8085 microprocessors were used for the implementation,

and because of the limitation of the sampling cycle, it was difficult to achieve a high



perf of field-oriented lled motor drive system.

There have been several papers recently published on the subject. Chen et
al.[48) applied variable-voltage variable-frequency (VVVF) for the open and closed-
loop efficiency analysis and experiment of ac motor. Dynamic programming schemes
were used by Lorenz et al. for optimum efficiency closed-cycle operation of field-
orientation ac motor drives(49], and for optimally selecting the minimum size ma-

chine and/or obtaining optimal time from a given

Stringent performance requirements for high performance ac motor drive appli-
cations are difficult to achieve using conventional microprocessors because of the
limitation of their sampling rate. Transputer-based parallel processing in ac motor
drives provides fast dynamic calculation thus allowing complex and efficient loss

minimization strategies to be impl d in high perf licati

2.4 Transputers and Parallel Processing for AC
Motor Drives

The Ti is a powerful designed for parallel

processing. Several researchers have recently focused their efforts on transputer-
based parallel processing for electric motor drives. In 1988, Jones et al.[50)[60]
originally presented a scheme which used Transputers for ac motor control. They

divided the calculations of the control algorithm into three independent parts:

L. voltage generation,

2. current transformation and control, and
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Figure 2.7: Tasking scheme for motor control (with transputer mapping for vector
control) [64]

3. decoupling computation and speed control.

These three parts were processed in parallel over two or three transputers and
the sampling time of the current loop was 250 ps.

Asher et al. [64] developed a parallel processing scheme which used two T212
and one T400 transputers for the implementation of vector control schemes, includ-
ing two methods of PWM generation. The proposed general motor drive tasking
scheme is shown in Figure 2.7. The low level in the figure consists of signal input,
conditioning, control processing and actuator output for the power convertor. The
next level covers the drive's intelligence, supervision and memory. The highest level
is user input/output.

They implemented three indirect vector control schemes, namely,

1. impressed stator voltages with open-loop stator dynamic compensation,



19

impressed stator voltages with current control. or the current-controlled 1'-

type[23], and
3. impressed current method or I-type[26].

Figures 2.8 and 2.9 show the implementations of transputer-based V-type (Meth-
ods 1 and 2) and I-type vector control strategies (Method 3), respectively.

In their implementations, the Transputer 1 (T'1) is a T414 mounted on a B004
board resident in an expansion slot of an IBM AT host computer. It works as
a “supervisor” and oversees diagnostic storage and user interface, the parallelism
allowing transient performance data to be passed to the host for display, while refer-
ence and control parameters can be user input and passed to the control transputer
also during drive operation. The host computer acts as a file handler and editor.
The Transputers 2 and 3 (T2 and T'3) handling the control and actuation are 16
bit T212 devices. T2 handles speed and line current acquisition, speed control, slip

for itoring. Speed

and current

and inverter r
is sampled every 5 ms while currents are sampled at 250 s for all the three meth-
ods. The outputs of T2 are the inverter frequency f, and the reference d— and
q—axis voltages, and these are transmitted to T3 every 250 ps. T'3 implements an
asynchronous symmetrically sampled PWM generator running with a 2 kHz car-
rier, with the modulating waveforms being derived from the 2-3-phase transforms.
Sine and cosine lookup tables are stored in internal RAM and the transputer is fast
enough to compute pulsewidths in real time, making for a highly programmable
PWM generator. The pulse times for 3 phases are downloaded via link adapters to

three 16 bit counters for PWM waveform synthesis.
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Sampling times in the above schemes are too large, and it can be reduced by
applying several methods, for example, using newer enhanced Transputers such as
the T424 and T800 with a serial link speed of 20 Mbit/s, instead of the T212 they
used, which operates at 10 Mbit/s.

Harley et al. [3] proposed a three transputer-based parallel processing for a field
oriented controlled ac servo drive. They investigated how the field-oriented control
scheme and space vector modulation algorithm can be partitioned for parallel pro-
cessing, then increasing the system’s sampling rate and trying to add other features
for enhancing the drive system, The diagram of the controller and the software
distribution is shown in Figures 2.10 and 2.11, respectively.

The implementation of the hardware, which is an AIL (analog in loop) system
developed by Stellenbosch University in South Africa, has some problems, since the
AIL system has a limited sampling delay of 125 s per channel. Therefore, the AIL
system is not suitable to implement control systems of the required bandwidth, due
to slow I/O and poor interrupt facilities.

1n 1991, Harley et al.[4] addressed some issues in the use of the transputer for
real-time applications of a high performance ac motor drive. These issues included
event response times, scheduling strategies, I/O and real-time kernel performance.
They were still trying to make the real-time kernel to form a platform to support
a highly programmable and configurable drive controller, including features such as
parameter sampling and user interaction, which were required in high performance
ac drive controllers to facilitate, fault tolerance, self-tuning and user friendliness.

Li [43] proposed a scheme using five transputers for parallel processing simula-

tion of indirect field-oriented control of an induction motor. Based on simulation
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trials, measured execution times showed that his scheme could achieve very short
processing times thus meeting fast dynamic control demands. Certain fault’ toler-
ance tests for Transputer communication link failures or processor failures were also
teported.

Bowes et al. presented two transputer-based control schemes for inverter drives.
One was for harmonic-elimination PWM control [67) and another was for optimal
PWM control [68]. In [67], the authors used the INMOS transputer-based par-
allel processing for a new harmonic-elimination PWM strategy for ac drives, and

hasized the ing ability of the for PWM gen-

eration. Experi ] results of lled PWM inverter driver were

presented there. In [68], the implementation of the INMOS transputer-based opti-

g

mal PWM strategy for invert. motor drive system were add d. Liand

Venkatesan [69] proposed a new simulation scheme of five based parallel
processing for indirect field-oriented control of ac motor.

It can be seen from the survey of previous work that, due to the high cost
of energy and the needs of high performance of ac motor drives, it is necessary

to develop a T based parallel ing scheme for field-oriented control

incorporating loss minimization for ac motor drives. This subject will be discussed

in detail in the rest of the thesis.



Chapter 3

Loss Minimization Control of AC
Motor Drives

From the previous chapter, we know that significant energy savings of ac motor
drives can be achieved by several schemes. In this chapter, losses in ac motor drives

b | derivation and i I results. Since

have been studied in detail by
the maximum efficiency of ac motor drive is a complex function of the motor parame-
ters, it is therefore necessary to apply an adaptive controller to achieve the efficiency
optimization. It is also shown that a proposed loss minimization control scheme,
which incorporates - 1 adaptive control technique in an indirect field-oriented control
method, can achieve the aim of significant energy savings for ac motor drives. The
model of an ac motor are briefly addressed and the parameters of the ac motor for

the experiment are also calculated in this chapter.

3.1 Losses in AC Motor Drives and Loss Mini-
mization

Consideration of motor losses is important for at least three reasons(37]:

24



o Losses determine the efficiency of the motor and appreciably influence its op-

erating cost;

o Losses determine the heating of the motor and hence the rating or power

output that can be obtained without undue deterioration of the insulation:

o The voltage drops or current components associated with supplying the losses

must be properly accounted for in a motor representation.

Motor efficiency is given by

output

Efficieney = 20 (3.1)
which can also be expressed as
2 _ input — losses _ losses
B ficiency = LI = 1 - 0 (3.2)
or
.. output
Efficiency = (3.3)

output + losses
In general, there are several kinds of losses in an ac m-tor, and they can be
y

categorized into three parts as follows:

o The copper losses in stator and rotor windings, and the stray-load loss. These

losses are proportional to the square of the rotor current;

© The iron loss which is caused by hysteresis and eddy currents, and the me-

chanical losses due to friction and windage;

o The effect of some other nonideal factors, such as saturation, skin effect and

source harmonic.
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This section details losses in ac motor drives and demonstrates by theoretical

derivation that potential energy savings can be achieved.

3.1.1 Potential Energy Savings

The behaviour of an ac motor drive can be described by three independent
variables, namely, the speed N, the terminal voltage V and frequency f,. and by
the parameters of the motor and its power supply. In a field-oriented control scheme.
the speed of the ac motor is adjusted by voltage, current and/or frequency. The loss
minimization of the drive and potential energy savings can be found at any speed
and torque operating point.

Figure 3.1 shows the steady state speed versus torque characteristics for a given
operating point, and Figure 3.2 shows the efficiency and loss curves for a particular
operating point. It can be seen from the figures that for each load speed and torque,
there exist many different combinations of stator voltage V and stator frequency f, in
an induction motor operating in the steady state at an output power characterized
by a speed w, and a load torque Tj. The efficiencies are different for different
combinations and the minimum power input to the ac motor must exist among all
the possible solutions.

The power input to a motor can be minimized for a given speed and torque load,
if a proper balance is established within the various losses. The flux level must be
at the center of this optimization process. The core loss is directly a function of
the flux, and flux variation changes the amount of current for a given torque, thus
affecting the stator and rotor losses.

Kusko et al.[11] examined the general problem of loss minimization and described
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qualitatively the nature of the solution. They used the equivalent circuit of Figure
3.3 to derive the total controllable loss P, and showed that P, is a function only of
the frequency for a given speed and torque.

Assuming that the friction, windage and the stray load losses are independent
of torque at constant speed, the stator and rotor copper losses and the core loss can
be minimized at a given torque because they are controlled by the stator voltage
and frequency. Using equivalent circuit (Figure 3.3) of the ac motor, the total
controllable loss P, which includes rotor and copper loss and core loss, can be

expressed as:



“m!

=L Ry + L Ry + B2 (3.4)
Equation 3.4 can be rewritten as:
e [lZ’;TZ'" Ri+| 2 Z’" Zn Z’| R ] (3.5)

where the impedances are as defined in Flgure 3.3. Z, and Zr are functions of the
frequency and the slip, hence P, is a function of V, f, and N.
For steady state, we assume that the speed V be constant. That is to say, only

fs and V can be varied to reduce the loss. For a given speed and torque operating

point, f, and V are dependent. This dependence is exp as,
T =f(V.fsN) (3.6)
or
T=Vfr(fuN) @67
and
T
Vie ——0. 3.8
Jr(fu N) @8)
Equation 3.8 can be expressed in terms of the motor parameters (from Figure
3.3) as,
Tw,
Vie |27 g
N,k Ra Z (3:9)

Inserting equation 3.9 into equation 3.5, the controllable loss is obtained as,

P.=2__._____”TU‘;2;‘N/“” [|Z’+Z |R Ry +|R'1 (3.10)
b
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The expression shows that the controllable loss P is a function only of the
frequency for a given operating point.

Figure 3.4 shows the behaviour of P, for a 100-hp motor at constant speed and
torque, where the voltage is varied as shown to maintain constant torque. It is clear
that there is a minimum loss point at 61.4 Hz.

Now, we can try to achieve the minimum P; by setting equation 3.10 as,



lﬂFx( T.fY)

=0 (3.11)

Solving equation 3.11 for f, as a function of torque T and speed ., the minimum
loss operation can be achieved. But this equation is too difficult to solve. We have
to neglect the core loss in equation 3.11 in order to simplify the problem and obtain
a closed-form expression. Then the solution to equation 3.11 « 1n be achieved as,

1 RiR}

N
fo=003 40

Finally, the numerical results of the frequency for loss minimization can be ob-

(3.12)

tained as

f, =so% +aN +8) (3.13)

where @ and b are constants. The first term in equation 3.13 corresponds to the rotor
speed and the second term s a linear function of the slip frequency which varies with
motor speed. If a = 0, it means that the frequency for minimum loss is that the
slip frequency f, isa constant. The constants @ and b can be found numerically and
programmed into a controller. Due to the use of linear motor model, equations 3.12
and 3.13 are not functions of torque T', and the values of the components in Figure
3.4 are functions only of N and f.

Figures 3.5 and 3.6 show the loss components and total controllable loss for
an induction motor (75 kW) at 1.0 pu (1800 rpm) speed and variable torque. An
open-loop minimum loss controller is applied for the demonstration. Figure 3.5
shows the losses for conventional operation, in which the voltage and frequency are
adjusted together (constant V/ Hz), As the figure shows, the largest loss component

is the core loss P, as the torque is reduced. Figure 3.6 demonstrates the losses for
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minimum loss operation. The voltage is reduced as the torque is reduced. The loss
components remain in balance: core loss equals stator plus rotor copper losses.
Comparing Figure 3.5 with Figure 3.6, we can find that the total controllable
losses P, in the former vary from 17 kW at 1.0 pu torque to 6 kW at 0.2 pu torque,
as well as P in the latter vary from 15 kW at 10 pu torque to 3 kW at 0.2 pu torque.
These figures also demonstrate that if the loss components remain in balance (e.g.
core loss equals stator plus rotor copper loss), the loss minimization operating point

can be achieved.

3.1.2 Losses in AC Motor Drives

Since the losses in ac motor drives is a complex problem, it is difficult to com-
prehend the problem intuitively. If some nonideal factors, e.g. core saturation, skin

effect and source harmonics, are taken into account, the'mathematical relations be-

come highly involved. Several hers h died this problem([57) [48]. Usinga

modified equivalent circuit of i motor, Kirschen[57] developed a steady state
equivalent circuit which includes saturation, stray load losses, harmonic losses, skin
effect in the rotor bars and the dependence of the core losses on frequency. Figure
3.7 shows the equivalent circuit. In the following, we discuss further the losses in ac

motor drives. More details concerning this subject can be found in [34] [38] and [57].

A. Core losses
The core loss is the sum of the eddy current losses and the hysteresis losses in
the stator and rotor of an ac motor. The expression for the eddy current losses in

the stator can be described as,
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W, = Bef*0* (3.14)

and the hysteresis losses in the stator as,
Wha = Bufo" (3.15)

where,
 — airgap flux.
n — empirical coefficient varying between 1.5 and 2.5.
d. — per-unit stator eddy current loss at rated frequency and 1 p.u. airgap flux.
By — per-unit stator hysteresis loss at rated frequency and 1 p.u. airgap flux.
Here j3, and f are dependent on the type of magnetic material and proportional
to the volume of the stator. Replacing the stator frequency f by the rotor frequency

sf, the eddy current loss in the rotor can be obtained as,
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Wer = 3(s/)?" (3.16)
and the rotor hysteresis losses is given by,
Whr = ghsfe". (3.17)
Assuming n = 2, the total rotor core loss is obtained as,
Wi = Wer + Wae = 34(1 +9) [0 + Be(1 + 8) f2? (3.18)
B. Saturation Effect

Since the magnetic materials in motors are not ideal, an increase in flux results

in a decrease in the magnetic permeability. C ly, the effecti of the

magnetic material contributing to the overall flux density in the motor decreases.

The influence of ion on motor is i duced in the form of cor-

rection factors on the iz and the equivalent core loss resist

In order to incorporate the effect of core saturation in the analysis, the circuit pa-
rameters Ry, and X, in the equivalent circuit are evaluated by no-load test for the
range of airgap flux level under consideration. Figure 3.8 shows the experimental

results for the saturation coefficients Cym, Czm of Rm and Xm[56].
Crm = =0.5895(fluz)*~0.0088( fluz)*+0.2882( fluz)*+0.7983( fluz)+0.47 (3.19)
and

Cim = —4.8156( fluz)* + 10.4226( fluz)® - 9.27(fluz)? + 3.831(fluz) + 0.6825.
(3.20)
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Figure 3.8: Saturation coefficient curves.[56]

C. Harmonic Losses

Voltage and current harmonic losses in ac motor drive are due to the non-
sinusoidal nature of the pulse width modulation (PWM) inverter output waveform.
The harmonic losses in the steady state can be calculated by the Fourier series
method with an equivalent circuit at each frequency until the contribution of the

higher h ics becomes negligible. The b ics occur at the positive and neg-

ative sequences of the k-th order, where k = 6n = 1 with n = positive integers. The

harmonic slip of the k-th order Sk thus is,

_ Ekf-F 1-s

Si= St ere 2 (321)
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where f, is the mechanical speed. The negative sign applies to the forward ro-

tating harmonic fields and the positive sign to the backward rotating harmoriic field.

D. Skin Effect

When the alternating current travels through the conductor, the cross effect of
the magnetic and electric fields will cause the current to concentrate its density
toward the surface. The higher the input frequency, the more pronounced the skin
effect will be.

Skin effect influences the value of the rotor resistance and leakage reactance and
could have a significant impact on the motor losses(84]. For caged induction mo-
tors, skin effect will result in the increase of rotor resistance and decrease of rotor
inductance with slip frequency. The benefits are the increase of the starting torque

and the reduction of the copper loss in the rotor at steady state{52].

E. Stray Load Losses

Stray load losses consist of the losses arising from nonuniform current distribu-
tion in the copper and the additional core losses produced in the iron by distortion
of the magnetic flux by the load current. The stray load losses have only a small
impact on motor performances when supplied by a sinusoidal source. But their in-

fluence becomes more signifi

and ble to the | ic copper losses if
the motor is fed by an inverter[84]. Honsinger(18] suggested a model of these losses
using resistances connected in parallel with the stator and rotor leakage reactances.

He showed that at the fund 1 fi the additional losses are small (about

1 % of rated output power) and concentrated in the stator since the slip is small.



Using a numerical search procedure, Kirschen et al. [47] calculated the com-
bination of stator voltage and frequency which produces the minimum amount of
losses for a given value of speed and load torque. Figure 3.9 presents the difference
between the power input obtained with conventional constant volts per hertz con-
trol and the minimum power input at various load torques and speeds for a specific
7.5 hp motor. Figure 3.10 shows the same data in terms of the relative reduction
in losses. Figures 3.9 and 3.10 demonstrate that when motors operate outside the
rated load condition, the losses are higher, and therefore the most significant energy

savings can be obtained at light loads.

3.2 Experimental Results of the Losses and the
Parameters in an AC Motor

According to references [36] [37] and [38], the procedures of no-load and blocked-
rotor tests for ac motor are addressed in this section. Thus, experimental test results
are presented to calculate the parameters of an ac motor for the experiment and to

study the losses in the motor.

3.2.1 Procedures of No-load and Blocked-Rotor Tests

From no-load and blocked-rotor tests, all values in the equivalent circuit of an

induction motor in Figure 3.11 can be obtained.
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Figure 3.11: Equivalent circuit of an induction motor.

No-Load Test

The no-load test on an induction motor gives information with respect to exciting
current and no-load losses. The test is ordinarily done at rated frequency and with
balanced polyphase voltages applied to the stator terminals. Readings are taken at
rated voltages, after the motor has been running long enough for the bearings to be
properly lubricated. The total rotational loss at rated voltage and frequency under
load usually is considered to be constant and equal to its no-load value.

At no load, the rotor current is only the very small value needed to produce
sufficient torque to overcome friction and windage. The no-load rotor I?R loss

therefore is negligibly small. The rotational loss Pr for normal running conditons is

Pa=Pu—-ql}R, (3.22)

where P, = total polyphase power input at no load
Iy = current per phase at no load

@1 = number of stator phases
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R, = stator resistance per phase

Because the slip at no load is very small, the reflected rotored rotor resistance
2 js very large. The parallel combination of rotor and magnetizing branches then
becomes j.X,, shunted by a very high resistance, and the reactance of this parallel
combination therefore nearly equals X,. Consequently the apparent reactance Xy

measured at the stator terminals at no load very nearly equals X, + X,, which is

the self-reactance Xi; of the stator, that is

Xu=X+X, =Xy (3.23)
The self-reactance of the stator can therefore be determined from the instrument
readings at no load. For a 3-phase ac motor with star-connection, the magnitude of

the no-load impedance Zy; per phase is

Vau
Zni = —— 3.24
"= Al (3.29)
where V,; = line-to-line terminal votage in the no-load test.
The no-load resistance Ry is
Py
Ru = 30 (3.25)

and
Xu=\/2} - Ry (3.26)
Usually the no-load power factor is about 0.1, so that the no-load reactance very

nearly equals the no-load impedance.



Blocked-Rotor Test

The blocked-rotor test provides information on the leakage impedances. The
rotor is blocked and balanced polyphase voltages are applied to the stator terminals.

The leakage impedance of an induction motor may be affected by magnetic sat-
uration of the leakage-flux paths and by rotor frequency. The blocked impedance
may also be affected by rotor position, although this effect generally is small with
cage rotors. The blocked-rotor test should be taken under conditions of current and
rotor frequency approximately the same as those existing in the operating condition.

A frequency of 25 percent of rated frequency is suggested in [36]. The total
leakage reactance at normal frequency can be obtained from this test value by con-
sidering the reactance to be proportional to frequency. The blocked impedance can
be measured directly at normal frequency.

If the exciting current is neglected, the blocked-rotor reactance Xpi, corrected to
normal frequency, equals the sum of the normal-frequency stator and rotor leakage
reactances X, and X,. The performance of the motor is relatively little affected
by the way in which the total leakage reactance X, + X, is distributed between
stator and rotor. Table 3.1 shows the empirical distribution of leakage reactances in
induction motors.

The magnetizing reactance X, can be obtained from the no-load test and the

value of X, as

(3.21)

Because K, can be considered as its dc value, R, then can be calculated as

follows.
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Table 3.1: Empirical distribution of leakage reactances in induction motors. [36]
Fraction of

Motor class Description
A Normal starting torque, normal starting current
B Normal starting torque, low starting current
c High starting torque, low starting current

High starting torque, high slip

Wound rotor

From the blocked-rotor test, the blocked resistance Ry can be computed by
means of a relation similar to equation 3.25. The difference value R between the
blocked resistance Ry and the stator resistance R, can be determined from test
data. That is

R=Ry-R, (3.28)
From the equivalent cicuit (Figure 3.11), with s = 1, R is the resistive part of
the combination of R, + jX. in parallel with jX,; thus
2
R=R, m: o :R,(.‘:—;) (3.29)
where Xy, = X, + X, is the self-reactance of the rotor. if Xy, is greater than 10R,
as is usually the case, less than 1 persent error results from using the approximate

form of equation 3.29. Substituting it into equation 3.28, R, can be obtained as,

R.=R (—"—’3) =(Ry~R )(X") (3.30)

From the equations 3.22 - 3.30, all the parameters in the equivalent circuit of

the induction motor (Figure 3.11) re obtained. These parameters can be used to
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compute the motor performance under load. In Chapter 5. these parameters will
be used in real-time control of the indirect field-orientation scheme employing loss

minimization strategy.

3.2.2 Test Results of the Parameters and the Losses in an
AC Motor

According to the testing procedures addressed above, experimental results are
presented to calculate the parameters of an ac motor for the experiment and to

study the losses in the motor as follows.

Parameters of An AC Motor

The nameplate data of the tested motor are list in Appendix A-1. Using Type
2503 Digital AC Power Meter and 8010A Digital Multimeters, several test data are

obtained as follows:
1. Test 1: No-load Test at 60 Hz:

Applied voltage Vi = 208 V, Average line current Iy = 2.93 A,
Power P = 429 W, Speed = 1792 rpm.

2. Test 2: Blocked-Rotor Test at 15 Hz:
i=5V, I=1402 A, P =885 W.

3. Test 3: Blocked-Rotor Test at 60 Ha:



Vi =208 V. I=41535 A, P =374 W.

1. Test 4: DC Resistance Per Stator Phase:

Using H P 4328A millioh the average dc resi per stator phase is

measured as:
R, = 1.04 ©2 / phase (Y connection)

Based on the above test results and the equations 3.22 - 3.30 as well as Table
3.1, all the parameters in the equivalent circuit (Figure 3.11) are calculated:

From Test 1 and equation 3.22, P=3LW.

From Test 1 and equations 3.24 - 3.26,

Zy = 41.00 /phase Y, R = 16.66 0, Xu = 3746 Q.
From Test 2,
Zy = 2.14 Q/phase at 15 Hz, Ry = 1.50 Q, X, = 153 Qat 15 Hz,

and Xy =6.12 Q.
As usual, we choose the motor with normal starting torque low starting current

type. According to Table 3.1, this is design class B, thus,
X, = 2.448 Q/phase, X, = 3.672 Q/phase,

and by equation 3.27, X, = 35.5 Q/phase.

From test 4 as well as equations 3.28 and 3.30:
R = 0.46 Q/phase, R, = 0.562 Q/phase.

The equivalent circuit parameters of the motor are listed in Appendix A-1.



Losses in An AC Motor

1. Test 1: Test with Mechanical Load:
Vi =208V, I=336A, P=615W, Speed = 1785 rpm.
Since the power of no-load test is 429 W, the mechanical load T, is

T =615 - 429 = 186 W.

©

Test 2: Power Input for Different Speeds:

Figure 3.12 shows the test of the power input for different speeds of the ac
motor w..n mechanical load and 420 W electrical load. The input voltage is
reduced as the speed is reduced. The speed is changed from 866 rpm (The
supply frequency is 30 Hz.) to 1723 rpm (This is rated speed.). The figure
shows the input power varies from 909 W to 1939 W,

-l

Stator IR losses: 129.6 W.

ol

Air-gap power Fy: P, = 8745 - 129.6 = 8615.4 W.

o

Caculated Internal Starting Torque Tytaret
Since w, = 188.5 rad /s, Toart = Ef =457Nm.

In Chapter 5, some more test results are presented.
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Figure 3.12: Power input for different speeds
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3.3 Loss Minimization of AC Drive System Us-
ing Adaptive Controller

From the previous analysis and experimental results we can conclude that signif-
icant energy savings can be achieved, if an ac motor works at the optimal operating
point. However, the optimal combination of airgap flux and slip frequency (and
hence of stator voltage and frequency) is a complex function of the load torque and
speed as well as the motor parameters.

Since the objective of optimal control is to minimize the losses for a given output
power. the best results can be obtained when the input power is measured and
considered as the controlled variable. But conventional feedback control system
cannot solve the complex problem, because there is no an input power signal as one
of the system’s input reference values. Therefore, in order to achieve the efficiency
optimization, it is necessary to apply an adaptive controller, which is able to adjust
an actuating variable until it detects a minimum in the input power.

Figure 3.13 shows a simple block diagram of the proposed loss minimization
control system which incorporates an adaptive control technique in an indirect field-
oriented control scheme(53].

In this section, the model of an ac motor is briefly addressed. The operation of
field orientation with variable flux control system, and the proposed loss minimiza-
tion control system which incorporates an adaptive control technique in an indirect

field-oriented control scheme are further discussed.
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Figure 3.13: Brief block diagram of the loss minimization control scheme.



3.3.1 Modelling of Indirect Field-Oriented Control of an
AC Motor

For analyzing the field orientation of ac motor drives, it is useful to digitally
simulate the overall ac motor control schemes. Hence, it is necessary to obtain a
rnodel of the ac motor. The electrical dynamics of an ac motor can be represented
by a fourth-order nonlinear equation which may be either in a stationary reference
frame (Stanley equation), or in a synchronously rotating reference frame(25].

Several researchers have studied the subject of models of ac motors and/or field
orientation of ac motor drives [20](28][31]32](35] and [43]. In the following, a model
of field-oriented control of a voltage-fed ac motor for simulation is derived, which is
referred from [43].

Usually, the motor model is represented in the two-axis system, a-g reference

frame. An N-pole induction motor with a short-circuited rotor circuit is character-

ized by the following equations:

Ua R, +pL, 0 M 0 2
ug | _ 0 R, +pL, 0 M ig (331)
[ M w,M R +pL, wlL, lar :
0 —w, M pM -w,L. R +pL, igr

Jdor g™ (3.32)

ny dt ny

3 o s
= EMn,,(:ma, —dadpy) (3.33)

d s
E% =Ug ~ Ryia (3.34)
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where:
e Lowcg = Mitr
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In the indirect field-oriented control, the required stator voltages u, and uj are

obtained by the following coordinate transformations:

ug | _ [ cosB, —sind, ugy
[is]= e =i L] 030
Three phase variables in ac motor can be easily transformed from two axes

variables by the following transformations:

Ua 10 .
=|-1 & Gl .
HREEAE s
2 2

The stator current i, and i3 in the a — 3 reference frame can be transformed
to field-oriented unidirectional quantities ig and i, with the following coordinate

transformations:

% 10 o [k
BRTRY R
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The frequency and phase of the voltage components u, and u; in the station-
ary reference frame for establishing the required rotor flux and stator current are
controlled by the slip frequency e, which can be calculated from equation 2.16.

The time domain model for indirect fi=ld-oriented control of ac motor - equations

3.31 to 3.38 -, and coordinate transformations - equations 3.39 to 3.42 - are nsed

for digital simulation of the proposed loss minimization control scheme,

3.3.2 Field-Orientation with Variable Flux Control

Significant energy savings have been reported to date for operation at light
torque loads at all speeds, and for torque loads near the rated value under low-
speed operation.

The flux level must be reduced when the motor runs at light loads. This is
different from the conventional field orientation, where the sole function of the flux
regulator is to maintain the rotor flux as close as possible to its rated value. Since
the rotor flux remains constant, the torque follows instantaneously and exactly the
variations of the g-axis component of the stator current. However, the quantity of
rotor flux affects directly the repartition of losses and is simply related to the d-axis
component of the stator current. Therefore. it also can constitute an excellent tool
for improving the efficiency of ac motor drives, Equations 2.13 and 2.14 reveal the
relationship among these quantities.

But the reduction of the flux level slows down the system response to a load

change and decreases the peak torque that can be developed by the motor. This
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Figure 3.14: The optimal efficiency curves of dg frame for nonideal cases (saturation.
harmonic, skin effect) included. [48]

problem must be solved properly if the system is to maintain high dynamic perfor-
mance.

Based on equation 2.13, the relation between the torque current and the rotor
flux was found and shown in Figure 3.14 with the torque as a parameter(48]. The
figure shows the required torque current and rotor flux for various rotor speeds
obtained from computer simulation taking nonideal effects into consideration. The
corresponding field and torque currents are given in Figure 3.15. Figures 3.14 and
3.15 show that to control an ac motor from one set of torque and speed to another
using field orientation for optimal efficiency at steady state, requires not «: fy to
change the torque current I;,, but also the field current Iy,

Therefore, for the loss minimization scheme which i the control of
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field enrrent with field orientation. the flux level to assure sufficient torque and
fast response in transient state must be considered. When a large increase occurs

in torque due to a light load. low flux. maximum efficiency operating point can be

achieved only by i ing both the g-axis of stator current and the rotor
flux. The speed of response of the g-axis stator current is only limited by the poles
of the regulator and by the inverter voltage available to force a current through the
stator circuit. Equation 2.13 also shows that the flux response involves the rotor time
constant L,/R, in addition to the limitations of the current regulator. In Chapter 5.
this subject will be discussed further. and simulation as well as experimental results
will be presented to show how the problem is solved.

Several closed-loop loss minimization control schemes have been presented to
date, such as Figures 2.6 and 2.3 mentioned in Chapter 2.

The derivation of transfer functions of a field-oriented control system is given in
[47). along with analyses of the impact of flux level reduction on the damping of the

speed controller and on the i torque, A ing that the mechanical part

of a drive system is governed by:

(3.43)

and the electromagnetic torque is.

(3.44)

If the speed is controlled by a proportional plus integral (PI) controller using i,

as the actuating variable, the following equation is obtained,

Kol =)+ Ki | (= wn)d]. (3.45)




The small signal transfer function relating the speed to its reference in a field
oriented drive can be derived as.
2 (S 4
AQ, = ‘7‘? RN (4.46)
§2 g (BB 4 RipG,

where

Nio = L,_—'fr\a.., (347)
and Ay is the value of the flux around which the linearization is carried out.

Equation 3.46 shows that the damping of the system decreases with the rotor
flux level. Due to the simplicity of the dynamics of field oriented control. it has heen
suggested in [19] that this reduction can be proportionai to the gain of the speed
controller.

Based on the previous work(53](35), the proposed loss minimization control scheme
is presented here. In order to achieve the minimum losses in ac motor drives, an
adaptive controller is designed for the proposed scheme. Figure 3.16 presents the
block diagram of the proposed scheme which incorporates an adaptive controller in
an indirect field orientation for simulation. Figure 3.17 shows the block diagram of

the proposed scheme for experiment. This setup is explained in detail in Chapter 5.

The proposed loss minimization control system is based on the concept that for

a given load, if the shaft torque or speed is maintained constant, the efficiency of

the drive will be when the power d at the input of the system

is minimum, An adaptive controller therefore can steer the system to its optimum

perating point by iteratively adjusting a lling variable until it detects a min-
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imum in the measured power input. Figure 3.13 shows the brief flowchart of the
adaptive controller program.

This method does not require the knowledge of the motor parameters and loss
minimization can be obtained for all speed and torque operating points. It can
be readily implemented on any motor znd with different types of inverters, and
is perfectly robust and can adapt the variations in motor parameters such as an
increase in rotor resistance possibly due to a rise in motor temperature.

The field-oriented controller in the proposed scheme is of the indirect type. It
does not require a flux sensor. and thus is easy to implement. The controller relies
on a measured value of the shaft speed and a calculated value of the slip frequency
to realize the field orientatio.: for the steady-state and transient operation.

The principle. digital simulation and implementation of the proposed scheme by

transputer-based parallel processing will be further discussed in Chapters 4 and 5.

3.4 Summary

Based on the above analyses it is clear that significant energy savings can be
achieved for operation at light torque loads for all speeds, and for torque loads near
the rated value under low-speed operation. The rotor flux is indeed one of the con-
trolled variables and provides direct control of the distribution of losses. Moreover,
field-oriented control scheme realizes the best decoupling between ti¢ flux and torque
control loops, simplifying greatly the design of the adaptive controller. A variable
frequency loss minimization control system with an indirect field-oriented control

drive applicati The d

scheme can meet the needs of high-p
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of a field-oriented control scheme are sitaple and the implications of operation at
reduced fux can therefore be easily determined and remedial measures developed.

But the maximum efficiency is a complex function of the motor parameters. It is
therefore necessary to apply an adaptive controller to achieve efficiency optimization.
The , .oposed loss minimization control scheme. which incorporates an adaptive con-
troller in an indirect field oriented control scheme. can potentially achieve significant
energy savings for ac motor drives.

There has been a recent interest in applying modern control theories to ac motor
control systems. However. the resulting complexity of control algorithms such as the
indirect field-oriented control leads to a heavy computation burden on computers.
In such cases. the execution time in a real-time control system becomes critical.
Therefore, without parallel processing and/or fast real-time processors. applying
modern controi theory to ac motor control systems is in general difficult. The
multiple Transputer system can be a good solution for parallel processing to fully
explore the inherent advantages of real-time digital control of ac motor drives. This

subject is discussed in detail in the next chapter.



Chapter 4

Transputer-Based Parallel
Processing Realization of Motor
Control

Microprocessor based digital control of high performance ac motor drives offers
the potential for fast dynamic calculation, flexible architecture ar.d interactive con-
trol tool. For field-oriented control of an ac motor, it has current loop sampling rates
of 5 to 10 KHz. This implies that the controller must process the control algorithms
within 100 to 200 us[3]. Using five Transputers, simulation results in [43] demon-
strated that this goal can be achieved. On the other hand, for high-performance

drive applicati ional linear llers (P1, PID) cannot achieve the strin-

gent performance requirements. Modern control techniques, such as optimal control
and adaptive control, can meet the needs of high-performance drive applications, but
require implementation of complex real-time signal processing algorithms. Because
multiprocessor solutions based on Von Neumann architectures communicating via
common resources—bus or shared memory—have certain disadvantages, the new

parallel architecture of Transputer which suffers from none of these disadvantages

is of interest for fully exploring the inherent ges of real-time digital control

64
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of ac motor drives, Transputer-based parallel processing of high performance ac
motor drives offers the poteutial for fast dynamic calculation. flexible architecture
and interactive control.

This chapter describes a new scheme using multiple Transputers for the pacallel
processing and implementation of field-oriented control including the loss minimiza-
tion strategy. The fundamental principles of parallel processing and the Transputer
are stated. The hardware and software of a parallel processor using five T300 Trans-
puters for emulating the partitioned algorithms for real-time control studies and
using four Transputers for real-time control experiment are presented. Execution

times of the control process in one and five Transputers are also investigated.

4.1 Transputers and Parallel Architecture

Modern control techniques can explicitly improve the control system perfor-
mance. However, the resulting complexity of control algorithms leads to a heavy
computation burden on computers. In such cases, execution time in a real-time
control system becomes critical. The solutions can come from parallel processing
techniques.

Unlike the sequential computer systems based on the Von Neumann architecture,
the new parallel architecture of the Transputer achieves its speed by dividing up the
composite parts of a problem and working on them simultaneously.

The Transputers being used in the scheme are 32-bit(T800) single chip micro-
computers which have their own local memory and communication links with clock

speeds of 20 MHz. They are generally categorized as Multiple Instruction stream
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Multiple Data (MIMD) computers.

V'sing Transputers, we can minimize the execution time of the control algo-
rithms, thus increase the sampling frequency, which in turn enables implementation
of control of systems with large bandwidths. Parallel processing systems can achieve

real-time control, process a flexible control architecture and feature a high reliability.

4.1.1 Parallel Processing

The one of main objectives using computers for real-time control is to minimize
the execution time of the control algorithms. There are several methods to achieve

this aim:

o Using a single, fast CPU to increase the execution rate of the processing sys-

tem, thus enabling it to realize the algorithms in the required time.

o Using some specific architecture, which are free from the overheads imposed

by a generalized solution, to achieve the potential for the highest performance.

o Using a parallel or multi-processor method.

This thesis concentrates on the use of the parallel processing method.

In order for the system to satisfy the real-time constraints, i.e. regular sampling
of the current, speed and torque at the required frequency, small latencies between
each task over different Transputers are required. Therefore, partition of the software

and careful

is very i must be given to the dynamic coupling

relations within the control algorithms in order to determine the optimal break-

up of the system functions. Then, a control system which contains several nested
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Figure 4.1: Distributed and shared resource systems.(73]

contiol loops, can be directly parallelized, and each control loop can be executed
concurrently.
Conventional processors. both RISC ( Reduced Instruction Set Computer) and

CISC (Complex I jon Set Ce ). follow ial archi without

parallelism. This means that one task must be completed before the next can begin.
The parts of a problem are handled one at a time, even if *hey actually occur
together and are interrelated. When parallel systems are modelled with sequential
computers. the impact of real-time interactions between events is lost. Parallel
computers achieve their speed by dividing up the composite parts of a problem and
working on them simultaneously.

Parallel processing systems can be divided into two basic categories: shared

resource and distributed resource systems{73], which are shown in Figure 4.1.



Shared resource systems execute the components of 2 preblem on conventional
CPUs. They are connected by a common bus to a shared memory. Concurrency
is achieved by time sharing the memory. Sequential processors used in a shared
resource system have a Von Neumann architecture. The performance improvement
of the system may not be significant when more than just three of four processors
are connected in parallel because memory access times begin to limit the speed at

which a program can execute. It is only possible to speed up the system by using

expansion memory that is much faster than the CPUs.

A distributed resource system gains speed by partitioning the parallel parts of a
problem among the hardware nodes of the system. Each node runs its own program
and includes a CPU with a local memory and facilities that support concurrency.
Each machine operates sequentially by fetching an instruction from memory, reading
an operand. executing the instruction and storing the result. One might attempt
to overcome the limitation of memory access by adding some dedicated memory to
each processor in addition to global memory. The problem of communication may be

overcome by using more buses. The Transputer described below adopts this solution.

4.1.2 The Transputer

The Transputer is a family of 16-bit(T222) and 32-bit(T800) CMOS single chip
microcomputers which have their own local memory and communication links; clock

speeds are in the range 10 - 30 MHz. The Transputer is specifically designed for

deal

parallel i T operate as machines or as processing
elements interconnected by their links to form computing arrays and networks. The

architecture of the Transputer enables a modular design where an arbitrary num-



o

er of Transputers can be used as processing elements interconnected by their links

li : the inherent redund: in multi s-

to support a broad range of

sors can be utilized to achieve fault tolerance. Several processes "an be defined

and run ly with i ication being achieved using defined
communication channels.

Since the Transputers are Multiple Instruction stream Multiple Data (MIMD)

mputer. they are used different on separate data at the same
time. Figure 4.2 shows the architecture of the INMOS T800 Transputer. T300 is a
32 bit microcomputer with a 64 bit floating point unit and graphics support. It has 4
Kbytes on-chip RAM for high speed processing, a configurable memory interface and
four standard INMOS communication links. It can directly access a linear address
space of 4 Gbytes. The 32 bit wide memory interface uses multiplexed data and

address lines and provides a data rate of up to 4 bytes every 100 ns (40 Mbytes/sec)

under a 30 MHz clock. The links in the Transputer allow networks of Transputer

family products to be by direct point-to-point ions with external
logic. and the standard operating speed is 10 Mbits/sec but can operate at 5 or 20

Mbits/ser. Each link can transfer data bi-directionally at up to 2.35 Mbytes/sec.

The T800 Transputer provides a direct i ion of the message-pi
mode of parallel computation of loosely coupled systems and its architecture has
been designed for efficient execution of programs written in the parallel processing
language Occam. The Transputer development system provides the environment of
editing, compiling and configuring the processes to run on the Transputer network.

Parallel processing systems can achieve real-time control solution, fexibility of

control architecture and high reliability of control system. But with the conventional
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multiprocessor architectures. the following disadvantages have to be considered;

1. A shared resource becomes a bottleneck and therefore. limits system expan-

sion.

Expansion of the system is difficult due to complexity.

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

count.

. Multiprocessor bus layout suffers from high track densities. capacitance and

cost problems.

. Software development is cumbersome and it is left to the programmer to es-

o

tablish the

using | ly designed for ial pro-

cessors and programs.

The Transputer suffers from none of the above disadvantages. It is a parallel

p generally ized as an MIMD, with four standard serial com-
munication links. Transputers do not share a common bus, but instead exchange
messages through their own high-speed serial links. Each link is a fast, synchronous.
full-duplex channel used to provide pairwise connection of Transputer nodes. These
connections can be configured on a variety of topologies such as rings, arrays, and

pipelines. More details about T800 Transputer can be found in (75].

4.1.3 Parallel Pr ing by Transp S

Performance maximization is necessary if the full potential is to be obtained

from a particular Transputer implementation. The following has been suggested in



o Making use of the on-chip memory. The internal memory cycles are appros-
imately 5 times faster than the external memory cycles. Hence to maximize
performance, the most frequently accessed variables should be placed in inter-

nal memory.

Abbreviations. Abbreviations can be used to bring non local variables into
scope, thereby removing static chaining. Abbreviations can also speed up

execution by removing the necessity for range checking instructions.

Retyping. This can speed up bit and byte extraction from a word.

o D li ication and ¢ ion. To avoid the links waiting on

the Transputer or vice versa the communication should be buffered.

Load balancing. It is important to balance the processing time between com-
munications on each Transputer to ensure maximum throughput. The pro-
grammer can adopt a simple methodology to ensure reasonable efficiency by
measuring the execution time of each module of code, (either by inserting it
into a timing harness, or by totalling the instruction execution times), and
then manually adjust the instance of the code to improve the performance of
the system. Static allocation of code to Transputers, with some measure of
load balancing, appears at present to be the only way to extract maximum
performance from a Transputer network. The overheads invelved in dynamic

task allocation imply inferior performance.

Li and Vent 69)43] developed a simulation scheme of multiple T

based parallel processing for field-oriented control of ac motors. Based on their
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work. the proposed scheme for parallel processing is that several Transputers are

connected in a parallel arrangement and a means of communication is provided be-

tween them. The software of the control algorithm is partitioned into several tasks.
and distributed among the Transputers. Therefore. the partitions need to be care-
fully made considering the dynamic coupling relations within the control algorithms
to determine the optimal breakdown of the system functions. The implementation
of the hardware and software of the proposed scheme is described in the subsequent

sections.

4.2 Hardware for Parallel Processing

In the hardware part of proposed scheme for digital simulation, an IBM-PC

microcomputer (386 model) and five T800 Transputers are used. The IBM-PC mi-

c is d to the five T The source program is written

in C and compiled in the PC. The executable files, compiled and linked by the
IBM-PC. are downloaded into each Ti Ti with loaded files work

individually unless communications are required between them. The Transputer
communication works in such a way that when a processor performs input or out-
put to a communication channel, the processor is blocked until the corresponding
processor performs its respective output or input. That is to say, only when this
communication has been accepted (handshaking is completed) can the process pro-

ceed. This acceptance occurs every sampling cycle.

The parallel i hi using five Tr for the

and four Transputers for experiment of the proposed loss minimization scheme are



shown in Figures 4.3 and 4.4. respectively. In these diagrams. three of the Trans-
puters (I'2-T4) are used for controlling the motor drive. Transputer 1 (T1)is used
for interface and communication with the host computer (IBM-P(') and the other
Traasputers. Transputer 3 (T'3) in figure 4.3 is for modelling the dynamic behavions
of the ac motor. The IBM-PC in the figures are host computers. For a develop-
ment rig. the host computer is normally of the form: of a local keyboard/terminal for
online commands. parameter modification. data display and software development.
For commercial drives. it can be a user control panel or a remote communication
link either to a modem or programmable controller. The RTI-815 in Figure 4.4 is a
multifuction board with eight channels of analog to digital (A/D) and two channels

of digital to analog (D/A) converters. The details of the architecture of the proposed

I and i are add lin

Transputer-based schemes employed for si

the rest of this chapter and in the next chapter.

4.3 Software for Parallel Processing

For efficient operation, the partitioned tasks, each of which consists of several

processes and is allocated to an individual Tr: shonld use
the same amount of computing time per sampling cycle. This will ensure correct
updating of system variables and avoid idle time in each calculation cycle.

Taking advantage of the inherent parallelism in motor control, the control pro-
gram, written in C, is carefully partitioned and assigned to the Transputers making
sure that they approximately expend the same amount of computing time in each

sample period. The program is operated in the T800 Transputers at a clock speed
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Figure 4.5: An ac motor control in field-orientation. (a) Real motor control, (b)
Transputer-based real-time emulation of the ac motor control.
of 20 MHz.
The time domain model of ac motor for the simulation of loss minimization con-
trol is given by equations 3.31 - 3.38, and the coordinate transformations are given

in equations 3.39 - 3.42. Figure 4.5 shows an ac motor control in field-orientation.

The P based imulation program of parallel processing for

indirect field-oriented control employing loss minimization of ac motor drives is

partitioned into several parts as described below.

o Set-up Routine:
The function of the set-up routine is to initialize each transputer. Commands
from: the host computer (IBM-PC) are passed to each individual transputer

for setting input parameters.
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o Parallel-1 (in Transputer 1):
Works as an interactive interface: passes host computer (the [BM-PC) com-
mands to other transputers. receives calculated results and status information

from the other transputers and then sends them to the P,

Parallel-2 (in Transputer 2):

Forms the speed PI controller, torque current limitation and slip frequency
calculation, and handles the cosine triangle function of slip angle. The calcu-
lated speed PI controller output. slip frequency and cosine function are sent

to Transputer 3.

Parallel-3 (in Transputer 3):

Deals with flux and the torque current PI control of field orientation, and cal-
culates the sine triangle function of slip angle and coordinate transformations.
Due to data dependency in the scheme, this routine plays a critical role in
determining the overall control system sampling time, and it must be care-
fully decomposed from system control algorithms. For example, because the
calculation of triangle function takes a long processing time (It will be shown
later in Table 4.3), it has to be divided into two parts (sine and cosine triangle

functions). Therefore, there is data dependency between the two parts.

Parallel-4 (in Transputer 4): Calculates the measured power input from A/D
converter, and then sends the results to the adaptive controller for loss min-
imization. It also deals with field orientation feedback control and calculates

actual and reference torques. The calculated control signal is sent to Trans-

puter 3 for lating the slip freq which d ines the field



o Parallel-5 (in Transputer 3):
Models the ac motor dynamic behaviour and responds as a real motor. For
each computing loop. it sends out all the necessary motor state variables to
other transputers which samp!es the required variables for the purpose of con-

trol.

In the program. all the control system state vari.les are reset to the initial
values. The simulation results on the transputer are sent back to IBM-PC for
storage in hard-disk.

There are some data dependencies in the control scheme. For example, real-
time calculation of trigonometric functions can obtain more accurate values than the

tiss «hod of the look-up table for a-3 to d-gand d-qto a-3 coordinate transformations.

but the real-time takes too much ing time. Therefore, it has to

be divided into two parts (sine and cosine trigonometric functions) and calculated in
different transputers. Figure 4.6 shows the relations betwzsen processes in different
transputers.

P\ through PT7 present different control processes. Pl in transputer 2 is the

ller, slip frequency calculation and ion to the motor.

motor speed

P2 is the Cosine function ing, and to 3. P3

through P5 are in transputer 3. P3 presents the current coatroller, a-3 to d-g
coordinate transformation. P4 is the sine function calculation, and PS5 is d-q to

a3 di f i In 4, P6 and P7 present the power

and calculati pectively. The lines between processes indicate

the data dependencies. For instance, process P5 in transputer 3 cannot start until

P2 in transputer 2 has been completed.
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Figure 4.6: Control task dependency in the parallel processing.



Table 4.1: Simulation Computing Times for Each Sampling ('vcle Over Different
Computers (Time in Microseconds).

COMPUTER SIMULATION COMPUTING TIME
IBM - PC ( Model 386 )
VAX 8530
One Transputer
Five Transputers

For speed comparison, we executed similar simulation programs in different com-
puters. Table 4.1. shows the computing times for the testing and comparisons. The
table clearly shows that computing times of the five transputer method is faster

than one, as well as the cne transputer method is faster than the others.

4.4 Execution Time

Since complexity of control algorithms leads to a heavy computational burden

on computers, the execution time in a real-time control system becomes critical.

s . O —— based parallel p ing systems with

transputer-based one, Table 4.2(43[ presented the different execution times on dif-
ferent patallel processors for field orientation of ac motor drives. The table shows
that the multi-transputer control system offers the fastest processing speed.

To measure the calculation times of the different control algorithms and channr!
communications of the proposed parallel processing scheme, the T800 transputer in-
ternal timer with 1 ps is used. The measured execution times of simulation programs

over five transputers are listed in Table 4.3.



Table 4.2: Comparison of Execution Times for Different Parallel Processors (Time
in us) [43] ( In the figure: (a) Referred from (35]: (b) From [17]: (c) From [2]: (d)
From (33]

Parameter Sampling
Controller| preginiity | ™" |iduptation |  Tine
Type Development | Control
[atel-8086 +
igul procesner) Ko Cunbersome No 125
TECrnI2e (2)
Toler-3086 +
e 1‘.&!-&“ Yes | Cubersome |y, 2200
Four
mu-)m Yes Cunbersoae No 700
(¢
Three
Teansputers Yes Easy No 250
(1400) (d)
Five
Trausputer Yes Basy Yea 92 or 83
{T800)




Table 4.3: Execution Times

I b= |
Transputer | Process Function Execution Time (ps)

T2 Pl Speed controller and slip 34
frequency calculation

T2 P2 Cosine function computation 41

T3 P3 Current controller and a-J to 17
d-q coordinate ransformation

T3 P4 | Sine function i 32

T3 P5 | dq to o3 coordinate trans- 30
formation

T4 P6 Power measurement and 16

T4 P7 | Adaptive control 38

Table 4.4 is redrawn from Table 4.3, so that we can easily calculate the total

execution times for each

The i

time in the table is

99 ps, and it is also the sampling cycle of the proposed five transputer simulation

scheme as given in Table 4.1,

According to the simulation results and the measured execution time, a conclu-

sion can be made that since using multiple Transputer system, we are able to obtain

sampling times of about 100 ps, which meets fast dynamic servo control require-

ments.



Table 4.4: Total Execution Times

T2 T3 T4

P1 3
P2 41
P3 17
P4 g
P5 30
P6 16
P7 38
Computation Time
( ps ) in each
Transputer

9 54

-
=

4.5 Summary

This chapter describes a new scheme of multi-transputer-based parallel pro-
cessing for indirect field-oriented control employing loss minimization strategy of

induction motor drives to realize and implement real-time processing of a complex

control scheme. The fund | principles of parallel p ing and
are stated. The hardware and software details of the parallel processing using five

T800 to emulate the itioned algorithms for real-time control studies

and using four Transputers for real-time control experiment are presented. Execu-
tion times of control process in one and five transputers are investigated to properly
partition the control program for parallel processing. According to the test results,

the following conclusions can be made.
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. Based on the adaptive controller in the indirect field-oriented scheme and par-

allel processing, the proposed scheme offers both the potential for significant

energy savings and high performance of ac motor drives,

. The execution times of the proposed scheme using one and five TS00 trans-

puters have been determined. and the effectiveness of the proposed scheme for

parallel processing has been verified.

. Since high performance and reliable motor drive systems often require addi-

tional features such as fault tolerance, self tuning, on-line diagnostics, protec-
tion, data capturing and user friendliness, and considering that modern control

techniques constitute complex real-time signal processing algorithms, parallel

P ing using multiple Tt is a good solution.



Chapter 5

Digital Simulation and
Experimental Results

In this chapter, system descriptions for digital and e:

periment are addressed. Open- and closed-loop tests for the proposed scheme are
provided. Measured execution times using similar real time control programs over

different computers are also reported. Digital p i and

tal results demonstrate that the proposed scheme can achieve both the potential for

significant energy savings and high performance of ac motor drives.

5.1 Digital Simulation Results

Digital computer simulation results are presented here to verify the theory of

loss minimization and show the achi of i fliciency by the proposed

scheme. The dynamic performance is also analyzed.

86



5.1.1 System Description

Several simulation schemes for field-oriented control of ac motor drives and math-

ematical models of ac motor have been published [20](28][31](32]

Atypical indi-
rect vector control simulation scheme is shown in figure 5.1. Based on the workj 13l
a simulation scheme for loss minimization control with indirect field-orientation of
ac motor drives has been shown in Figure 3.16. The fundamental principle of the
field-oriented control and the derivation of the mathematical model of an ac motor
have been discussed in Chapter 2. and are used in this simulation.

In this scheme (Figure 3.16 and 3.17), there are four controllers:
¢ Flux PID controller

o Torque PID controller

o Speed PID controller

o Loss minimum adaptive controller.

The flux. torque and speed PID controllers are part of the field-oriented control.
The inner flux and torque control loops are faster than outer speed and adaptive
control loops. The currents i, and i; are obtained from the output voltages u, and
ug of the inverter. The d— and g—axis components of the stator currents i4,, and
igs in the indirect field-oriented reference frame are obtained from the coordinate
transformation, as given by equation 3.42. The difference between speed command
w? and w, is the input to the speed controller, and the output of the speed controller
iz, to the inner torque control loop for controlling the speed. The difference between

iz, and iy, is the input to the torque controller, which determines the reference value
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Figure 5.1: Time domain model of indirect field-oriented control system. [43]



of the torque producing component of stator voltage u,,. The difference hetween
15, and 15 is the input to the flux controller. which produces the tlux component
of stator voltage us,. The coordinate transformation (equation 3.39) is applied 10
vield the reference stator voltages u, and v in the stationary reference frame: these
voltages are applied to the PW )M inverter to control the ac motor.

The adaptive controller implements loss minimization control. The principle of

the adaptive control loop is based on the ion that the loss minimization loop
and the torque control loop are decoupled. although total decoupling is impossible.
If this problem can not be solved satisfactorily. the torque control loop will be unable
to maintain the power output at its original level. For decoupling the two loops well.
we can make the response time of the torque loop much shorter than the interval
of time separating two iterations of the adaptive controller. The simulation resnlts
demonstrate that this method is acceptable.

The purpose of the adaptive controller in the proposed scheme is that the con-
troller adjusts the rotor flux reference component i4, until the power input to the
system P, is minimum. The principle of the system is based on the concept that
for a given load. if the shaft torque or speed is maintained constant, the efficiency of
the drive will be maximum when the power measured at the input P, of the system
is minimum. The adaptive controller steers the system to its optimum operating
point by iteratively adjusting a controlling variable i3, until it detects a minimum in
the measured power input P.,. A brief flowchart of the adaptive controller program
is shown in Figure 3.18.

beh of the inner field-ori i

The computer also oversees the dynamic

system in case of a large load. speed and/or torque, change. If the load change
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exceeds a given threshold. the loss minimization procedure is interrupted and the
ontput of the adaptive controller i, is increased to its rated value to <atisfy the
iarge load command. After several seconds. the adaptive controller works again for
the changed load until the new loss minimization operating point is achieved.

The losses in the drive are computed as mentioned in the Chapter 3 except for

the harmonic and stray lusses which are neglected. The parameters of an kW’ 1710

rpm induction motor used in this simulation are listed in the Appendix A

5.1.2 Open-Loop Test

Since this is an open-loop test. all the control loops in the proposed scheme are

disconnected.

Figures 5.2-5.5 show the simulation results of the open-loop tests of the ac mo-
tor. Five seconds after the start, the flux current iy, is decreased (Figure 5.2), and
the input power P,,, which is plotted as instantaneous value, also decreases (Figure
5.4). It is clear that there is a loss minimization point for the given speed and torque
at about 12 seconds. Beyond this point if i4, is decreased. the input power will in-
crease (Figures 5.3 and 5.4). This conclusion agrees with Figure 3.4. The results

also show that if the input power decreases well beyond the loss minimization point.

the system becomes unstable (Figures 5.3, 5.4 and 5.3).

5.1.3 Closed-Loop Test

Figures 5.6 and 5.7 show the simulation results of the control system with and

without the adaptive controller. The figures show that after 10 seconds, the adaptive
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Figure 5.2: Simulation result of the open-loop test: Flux current 14,.
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Figure 5.3: Simulation result of the open-loop test: Torque current iy,.
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controller continuously decreases the flux current 4, (Figure 3.6), and therefore the
input power to the system (Figure 3.7). It can be seen that about 10 seconds after
the adaptive controller starts working, the system operates at optimal efficiency for
the given load and speed. Thus loss minimization is achieved. At 35 seconds. a large
and sudden load increase is applied. which can be speed and/or torque change(s).
The system detects the change and then resets the flux current iy, to its rated
value. The adaptive rontroller works again for the changed load until the new loss

minimization operating point is achieved (Figures 5.6 and 5.7).

5.1.4 Sudden Load Change

In general. there are two kinds of load changes: speed and torque. For a large
speed increase. a solution is proposed in [47]: i4, is reset at the value corresponding

to the rated flux whenever the speed 1l d is the i value of

torque current ig,. The methed is also suitable for large torque increase. But in
lower speed case, when a larger torque increase occurs suddenly, i, can not meet
the maximum value as shown in Figure 5.12. (For this simulation, the maximum
value of iy is limited at 18 A.). Since the system is operating in reduced flux and
lower power input situation, in tue case of sudden and larger torque increase, the
power input could be much less than power output required to meet the transient.
Therefore, the dynamic bahaviour of the system could be poor without resetting i,.

A modified method for this case is that the system simply detects tte changing
value of flux current i4, and if it increases within a certain value (about 20 - 50
percent of 1 p.u. input power for this simulation), 74, is reset to its rated value

regardless of whether i,, has reached the maximum value or not. If the change is
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Figure 5.6: Simulation result of the proposed control system: Flux current 1,.
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Figure 5.7: Simulation result of the proposed control system: Power input Pi,.



s than 20 percent. the adaptive controller can handle the case without resetting,
For a large torque increase. some simulation results are presented here to demon-
strate the dynamic performance of the drive for both flux resetting and rated s
conditions. In the resetting method. the adaptive controller detects the output
e of ihie asterh Every T0 it UNETHytS R 1o ieset Whehever aither ThiLpiowoe
input increases by more than 0.4 p.u. or as in the method in [47].

Figures 5.8-5.13 show that the system tackles a large torque increase at 3rd sec-
onds (Figure 5.9): this can also be a large speed increase. The adaptive controller

detects the load change and increases iz, (Figure 5.11). thereby increasing the rotor

flux (Figure 5.10) and the power input of the drive (Figure 5.13) within 10 ms.
Although the delay in the worst case is 10 ms, it is still faster than i,, getting its
maximum value at about 3.04 seconds (Figure 5.12). Figures 5.14 - 5,19 show the
simulation results in the rated flux case. Comparing Figure 5.8 with Figure 5.14, we
can conclude that the dynamic performance of the decreased flux case is satisfactory.
but the power consumption in the former case is much less than in the latter case

(Figure 5.13 and Figure 5.19).

5.2 Experimental Results

In this section, the system description and the i 1 set-up are

Experimental results of the proposed scheme are reported, which verify the theory
of loss minimization and to show the achievement of maximum efficiency by the

proposed scheme.



i

300 SPEED

600~ =

Speed (rpm)

%.8 29 3 31 32 33 34
Time (sec)
Figure 5.8: Simulation results of the proposed control system with sudden load
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Figure 5.9: Simulation results of the proposed control system with sudden load
change: Torque.
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Figure 5.10: Simulation results of the proposed control system with sudden load
change: Rotor flux.
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Figure 5.11: Simulation results of the proposed control system with sudden load
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Figure 5.13: Simulation results of the proposed control system with sudden load
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Figure 5.15: Simulation results of the system with rated Alux: Torque.
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5.2.1 Experimental Set-Up

The ac motor used in the experiment is a K254T 3 hp ac motor manufactured
by Brook Electric Motors of Canada Ltd. It is configured as a 4-pole. ¥ connection
machine and its nameplate details are listed in Appendix A-1. A synchronons
generator with EC609-62 Field Power Supply and EC606-01 Resistive Bank coupled
to the motor provided the mechanical load for the ac motor. The generator is a 3-
phase. 1.6 kW, 1.29 A and 66 field excitation. type SG-1480 synchronous generator
made by CANRON Montreal Canada Ltd. A picture of the complete experimental
set-up is given in Figure 5.20.

The other equipment used in the experiment are:

o CONTRONICS Personal Computer (Model 386) with four T800 Transputers

(running real-time control program to obtain the execution times)
o LASER 286/2 Personal Computer

o RTI-815 Multifunction Input/Output Board with built-in A/D and D/A Con-

verters
o INVERPOWER (Model P111 VSI) 3-Phase Voltage Source Inverter
o INVERPOWER (Model L108 SPWM) Sine PWM Logic
© 6 channel pulse amplifier
® Three phase full wave rectifier
o Two ROCKLAND (Model 10222F) Dual Hi/Lo Filters

e FF12A/9/C Tachogenerator
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Figure 5.20: Experimental set-up of losses minimization control of ac motor drive
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o Three INVERPOWER (Model P112 HES) isolated current transducers

INVERPOWER (Model L109 VIB) isolated voltage transducer

o Three YEW (Type 2303) Digital AC Power Meters
 5103N Storage Oscilloscopes

« Frequency meter

Digital multimeters

The RTI-815 Multifunction Input/Output Board has eight built-in A/D con-
verters and two D/A converters. The details of the board can be found in [83].
The ac motor is tested at a frequency range of 3 Hz to 60 Hz and its correspond-

ing speeds are 160 tpm to 1720 rpm.

5.2.2 System Description

Figure 3.17 shows the block diagram of the proposed loss minimization control
scheme for the experiment. Six control variables are inputted to the system through
A/D converter channels; they are speed command w;, speed w,, ac currents i,
and is. dc input voltage Ui, and current [;,. There is one more input signal ij,,
which is reference flux current and used for testing the field-oriented control scheme
only. Two output signals, voltage |U*| and frequency f*, connected through D/A
converter channels, control the PWM pulse generator and then the PWM inverter
and the ac motor.

The speed command w; as well as reference flux current i3, are obtained from

adjustable dc power supplies. Both w; and ij, are calibrated for 0 - 10 V' which
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correspond to 0 - 1720 rpm (rated rotor speed) and 0 -0.5 A (rated current). [lhe
speed measurement w, is from the tachogenerator. which is mounted on the shalt

of the ac motor. The parameters R, and L. used in slip angular frequency

calculation were obtained from the experimental tests presented in Chapter 3 anid
listed in Appendix A-1.

For }* connection and with neutral point of an ac motor. we can get currents
iy and i by measuring two of three phase ac currents i, and iy in ac power supply
using two isolated current transducers. The equations of the 30/20 coordinate

transformation are given as,

A P e W . "
la =§1la-§l»+§'.+§lsb—l‘. (5.1)

i and i; are used for the field-oriented control.

The two power meter method is used to measure input power to the motor.
However, for the loss minimization control the dc input voltage U, and current
I, to the inverter are obtained via a dc isolated voltage and an isolated current
transducers, respectively. The product of these two values is the power input P,.
and the average power input at every 30 cycles is needed to obtain a stable reading.
The product is input to the adaptive controller for the loss minimization control.

Udstqs [Uatty and iaig/igi, in Figure 3.17 are coordinate transformations be-
tween the rotating and stationary reference frames. KP in the figure is polar coor-
dinate transformation. The output signals of the whole control system are voltage
|U*| and frequency f*, which are input of the SPWM pulse generator. There is a

pulse amplifier between the SPWM pulse generator and the inverter for amplifying
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the ontput values of the SPWM pulse generator. The outputs of the inverter are
variable three phase ac currents and voltages to control the ac motor.

Since there are some very low frequency ripples in [\, and /,, measurements. two
1 Hz low-pass filters are used between [, and /,, measurements and the inputs of
A/D converters of the adaptive controller. For the same reason. two 80 Hz low-pass
filters are applied between ac currents i, and i, measurements and the inputs of the
A/D converters to the 30/2¢ coordinate transformation.

In this experiment, LASER 286/2 Personal Computer is used first. Then CON-
TRONICS Personal Computer (Model 336) with one and four T800 Transputers are

used for comparision.

5.2.3 Comparison of Different Control Schemes

Figures 5.21 and 5.22 show the experimental results of the measured power inputs
for different control schemes operating at a constant speed. Figure 5.21 shows the
power input for the conventional operation in which the voltage and frequency are
adjusted together (constant V/Hz). Figures 5.22 shows the power input for minimum
loss operation. The speed is around 864 rpm (30 Hz) for both cases. The mechanical
load is maintained constant at 186 W, which electrical load is increased from 0 ( Case
1) to the rated value (case 5).

Lhese two figures show that if the input voltage is adjusted to its optimal value,
more energy savings can be obtained than in the conventional method (constant

V/Hz) at each constant load.
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5.2.4 Closed-Loop Test

Figures 5.23 and 3.24 show the experimental results of the control system with
and without the adaptive controller for the loss minimization control at a light loaid
condition, The speed is at 985 rpm, and the mechamical load is kept constant at
186 W The supply dc voltage is maintained at 204 V. Due to the voltage input
1U"] of the SPWM Logic is reversal value, the lower values of |{"*| in the figures are
higher output from the D/A channel.

The dc current /;, (power input) is initially at its rated value. After the adaptive
controller works. I, is adjusted during the optimization in step of 3.2 % of rated
value. After 26 steps and about 10 seconds. the controller decreases the power input
and achieves the loss minimum point. then the system operates at optimal efficiency
for the given load and speed.

Figures 5.25 shows the experimental results of the control system with and with-
out the adaptive controller at a heavier load condition. The speed is also at 935
rpm, and the mechanical load is 136 W with a dc 0.85 A field power supply and 300
W electrical load. The supply dc voltage maintains at 294 V.

The figure illustrates that at lower speed and heavier load condition, the adap-
tive controller can also decrease the power input from 1068 W (read by the two
wattmeters) and achieve the loss minimization at 714 W.

Figures 5.26 shows the experimiental results of the proposed scheme response to a
sudden and large load increase. After the adaptive controller works, the system oper-
ates at the efficiency optimization for the speed = 620 rpm and T} = 186 W between
7.5 - 32.5 seconds. At 32.5 seconds, the speed command w; suddenly increases to

1482 rpm. The adaptive controller detects the speed changing and increases power
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Table 5.1: Real Time Control Computing Times for Each Sampling Cycle Over
Different Computers (Time in Microseconds).

COMPUTER SIMULATION COMPUTING TIME |

[TBM - PC ( Model 236 ) 322 |
One Transputer 348 ji
Four Transputers 106 i

input from 108 W to 336 W. The controller works again for the changed speed until

the new loss minimization operating point is achieved (power input =

5.2.5 Execution time

Measured exeution times using similar real time control programs over different
computers are listed in Table 5.1 for compurisons. The table shows that execution
time of the four Transputer scheme is 106 s, and it can meet fast dynamic servo
control requirements. The table also shows that execution time of the four Trans-
puter scheme is faster than one, as well as the one Transputer method is much faster

than the PC (286).

5.3 Summary

System descriptions for both the computer simulation and experiment are diss-
cused in this chapter. Simulation results of open- and closed-loop tests as well

as the analyses of the dynamic performance of the proposed scheme are provided.
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5 sec./div)
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dition. w, = 985 rpm, Ty, = 186 W with a dc 0.85 A field power supply and 300 W
electrical load. Each step in i, equals 3.2 % of the rated value.



13

Power Input

92 W
Power [npnt
285 W
Power Input Reversed
103 W Value of [
Reversed
Value of |U*|
Hor: 5 sec./div.
Figure 5.26: Experimental result 4: Efficiency optimization for a sudden speed

increase. w, = 620 to 1482 rpm, T; = 186 W. Each step in /i equals 3.2 % of the
rated value.
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Measured execution times using similar real time control programs over different
computers are also shown. According to the simulation and experimental results.

some conclusions and discussions can be made as follows:

1. The loss minimization theory of ac motor drives has been verified by the open-

loop tests.

2. The simulation and i I results of the closed-loop tests show that the
proposed scheme for loss minimization control can achieve significant energy

savings.

3. The d ion times d that using the adaptive controller
with the indirect field-oriented scheme, both the potential for significant energy

savings and high performance in ac motor drives can be achieved.



Chapter 6

Conclusions and Suggestions for
Further Research

Based on the theoretical analysis, simulation and experimental results presented
in this thesis, some conclusions are drawn in this chapter and suggestions for further

research are listed.

6.1 Conclusions

The objectives of using multiple Tt in the parallel p ing of indi-

rect field-oriented vector control employing loss minimization for high e

ac motor drives have been achieved. Losses in ac motor drives have been stud-
ied and verified by experiments. A new scheme based on the use of a multiple
Transputer system for the real-time parallel processing implementation of indirect
field-oriented control incorporating loss minimization strategy for high performance
ac motor drives has been proposed. Computer simulation results of using five Trans-
puters and experimental results of using a PC (386) and a real-time control program

running on four Transputers for the parallel processing have been presented in the
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thesis. It has been shown that high performance as well as significant energy savings
can be achieved by the proposed scheme. The work is summarized as follows:

Losses in ac motor drives are studied in detail first by theoretical derivation in
general. and then by experimental verification on a particular ac motor. The results
of the study show that significant energy savings can be achieved for operation at
light torque loads for all speeds, and for torque loads near the rated value under
low-speed operation with a variable frequency loss minimization control system.
An indirect field-oriented control method incorporating a loss minimization control
strategy in an adaptive control technique has been proposed. The model of an ac
motor for the field-oriented control is briefly discussed. and the parameters of the
ac motor for the experiment are also calculated. It is shown that the proposed
scheme can achieve the aim of significant energy savings and meet the needs of
high-performance ac drive applications.

Since the complexity of control algorithms such as the indirect field-oriented

control and adaptive controller lead to a heavy ional burden on

the execution time in a real-time control system becomes critical. The multiple
Transputer system can be a good solution for parallel processing of real-time digital
control of ac motor drives.

A new scheme using multiple Transputers for the parallel processing implemen-

tation of the field-ori i ploying the loss minimization strategy has been

proposed. The fund | principles of parallel ing and the Tr are
presented. The hardware and software details of a parallel processing scheme using

d algorithms for real-time control

five T800 Transputers to emulate the
studies and using four Transputers for real-time control experiment are presented.
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Execution times of the control process using one (and five) Transputer(s) are also
investigated. ’

The digital simulation and experimental results of open- and closed-loop tests as
well as sudden changes in load tests for the proposed scheme have been provided.
System descriptions for digital computer simulation and experiment are addressed.
Measured execution times using similar real time control programs over different
computers are also obtained.

Based on the work described above, the following conclusions can be made:

® The loss minimization theory of ac motor drives has been verified by both

and

1 results of open-loop tests.

The simulation and experimental results of closed-loop tests show that the
proposed scheme for loss minimization control can achieve significant energy

savings.

.

The execution times of the proposed scheme using one, five (for the simulation)

and four (for the i ) T800 Ti have been d ined, and the

effectiveness of the proposed scheme for parallel processing has been verified.

@ Thesi ion and i | results d that using the adaptive

in the indirect field-oriented scheme and parallel processing, the
proposed scheme offers both significant energy savings and high performance

for ac motor drives.

Since high performance and reliable motor drive systems often require addi-

tional features such as fault tolerance, artificial intelligence, expert systems,
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self tuning. on-line diagnostics. protection. data capturing and user friendli-
ness, and considering that modern control techniques constitute compléx real-
time signal processing algorithms. parallel processing using multiple Transput-

ers is a good solution for high performance ac motor drives.

Although hardware development and board costs are low, the Transputers are
still not low-cost devices and for commercial drives, their application would

be expected to be restricted to the higher power range. For low and medium

d that a hard specific

powers, it is involving conven-
tional processors with a defined. restrictive specification is likely to remain the

most economic option for some time.

6.2 Suggestions for Further Research

This thesis provides a brief analysis. simulation and partial impl ion of
multiple Transputer-based parallel processing of indirect field-oriented vector control
employing loss minimization for high performance ac motor drives. This subject
needs much detailed study. The suggestions for further research are outlined as

follows:

o It has been noted in [22](24](35] that the performance of indirect vector con-
trol strategies is sensitive to the rotor time constant. When applying variable

flux control for loss

the motor should change more

widely. Although some researchers have studied the problem(56], further work

needs to be carried out by digital si and exp

tions.
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Since speed measurement is very important to the indirect field-oriented con-
trol for the slip calculation and speed control. a more accurate tachogenerator

is led for further

The transient performance of the proposed scheme should be studied in more
det 'l through further experimentation using different control schemes. .\

design of four quadrant operation of the scheme is recommended.

More D/A channels are needed to obtain more internal parameters of the
control system such as flux current, torque current, calculated slip, rotor flux
and variables in coordinate transformations in order to analyze the system

characteristics in detail.

Although a flux controller can reduce some losses in ac motors such as the fun-
damental core and ohmic losses. it is difficult to reduce the harmonic and load-
independent converter losses. A further reduction in losses could be achieved

if a multiple variable optimization is applied.

The software of control algorithm must be partitioned in an optimum manner
for parallel processing. On the other hand, other parallel strategies should
be investigated in order to fully explore the inherent advantages of real-time

digital control of ac motor drives.

Since each T800 Transputer has only four links with which to interconnect the
processors, this implies that a limited amount of interconnection is possible.
The optimum number of Transputers needed for different applications should

be determined.
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o With development of VLSI technology as well as with decreasing prices and
increasing system functions, it is desirable that some special VLSI chips be
manufactured for parallel processing of ac motor control for commercial pur-

pose.

o As mentioned earlier. for high performance and reliable ac motor drive sys-
tems, more additional features such as fault tolerance, artificial intelligence.
expert systems, self tuning, on-line diagnosties, protection, data capturing and
user friendliness, sliding model control, modern control techniques and their
complex real-time signal processing algorithms are needed to be considered

along with the parallel processing.
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Appendix A-1: Motor Parameters for Experiment

Nameplate Data:

Frame
Type
F.L.Speed
Volts
F.L.Amps
Hz

Phase

HP

Equivalent Circuit Parameters:

Connection
R,
R.
X
X
X,

K254T

DP
1720/1120/870/530
208

6/9.5

60

3
3/2/1.8/1

104 Q
0.56 0
245 Q
367Q
35.0 Q



Appendix A-2: Motor Parameters for Simulations

rated power
rated speed
number of poles
Ry

R,

L,

L,

M

rated ig,

rated iy,

total inertia J
viscous friction coefficient D

L kW
1710 r/min
4

049 Q

04502

0.0388 H

0.0354 H

00354 H

683 A

1154 A

0,024 Nm s?/rad
0.0011 Nm s/rad
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