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Abstract

This thesis presents a novel technique of speed controf far permanent magnet. (')

motors. Robust and precise specd control is of critical importance in the high per-

formance drive applications. Unavoidable system disturbances, such as parameter
variations, effects of sudden load impact and other system noises are resolved by de-
veloping on-line self tuning artificial neural network control structures for both PM

dc and PM brushless synchronous motor drives. The newly devised artificial neural

network controllers are capable of ing the limitations of model depend
conventional fixed gain and existing adaptive speed controllers.

Utilizing the concepts of inverse motor dynamics and non-linear load character-
istics, artificial neural network based controllers are designed on the hasis of feed-
forward neural networks. The transient and dynamic behaviors of the proposed drive
systems are improved by incorporating a unique feature of adaptive learning rate
which aids the on-line robust speed control over a wide operating range. ‘The stabil-
ity of the proposed systems has been ensurcd by a combination of off-line and on-line
trainings of the artificial neural networks.

As an integral part of this work, cfforts have been directed at the real-time im-

plementation of the artificial neural network based PM motor drive systems nsing

a digital signal processor (DSP) controller board-DS1102. A new cirenit topology



has been developed in order to lessen the computation burden of the DSP controller

synchronous motor drive system.

board for the implementation of the PM brushl
A series of tests has been carried ont with both M de and PM synchronous motors
in order to evaluate the performances of the artificial neural network based drive
systems. The laboratory test results validate the feasibility of the artificial neural

an adaptive controller in the high performance drives.

network
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Chapter 1

Introduction

1.1 Electric Motor Drives

h

Electric rnachines, with their efficient bilitics of converting | energy to

clectrical, play an important role in the development of modern technology. From the
small houschold appliances to vast industrial plants, electric rmotors have been playing
their crucial roles for many years. Direct current (de), induction and synchronous are
the three basic clectric machines that serve industrial needs. With the day to day
technological advancement, the application demand of the electric motors increases in
a versalile manner. Recent developments in magnetic materials, semiconductor and
microprocessor technologies have led to a revolutionary advancement on the design

and control of electric machines. As a result of intensive research, new machines,

such as brushless dc machi switched machines, ps magnet

(PM) synchronous machines have come into the picture of modern technology [1].
Application areas of variable speed and high performance motor drive (HPD) have

been primarily dominated by relatively expensive dc motors for the last few decades

because they are easy to control due to the decoupled nature of the field and armature



magnetomotive forces (MMF). Moreover, they can be controlled by simple controlling
devices, such as ac-dc or de-de converters. However, certain limitations are associated

with de motors. such as the lack of robustness and overload capabilit

\ BACTOW rauge

of speed ions, and frequent qui due to brush-gear and

commutators. Nevertheless, permanent magnet (PM) de motors draw wide atten-

tion, due to their compact size and rugged structure, in their use in modern drive

applications. The main advantage of PM dc motors over conventional wire-wonnd

excited de motors is that the former does ot need extra power supply for the fiekd

excitation, rather, excitation is achieved by high energy permanent magnet materials.

Recently introduced modern power clectronic devices, like buck/boost de-de convert-

ers, provide an excellent opportunity of using PM dc motors in the four quadrant

operation. Newly developed light weight power amplifiers are also being wsed in eri

ical applications, such as guided manipulations and robotics, together with PM de
motors where accuracy, weight and sise are of paramount importance.

However, the shortcomings of dc motors have encouraged rescarchers Lo find al-
ternative means of using them in high performance variable speed operations where

reliability and maintenance free operations are of prime concern. Considerable atten-

tion has been directed towards the development of ac motor drive

induction,

wire-wound synchronous or PM brushless motor drives

i the arcas of variable speed
operation.

L

AC motors are usually found suitable for constant speed operations. But re

development. of power electronics and very large scale integrated (VLSI) circuits, and
the efficient use of microprocessors have made tiie use of ac motors in modern variable
speed drive systems possible. Applications of vector control techniques, in particnlar,

offer an excellent opportunity of using ac motors in modern variable speed drive



systems [2].

Among the ac motors used in drive technology, the induction motors, particularly,
the squirrel cage type are considered as the workhorse in the industry because of
their rggedness, reliability, efficiency and low cost. But there are some limitations
associated with the induction motors which discourage their use in high performance

variable speed drive applications. One of the drawbacks of induction motors is that

they always operate at a lagging power factor because of the fact that their rotor

field excitations are supplied from the stator side. Morcover, duc to 1R slip power

the drive system is not as efficient as expected. Additional power losses and

torque pulsation due Lo higher harmonics originating from the power converters are
also considered to be major problems in the inverter-fed induction motor drives. Since
induction motors always run at lower speeds than the synchronous speed, the control

of these motors is rather complex. The real-time implementation of the induction

motor drive requires histicated leling and ion of machine
with somewhat complex control circuitry.

The synchronous motor is offering a serious challenge to the induction motor in
the variable speed application domain. The main advantage of synchronous motors
aver induction motors is their intrinsic ability to eliminate rotor 2R slip power loss
and to supply the reactive current. However, the wire-wound excited synchronous
motors ha. -me inherent disadvantages, such as the requirement of extra power
supply, slip rings and brush-gears at the rotor to provide field excitation.

With the advent of high energy permanent magnets like samarium cobalt,

lymium-b iron, etc., the drive technology has cntered into a new era of brush-

less PM motor drives. From the operational point of view, brushless PM motors are

synchronous motors. The main advantageous feature associated with these kinds of



motors is that the magnetization is provided from a permanent magnet rotor. With
brushless PM motors, it is possible to achieve motor performances that can surpass

the conventional dc, induction, wire-wound excited s

nchronous motors. With respect

to power density, torque to inertia ratio and clfic

ncy, brushles

PM motors are su-

perior to the conventional ac motors. Tlence, depending on the application, there are

many instances where brushless PM motors are preferable. The basic clas

ication of

brushless PM motors is shown in Figs. 1.1(a) and (b). Figure 1.1 (a) show the cla

fication of the brushless synchronous motor according to the ins

rtion of conduction
cage winding for starting the motor. [f the rotor is provided with cage winding, it is
known as the cage type. The other type is known as the cageloss becanse the cage
winding can be dispensed with for this case. The cage type brushless PM motors are
capable of starting with rated supply voltage and frequency, because the rotor cage
winding provides the starting torque. Also an inverter can be used to run a cage type
brushless PM motor with variable voltage and frequency in open loop. The cageless
brushless PM motors are usually driven with the help of an inverter. To maintain
the synchronism, proper control strategy is applied. Depending upon the controlling

topology, the brushless PM synchronous motor can be classifi

into two categories
as shown in Fig. 1.1 (b); (i) the rectangular wave fed synchronous motors which are
also known as brushless PM dc motor and (ii) the sinusoidal wave fed synchronous

motors which are also known as brushless PM synchronous motors. In the former

category, a discrete position fecdback signal is used every 60 electrical dugrees. "The

induced back emf is idal in shape. C 1

the current s required to
be held constant for at least 120° in order to generate a ripple-free torque. Sinee the
motor emf is ideally sinusoidal in the latter category, it uses continuous rotor position

feedback to force the sinusoidal-shaped current into the motor in order to produce



Brushless PM motors

Cage Cageless

(a)

Brushless PM motors

Sinusoidal (PM synchronous)  Rect
fed

I |
! b |

With sensor Sensorless  With sensor Sensorless

/Trapezoidal (PM dc)

(b)

Figure 1.1: Classification of brushless PM motor drives; (a) based on cage winding;

(b) based on control methods

constant and smooth torque. Generally, the pulse width modulation (PWM) control
strategy is adopted by using a hysteresis or a ramp current controller for the brushless
PM synchronous motor drives.

The brushless PM synchronous or brushless PM dc motor can further be catego-
rized as: (i) with sensor and (ii) sensorless; brushless PM motors with sensors use
mechanical sensors, such as Hall-effects sensors, absolute or incremental encoders and
resolvers. Sensorless brushless PM motors use some form of rotor position detection
scheme, such as observers or computation techniques using stator quantities. It is

noteworthy that difficulty exists in implementing the sensorless schemes in brushless



PM synchronous motors because they require almost continuous position information.
Thus considerable efforts are being made by a number of researchers to overcome this

difficulty.

ied in three types (3] the first is the

"The brushless PM motor may also be cla

surface mounted type where the magnets are placed on the surface of the rotor; the

second is the interior magnet type in which the magnets are buried cither radially o
circumferentially inside the rotor core; the third is the inset type where the magnets

are inset within the rotor core.
1.2 Review of Brushless PM Motor Drive Sys-

tems

Brushless PM motors are now essential in the modern drive technology. Moderate to
high performance drive systems are being devised using various kinds of controllers.

These controllers include conventional fixed gain types, such as proportional-integral

(PI), proportional-integral-derivative (PID) or pseudo-derivative-feedback (PDF);
adaptive controllers, such as model reference adaptive controller (MRAC), sliding
mode controller (SMC), variable structure controller (VSC), sell tuning regnlator

(STR); modern controllers, such as artificial neural network, fuzzy logic or nenro-

fuzzy controllers. A review of the literature of brushless PM motor drives with varions

types of controllers is given in the following sections.



1.2.1 Brushless PM motor motor drives with PI or PID

controllers

Researchers continue their efforts on the development of a highly efficient drive system

with the brushless PM dc motors [4]-[19]. An electronically commutated polyphase

Tigh trequency
cmiecngns o Va

INVERTER

el Position
| Dsodes ——
e it

Sensor.

Tachometer

Figure 1.2: Control scheme of a brushless PM dc motor

synchronous motor with surface mounted permanent magnet is known as the brushless
PM dc motor. Fig. 1.2 shows a control scheme for a brushless PM dc drive. Since
the induced phase voltages of the machine are trapezoidal in shape, it can be shown
that a six-step line current in phase with the induced voltage will maintain a constant
torque. A Hall-effect or optical encoder properly aligned on the shaft with respect
to the poles generates three phase 180° square pulses, which are shaped to six-step
waves by the decoder. The speed loop generates the current command signals. The

current control loops generate the voltage command, which is pulse width modulated



Figure 1.3: Vector control scheme of a brushless PM synchronous motor

(PWM) by a high frequency carrier wave.

Because of the simplicity of the machine, the position sensor in the control elec-
tronics makes the brushless PM dc drive popular in industrial motion control systems.
However, the drive has a pulsating torque problem due to the mismatch of current
switching instants and the machine back emf [20], [21]. Hence, attention is being
focused on the vector control of sinusoidally fed brushless PM synchronous motors.

In the drive system comprising brushless PM synchronous motor, the inverter
can synthesize sine wave line current. Consequently, the pulsating torque is greatly
reduced. The effect of armature reaction in a surface mounted PM motor being
negligible, the stator current phasor can be positioned orthogonal to the magnet flux
with the help of a position sensor or using any sensorless algorithm. This is essentially
done by vector control techniques which provide maximum available torque. It is
analogous to the case of a decoupled separately excited dc motor. Fig. 1.3 shows
a closed-loop speed control scheme using such a vector control technique. Since the
permanent magnet rotor provides the air-gap flux, the stator does not supply any

reactive current.



Many rescarchers continue their efforts on the development of a highly cfficient

PM synchronous motor drive [22)-[38]. Major points of the works on brushless PM

synchronous motors [22)-[38] are briefly summarized below.

CGumaste and Slemon [22] have proposed a vector control strategy of the PM
synchronous motor in which position feedback control is achieved by sensing the
rotor position angle using a sensor. The analysis is performed for the constant torque
and constant. power modes. In order to obtain a stable operation, it is suggested
to remove the damper winding if the drive system is operated by a voltage source
inverter. Lessmeier el al. [23] have compared the performance of synchronous motors
and induction motors incorporating microprocessors. They have proposed the vector
control strategy of ac motors in a synchronously rotating frame. Quadrature axis (q-
axis) eurrent has been identified as a control parameter up to the base speed and after
that an additional negative direct axis (d-axis) current is suggested Lo overcome the

limitation of the maximum terminal voltage of the inverter. Mechanical sensors have

been used to detect the rotor position in this scheme. A PM synchronous motor drive

system with regenerative braking features has been presented by Murty (24]. A four
quadant operation with faster response characteristics is obtained in this work. The
proposed technique demonstrates a PWM operation and regenerative braking action
using the same inverter circuits. Analytical expressions are derived and experimental
results are presented for both the open loop and closed loop cases. The speed error
is fed to a Pl controller used in the closed loop control scheme which sets the current
limit of the PWM circuit. Change of logic signals at the forward/reverse input of the
EPROM automatically puts the motor first into the regenerative braking till the zero
wpecil ik:abiaboed; nd Hion aceclraton Y the rovorse direction and Brings the motor

to the same reference speed in the opposite direction. Meshat and Person [25] have
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proposed a design philosophy for a microprocessor-based inverter for veetor control

of the currents in the brushless PM synchronons motor. The optimum torque control

in which d-axis current is forced (0 zero is applied in this scheme. Re-shaping (he

phase current is done for any speed in order to obtain the ripple-free torque. Since
the generated current in cach winding lags the command current, the phase angle
advancing method is used to overcome the problem. Using the torque controlling
technique, an adjustable speed control strategy for an interior permanent maguet

(IPM) synchronous motor drive has been proposed by Jahns ef al. [26]. In this

work, the basis of torque control in an IPM motor is achieved by the orientation
of the stator phase excitation with respect to the rotor at all times. The proposed
closed loop regulation of the motor phase currents provides a means of achicving
instantaneous torque control with IPM synchronous motor.

The performances of the drive systems discussed above are excellent from the
point of view of output torque. However, since the gain constants of the PTeontrollers
are fixed in those schemes, a wide range of variable speed operation is nob possible,
Moreover, parameter variations or cxtreme load excursions might make the drive
system unstable.

Kume and Iwane [27] have presented a vector control techrique of a 24 pole

synchronous motor with a constant gain Pl controller. Thi

e suc

shully op-
crates the motor at low speeds. The performance of the drive system is adversely

affected by the non-linearity of the load due to the fixed gain P controller. ‘The

authors have suggested an adaptive speed controller Lo overcome the problem. Pillay

and Krishnan (28] have offered a detailed model involving a s and simulation

of a drive system for a vector controlled PM synchronous motor using a stale-space

model. The drive system is designed for a fixed specd of 1750 rpm. A PID type specd
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controller has been used in this work. Morcover, the performance of the drive has

not been demonstrated over a wide range of speeds. Furthermore, the performance
of the drive system is parameter sensitive because of the use of a PID controller.
The same authors [29] have presented another paper which deals with the design of
speed controllers for a high-performance PM synchronous motor drive. The authors
used the linear model of the PM synchronous motor to design the speed controller
which is pseudo type. A complete control system with the PM motor is simulated

for a wide range of speed operations. It is well known that with a linear model, it

is very difficult to predict accurately the performance of the machine in real time,
particularly at low specds. Bose [30] proposed a high performance inverter-fed IPM
synchronous motor drive system in which a closed loop torque control is implemented
with  feedback torque estimation. The control strategy Lakes into account the effects
of saturation, non-lincarity and temperature variations. The drive system is designed
lo work in the constant torque region as well as in the constant power region where
the flux weakening method is used. The performance of the drive system has not
been investigated for variable speeds. Pillay et al. [31] have proposed a digital signal
processor (DSP) based hysteresis current control scheme which is implemented using
TMS 320E17/C17 and TMS 320E15/C15 processors. For the relatively slower specd
control loop, a PI controller is used to obtain the peak value of the current command.
Experimental results have illustrated the effectiveness of the current controller. The

al various are not provided in this work. More-

speed resp
over, using look-up table for generating the reference currents might not be suitable
under wide range of operating conditions. Morimoto et al. [32] have proposed a high
performance servo drive system of a salient pole PM synchronous motor using the

veetor control technique. Demagnetization and magnetic saturation are taken into
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account in this work. The P1 type speed controller is used to obtain the peak value of
the reference current. Using a look-up table and this peak value, the derived optimum
phase angle of the current is chosen to obtain the maximum torque without, making

the d-axis current zero. The experimental results show that, the proposed drive

tem is more cfficient than the conventional one where the d-axis reference enrrent

iis set to zero. The same authors [33] have proposed another vector control scheme

of a PM synchronous motor using three types of current phase control approaches:

(a) ia = 0, (b) cosg = | and (c) constant flux-linkage control method. The speed

controller used in Lhis scheme is again a PI type. A look-up table is nsed to obtain the

reference currents for the control scheme. In this work, it is argned that high torque

is achievable without the problem of demagnetization for the iy = 0 phase control

method, but the inverter capacity needs to be increased for a salient pole machine.

The cosé = | method gives less torque per unit current and this results in non-linear
torque characteristics. However, this method may be used for constant speed drive
since the inverter capacity need not be very large. The constant flux linkage control

approach s suitable for an IPM synchronous motor becau

it provides almost linear

torque characteristics and the required inverter cap:

ity is small, Alhough magnetic

1

or izing effects arc 1

in this work by the phase control

technique, the problem of the adverse effects of the non-lincarity and unpred

load excursions remains still to be solved.

Most of the works discussed so far on the PM synchronons motor drive arc

on the vector control technique of a speed range up to the base value. Researeh

[34]-[38] are also working on the PM synchronous motor drive which can operate above

keni |

the base speed. Generally the ficld g technique is

applied for ling the

specd range of the PM motors.
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Bose and Szczesny [34) have worked on a microprocessor based control of an inte-

rior type PM synchronous motor. This drive system includes a constant torque region
with low speed operation and field weakening constant power region at high speeds.
‘The drive system is designed with one outer torque control loop for specific applica-
tions like electric vehicle propulsion. General application is not possible with such
a drive drive since the position and speed control loops are absent. Considering the
saturation of a current regulator, Jahns [35) has proposed a vector control strategy

X perali

of the flux for the [PM synch motor drive system over

an extended speed range. In this flux weakening method, direct axis rotor current
is obtained from the available phase currents of the motor and the d-axis reference
current. ‘The error is passed through a PI controller. Morimoto et al. [36] have pro-
posed a control scheme nsing a flux-weakening approach to run the PM synchronous
motor above the base speed. Closed loop control for direct axis stator current in
the rotor reference frame is used to oppose the main flux produced by the PM rotor.
‘T'he effects of parameter changes are studied. Bilewski et al. [37] have investigated
a control strategy of the PM synchronous motor above the base speed using the field
weakening technique. A flux observer based strategy is proposed to maintain syn-
chronism. An [PM machine is suggested for this kind of operation. The system has
been realized in real time. However, there is a limitation on the operating range of
the drive. Morimoto et al. [38] have proposed a field weakening technique for the PM
synchronous motor by considering the cffect of magnetic saturation. A compensating

technique based on the calculated value of L, from the detected g-axis current, is used

in this control strategy. The d-axis current d is d with the calculated
L, to nullify the effect of saturation.

In these works on the field weakening technique, the effects of parameter variations
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due to noise, e, ete. are not considered. Morcover, the p Ly in the

brushless PAI synchronous motor depends on the load applicd 1o the drive

This effect is also not taken into account. Therefore, the drive

systems may sulfer

from the problem of instability unl, ome adaptive scheme is incorporated.

‘The conventional Pl and PID controllers have been used in the hrushless PN syn-

chronous motor drive. However, these controllers are

ve to parameter varialions
and load disturbances. The performance varics with operating conditions, and it is
difficult to tune the controller gain both on-line and off-line. Increased productivity
and improved product quality demand fast response and a parameter-insensitive ro-

b

drive system. The conventional lincar control technique can no longer satisfy

the stringent requirements placed on high-performance drive applications. Therefore,
there has been recent interest in applying modern control theories to drive systems.

The availability of relatively inexpensive and powerful digital signal processors i

stimulated increased interest in applying adaptive controllers Lo electric motor drive
systems,
1.2.2 Brushless PM motor drives with adaptive controllers

In recent years, researchers have been focusing their attention on the application of

brushless PM motors in high-performance drive

robotics, machin

tools, acro-space actuations and auto-motives with adaptive controllers which nse

precise control techniques to achieve fast trans

and high adaptability to non-lincar load variations.

In a model reference adaptive control (MRAC) technique, the respon

vauria-

to track the output of a reference model irrespective of the drive paramete

tions. An MRAC system with a PT controller is based on an on-line scarch strategy.
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“The parameters of the Pl controller can be adapted to compensate for the system
parameter variations so that the system tracks the reference model. The controller
parameters are varied by trial and error so that the error between actual and desired
responses remains bounded within a hysteresis band. The reference model is deter-

mined on the basis of worst-case parameters of the drive system so that the control

loop can physically track the reference model. Choy et al. [39) have proposed a vec-
tor control position servo of the brushless PM synchronous motor using the MRAC.
The inner loop s the PI controller and the outer loop is the MRAC. This generates

discontinuous control inputs which cause chattering. But this chattering problem is

ly-state error gain of the PI controller

| by t
Researchers [10]-[43] have reported the application of sliding mode control (SMC)
or variable structure control (VSC) in synchronous motor drive systems. In the SMC,

the drive is forced to follow a predefined trajectory in the phase plane irrespective of

drive parameter variations. ‘This is achieved by a set of switching control schemes.
Namuduri and Sen [40] have proposed an adaptive controller based sliding mode ap-
proach for the vector control operation of a synchronous motor. The drive system
comprises a phase controlled chopper and a GTO inverter to provide the torque com-
ponent current. The complete scheme is proposed for a position servo drive. Control
equations are derived for the SMC in order to obtain parameter and load torque dis-
turbance insensitivity. Consoli and Antonio [41] have presented the simulation of a
veetor scheme of an IPM synchronous motor over the base speed employing the field

weakening technique and sliding mode regulator for the torque control. Sliding mode

strategy is developed mathematically taki=g into account the effect of constant accel-
eration. constant speed and constant deccleration. The chattering problem is reduced

by considering the changing band-width. Using PM syuchronous motor in brushless
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dc motor operation, an adaptive control scheme has been proposed by Chung ef al.
[42]. This scheme uses an improved variable structure control (VSC) approach inte-
grated with a sliding mode observer to overcome the problems of the conventional
VSC, such as reaching problem, chattering and steady-state error due to the finite

switching. Ghribi and Le-Huy [43] have proposed a scheme of variable speed P

synchronous motor drive which comprises two controllers: the first is the speed con

troller inserted in the outer-loop: and the second is the current controller which is

inserted in the inner loop. The speed controller for this scheme has the cha

racteris

ies
of the reference model and optimum speed controller. The eurrent controller is the
predictive type which is used to obtain the improved robustness against any change
in the system parameter.

“There are some other Lypes of adaptive controller drives reported which are based

on self-tuning adaptive control technigues [14], [15]. In these methods, the controller

parameters are tuned to adapt to the drive parameter variations. The identification

block tracks the changes in system parameters. The information is nsed Lo update the
controller parameters through the controller adaptation to guarante a desired closed-
loop performance. Sepe and Lang [44] have proposed an adaptive specd controller for

the PM synchronous motor drive system which is very similar to the

Luning regu-
lator. It estimates the mechanical parameters of the motor. “T'lie estimation is based

on the fact that the proposed algorithm redesigns the gain of the controller in real

time. The inner loop of the drive system consists of the motor, inverter, current, speed

controller and state-filter. The slower outer loop consists of the parameter estimator

and the control algorithm for the controller. Tn an adaptive control scheme, Farhond

ed dise

and Ghandkly [15] have developed an optimi L self-Luning regulator by us-

ing gencralized control structure. ‘The anthors have tuned the regulator parameters
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by minimizing a steady-state quadratic criterion. One advantage of this algorithm
is that by specifying only the order or structure. the existing fixed parameter or the
fixed stri controller can be tuned.

A

ons drawback of the adaptive controllers is the computational burden re-
quired for the real time parameter identification. The other problem is the sensitivity
of the system Lo numerical precision: and the observation noise which tends to grow

ably as the number of the system state variables increase. In addition, most

aptive controllers have the problems of reaching, chattering and steady state

errors due to the finite switching,

1.2.3 Brushless PM motor drives with artificial intelligence

controllers

The control of systems with unknown and/or nonlinear dynamics, such as the brush-
less synchronous motor drive, presents real challenges. Over the last two decades,
considerable efforts have been made in developing self-optimizing and adaptive con-
trollers for systems with unknown parameters and nonlinearities. The basic idea was
normally to estimate the parameters of a linearized model of the system and to use
the model for updating the parameters of the controller. Recent solutions for lin-

car Lime invariant systems with unknown parameter variations involve the feedback

lincarization technique in combination with other results of the adaptive nonlincar
control theory. But one of the main focusing points of this research was to deal with
lincar variations of unknown parameters to known nonlinearities.

Neural Networks on the other hand do not need any information about the sys-
tem nonlinearities. Currently significant efforts are being made on the use of artificial

intelligence in motor control technology [13]-[13], [46]-(62]. Artificial intelligence in-
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volves programming a computer so that it can mimic human thinking. xploiting

the inherent non-linear input and output mapping property of the actiticial neural

networks (A

NNs), some controllers are being designed and implemented in de motor
drive systems with the aim of achieving the characteristics of adaptive controllers,

[50]-[53]. Since human thinking is often qualitative, involving ideas, such as “large”.

“small” or “medium”, fuzzy fogic and fuzzy set theories have also been devefoped
for computers to qualify and objectively evaluate the subjective ambiguity of human
thinking. These days some work on the de motor control is also being carried out
using the fuzzy control approach [34], (55].

Although some research [56)-[61] has already been carried out using ANN tech-
niques on the control of induction motors, researchers have just started focusing their
attention on the use of neural network [13]-[13] or fuzzy logic [62] in brushless PM
motor drive systems.

El-Sharkawi and El-Sayed [13] have proposed a neural network based control of
the brushless dc motor. In this work, a multi-layer ANN controller is implemented
incorporating a model reference adaptive controller. The inputs of the ANN ace the

estimated speed from the reference model and three consecutive samples of actual

speeds. A back-propagation algorithm is used Lo train the network. This work is

based on the off-line trained ANN structure. Due lo the absence of the provision of

on-line tuning of weights and biases, the speed control is not very precise and thus not

very useful for different conditions particularly in of load «f

auges, disturbances

and parameter variations. In the work of a brushless « vo motor drive by Inone
et al. [14], a fuzzy interferencer is used with a Pl controller to tune the gain of the
controller to overcome the disturbances from load inertia, mechanical vibration and

time delays inside the control. The membership functions are generated from the
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actual speed, reference speed and from the output of a reference filter. The servo

drive is implemented using DSP-ADSP2101. Incorporation of additional reference
generator, observer and fuzzy interferencer with two PT controllers makes the system
complex from the computational point of view. Since fuzzy logics used in this work
are developed by experience and trial and error, the design procedure of the complete

b In spite of the above

system becomes hat. time ing and
facts, experimental results confirm the optimum response after several auto-tuning

culations even after the oceurrence of an unstable state. Recently Shigou et al. [15]

have proposed an off-line trained ANN based digital control of a brushless de servo
motor drive system with an analog speed controller in order to obtain better servo
performances. Rather than looking into the precise £aced control approach, this work

focus

s on the Lraining issue of the ANN to be used in the servo system. Kovacic et al
[62] have proposed an adaptive control approach on the model reference based control
of the hrushless PM synchronous motor. The adaptation process is performed by a
fuzzy logic adaptation mechanism. In the control system, system output consists of
reference input, feedback output and fuzzy adapted output. The inputs of the fuzzy
adapter are the error between the MRAC controller’s output and the system output
and the change in error between the previous and current samples. In this work,
the developed control algorithm is based on a linearized model of the brushless PM

syncl motor. The results verify the effectiveness of the developed

algorithm for iations of this linearized system. The algorithm may not

be suitable for non-linear load characteristics. Moreover, the reference model used
in this work is motor parameter dependent. Therefore, unavail.bility of the accurate
value of the motor parameters may lead to an unstable operation of the system for

unknown system behaviors,
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From the above discussion it can be concluded that there exists a modern tremd

and fu

of research activitics on the applications of A logic in ac motor drive
systems. Although some rescarch has been carried out on the brushless PM e motor

control using neural network [13], {15], a systematic research on the veetor control of

a brushless PM synchronous motor using an ANN remains unexplored. Rescarch as-
sociated with these kinds of drives demands special attention due to the fact that syn
chronization and low speed operation of the interior type brushless PM synchronons

motor is considered a major problem [16]. ‘Thercfore, a successful application of

the artificial neural network in the vector control of an interior-iype brushle:

synchronous motor is a challenge.

1.3 Problem Identification and Purpose of the
Work

After briefl examinations, it is fair to say that the brushless PM synchronons motor

is one of the most efficient motors in ac drive technology.
Faster response, quicker recovery of speed from any disturbances and insensitiv-
ity to parameter variations are some of the main criteria of high performance drive

systems used in robotics, rolling mills, machine tools, ete.. PM de motors, with the

feature of the armature voltage control, play an important role in these high per-

formance drive applications. Equivalent, performance characteristics of a s

arately

excited dc motor can be obtained from the bruzhless PM synchronous motor if the

closed loop vector control scheme is employed. The brushless PM synchronous motor

drive system involving the vector control scheme not only deconples the torque: and

flux which provides faster response but also makes the control Lask easy. ‘The speed
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controller used in the brushless PA synchronous motor drive system plays an impor-

eria of the high performance motor drive. It should

tant, role in meeting the other eri

enable ¢ speed taking into account the effects of load

the drive to follow any refere

ed in

impact, saturation, system disturbances and parameter variations. As disc.

the literature review, conventional controllers. such as proportional-integral (P1) or

proportional-integral-derivative (P1D) have been widely used in both de and ac motor

e types of controllers are diffienlt to design if an accurate system

controls. But the:

model is not available. Moreover, unknown load dynamics and other factors, such

as nois ature and saturation affect the performance of these controllers for

, temy

a wide range of speed operations. Existing adaptive controllers, such as the model

reference adaptive controller (MRAC), sliding mode controller (SMC), variable struc-

ture controller (VSC) and self tuning regulator (STR) are involved in a system with

umber of unknown parameters. In addition. these types of controllers are usu-

i
ally based on system model parameters. llence, unavailability of the accurate system
model often leads to a cumbersome design approach for these controllers.
Now-a-days, increasing interest has been scen on the use of artificial neural net-
works in system modeling and control applications. In high performance drive (HPD)
applications using PM motors. the ANN can play a key role in system identification
and speed control. Therefore, in this study an cffort is directed at developing a prac-
tical and casy to implement PM motor drive system incorporating an artificial neural
network based speed controller.
The main feature of this study is the efficient integration of the ANN with the

tor control scheme of a brushless PM synchronous motor which provides highest

torque sensitivity. However, before proceeding with the complex control of ac motors

with the artificial neural network, an attempt is made to implement a high perfor-
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mance PM dc motor drive

swstem with the A unique feature of on-line weights

and biases updating is also proposed for both PM de and ac synchronous motor

drives. This updating feature not only makes the drive system insensitive to n-

eter variations but also provides excellent tracking chavacteristies to the vderence
inputs.

In this study, systematic mathematical formulations are derived based on the

inverse dynamics of the motor models for the accurate desigr: of the ANN structures,
These guarantee the exact system identification and precise speed control of M

motors. Experimental verification of the ANN controller ba

ed drive systems for
both PM de and brushless PM synchrorous motors have also been carried out thromgh
hardware implementation.

The outline of the remaining chapters of this thesis is as follows:

The current controller is considered to he one of the main parts of any vector

control scheme of ac drives. The performances of the proposed hysteresis enrrent,

controller for the drive system have been studied in chapter 2. As part of the inves-

tigation, a vector control scheme of the brushless PM synchronous motor has been
designed and experimentally implemented by integrating a conventional psendo-type

speed controller with the hysteresis current controller. The evaluated performanc

of tke brushless PM synchronous motor drive system have heen presented in this
chapter.

Artificial neural networks proposed for this work are the feed-forward neural net-
work (FFNN) and recurrent network types. General structures of ANNs with acli-
vation functions are described briefly in chapter 3. The training algorithm proposed
for the ANN is based on the modified back-propagation approach. An outline of

the training algorithm used for both the initial set of weights and biases and on-line
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updating is also presented in this chapter.

s PM synchronous motor offers equivalent

“The vector control scheme of a brushles

jcs of a separately excited de motor. Ilence, before advancing

control characteris!

with the proposed ANN based brushless PM synch motor, an impl ation

of the ANN controller is carried out on a laboratory PM de motor drive. Details of

o

gn and implementation of the proposed ANN controller for the PM de motor have
heen presented in chapter 4. The validity of the ANN controller on PM de motor

enconrages us Lo carry on rescarch on the design and implementation of the proposed

ANN based scheme for the brushless PM synchronous motor,

5 of the the

contains the design of an innovative ANN structure used

for the vector control of the brushless PM synchronous motor. Before laboratory

omplete scheme has been successfully simulated to predict the

implementation, th

performances of the proposed drive system. The simulation performances of the ANN

based brushloss PM synchronous motors are also presented in this chapter.
“The ANN based brushless PM synchronous motor drive system has been success-
fully implemented in the laboratory using a digital signal controller board DS-1102.

The detailed software and hardware implementations of the proposed scheme have

heen presented in chapter 6. The experimental results presented in this chapter not
only verify the theoretical results presented in chapter 5 but also establish the ANN as

ient control tool for a robust and high performance brushless PM synchronous

an effi

wmotor drive.
"I'he summary and conclusions of this thesis arc highlighted in chapter 7, together

with suggestions for further study in this arca.



Chapter 2

Vector Control of Brushless PM

Synchronous Motor Drive

A separately excited de motor offers a highly desirable control characteristic because
its armature and field currents are decoupled and hence can be controlled indepen-
dently. Equivalent characteristics of a separately excited de motor can be obtained
from a brushless PM synchronous motor if the vector control technique is employed
63], [64]. The underlying principle of vector control is Lo eiminate the conpling he-

tween the torque and the magnetomotive force (MMIF) by separating the direct and

quadrature (d,y) axis currents which can be achieved by expressing the machine cqua-
tions in the synchronously rotating rotor reference frame ie. in the form of Park'’s
model [65]. Thus starting with a bricf introduction of Park’s machine madel, the
concept of the vector control Lechnique used in the high performance interior-type
brushless PM synchronous motor drive is presented in this chapter. Sinee current,

and speed controllers are some of the main components in the vector controlled PM

brushless synchronous motor drives, the detailed analysis and design procedures of a

led in

pseudo-type speed controller and a hyste current controller are also prese

4
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this chapter. The performances of both speed and current controllers are evaluated

through simulations and experiments.

2.1 Brushless PM Synchronous Motor Equations

The brushless PM synchronous motor is the same as the field-excited synchronous
motor from the analytical view point. The only exception is that the wire-wound dc
rotor field excitation is replaced by permanent magnets, which provide constant flux
linkage Ays. The flux linkage in the three stator phase windings due to the permanent

magnet rotor is given in the matrix form as [65]

Aag Ansind,
Pel=| Xy | = | Ausin (6, - %) |- (2.1)
Y usin (6, + %)

The three phase flux linkage equations are defined as

Aa = Lagia + Muis + Macic + Aprsin6,, (2.2)
M = Misia + Luiy + Micic+ Magsin (0~ 27) (23)
N = Mo b My + Tt A g i (e, 2 %”) ; (24)

where Laq, Ly, L. are the self inductances and M,p, Mye, M, are the mutual induc-
tances, respectively.
Now, the voltage equations for the three phase brushless PM synchronous machine

can be written as

Va = Tala+t el (2.5)
. d)

v = mm—d—:, (2.6)

G = RS n T (2.7)

dt
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or in the matrix form as

Vg . 0 0 g A
w|=|0 r 0 i |+t op | A |- (2.8)
e W i0 2 | | 95 A

Equation (2.8) may be written in compact form as
[ase] = [Faselliase] + P[Aabels (2.9)

where p is the operator defined as p = 4. In these voltage equations, the flux
linkage component contains inductances which are functions of the rotor position

6,, and the coeffici of the diffe ial voltage ions are time varying except

when the speed of the machine is zero. This makes the analysis complex, unless all
the equations are transformed to the synchronously rotating rotor frame where the

machine inductances will no longer be dependent on the rotor position.

2.1.1 Brushless PM synchronous motor dynamic equations

Park’s equations in machine variables can be obtained by transforming the equations
of the stationary axis to a synchronously rotating rotor reference frame axis [65]. The
coefficient matrix can be written for the transformation to the rotating rotor reference
frame as

cosf, cos(d, — %) cos(d, + %)

[Cl= 2 | sinfb, sin(6, — %) sin(0,+2) |, (2.10)
1 1 1

where 8, is the rotor position angle defined as

0.= [[wrla) dn +0,0). @11)



27

In equation (2.11), w, is the mechanical speed expressed in radian/second.
The inverse of the matrix equation (2.10) can be found as
cos b, sinf, 1
[ = | cos(d, — Z) sin(6, - %) 1| (2.12)
cos(6, + %) sin(6, + %) 1
The voltage equations in a stationary reference frame can be transformed to the

orthogonal components of a rotating rotor reference frame as
[0l = [C[vasc], (2.13)

where the superscript r denotes quantities in the rotating rotor reference frame.
After some manipulations of equations (2.9) and (2.10), the voltage equation (2.13)

can be written as
[V5ao] = [ravel Fao] + Peor[Agg] + PN o)y (2.14)

where P is the number of pole pairs. Equation (2.14) can be written in the matrix

form as
o W 0 0|4 z ol
gl=|0mn of|ig|+Pu |-x|+p 2] (2.15)
v 0 0 || 0 A5

If it is assumed that the stator phase resistances are equal, i.e.
ra=m=r.=R, (2.16)
equation (2.15) can be written as
v = Rif + Pw,\j + pX,, (217)
vj = Rij — Pw, X, + pA}, (2.18)

o] = Rif + pAj, (2.19)
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where Aj, A7 and Aj can be determined from the following matrix as

Az Ly o o || 0
Nl=|w s 0 i+ A 1], (2:20)
x 0 0 L 0
and
Ly = Lit L, (2.21)
Li = Li+Lna (2.22)

Ly and L, are the d-axis and g-axis inductances, respectively; Lnq and Ly, are
the d-axis and q-axis magnetizing inductances, respectively and Ly is the leakage
inductance. It should be noted that for the interior-type brushless PM synchronous
motor L, is larger than Ly.

From equation (2.20), flux linkages can be expressed as

X o= L (2.23)
X = Lai+Au (2:24)
A = L (2.25)

Substituting equations (2.23) and (2.24) into equations (2.17) and (2.18), respectively
and assuming a balanced three phase system (i.c ignoring the zero sequence terms),

the following expressions are obtained.

o = (R+pL)i, + PuLaiy+ Pw Ay (2.26)
v = (R+pLa)iy— Pw,L,i (227)

Using equations (2.26) and (2.27), the permanent magnet synchronous motor can be

represented in the d- and q- axes by the equivalent circuit diagram shown in Fig. 2.1

[66]. The interior-type brushless PM motor parameters are given in Appendix A.
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(b)

Figure 2.1: Model of the brushless permanent magnet synchronous motor: (a) d-axis
(b) q-axis
The developed electric torque can be expressed as

3P .
T, = - [hariy + (Lo — La)igig) (2:28)

The first term of equation (2.28) the torque t due to permanent

magnet excitation, while the secand term is the reluctance torque companent. The

motor dynamic state can be

1 by the followi ti

T. = Jpw, + Bw, + T, (2.29)

where Ty, is the load torque, B is the damping coefficient and J is the rotor inertia.
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2.2 Vector Control of the Brushless PM Syn-

chronous Motor

The coupling between the flux and the torque component currends in the ae motor
has been pointed out as one of the main reasons for the slugaish response of a closed
loop control. The veetor control technique has been accepted as one of the most

effective methods for decoupling the q-axis and d-axis components of

tator currents
in the synchronously rotating rotor reference frame. As is well known in the Park's

machine moadl, the sinusoidal quantitics appear as constant values in the

ady-
state condition. This phenomenon offers an ¢

cellent opportunity for controlling

a brushless PM synchronous motor. [n the rotor reference frame, the stator enrrent.

phasor has two components: the g-axis component of the stator current. phasor known

as the torque producing current component and the d-ax

is component. known as the

magnetizing current component, which is responsible for alfecting the total

ap
flux linkage. As can be seen from equation (2.28), the generated molor Lorque is ot

only a function of g-axis current but also the product of ¢- and d-axis currents in

the rotor reference frame. By keeping the magnetizing current, component (i) b a

constant value, the motor torque can be forced to vary line

arly with the q-axis current,

This concept of control is similar to the control of a separately excited de motor,

However, for an interior type brushless PM synchronous motor, an optimally «

nt.

operation is achieved by controlling the stator current to ensure that the stator eurrent.

ed in the rotor referen

phasor contains only a q-axis component when expres rame,

In other words, the d-axis current in the rotor reference frame

forced Lo zero in
order to achieve maximum torque per ampere, resulting the orientation of all the flux
linkage in the d-axis. With this concept of control strat

the second term of the
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torque equation (2.28) is reduced to zero. Thus the torque equation (2.28) reduces to
3 -

T. = 5P, (2.30)

Hence a constant torque can be obtained by maintaining constant q-axis current since
the developed torque depends only on the g-axis current. With this control strategy,
the machine model becomes linear as can be described by the following equations:

ol .
piy = (0 = Rif = PAyw), (2.31)

e %[Te —Ty - Bw,]. (2.32)

Equations (2.31) and (2.32) are obtained from equations (2.26) and (2.29). The

developed torque T, in the equation (2.30) is proportional to the q-axis current.
T, = Kri (2.33)

where Kr = (3PAy)/2. Equation (2.33) resembles the torque expression of a sepa-
rately excited de motor, where i} corresponds to the armature current of a de machine

and K7 corresponds to the constant flux linkage.

2.3 Implementation Strategy for the Vector Con-
trol Scheme for the Brushless PM Synchronous
Motor

The practical configuration of a vector controlled brushless PM synchronous motor

drive is shown in Fig. 2.2. The basic configuration of the drive system consists of a

permanent magnet synchronous motor (PMSM) fed by a current controlled voltage

source inverter (VSI). The three phase current commands are synchronized to the
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Figure 2.2: Block diagram for a vector-controlled PMSM drive

rotor position angle provided by an optical incremental encoder mounted on the
motor shaft. The magnitudes and frequencies of the three phase current commands
are determined from the vector control in d, g-axis rotor reference frame. Based
on the control strategy discussed in section 2.2, the reference speed w; is compared
with the actual speed. The resulting speed error is forwarded to the speed controller
which generates a reference torque 777, which is processed through a torque current
calculator to produce the g-axis reference current 1", With this reference current
and measured rotor position angle, the three phase reference currents are computed
using the inverse Park’s transformation. These reference currents and the actual
three phase stator currents are processed through the current controller to generate

the inverter switching control signals.

2.3.1 Design of a pseudo derivative feedback (PDF) type

speed controller

For a relatively less expensive and moderate performance brushless PM synchronous

motor drive, conventional speed controllers such as PI, PID or PDF types can be



Figure 2.3: The simplified speed control block diagram of PMSM drive

used. A speed controller of PDF type without the forward differentiation as shown

in Fig. 2.3 is designed and incorporated in the drive system [67]. The K; and K;

shown in Fig. 2.3 are the d ial and integral constants. In the PDF controller,

the derivative (in the forward path of the PI or PID controller) is avoided by placing
the integral part in the forward path of the speed error, and the speed feedback is
subtracted from the output of the integral part. The transfer function of the control
system with the speed controller constants can be expressed in the Laplace domain
as

wi(s)

Tu(s)

, (234)

oy 1 ——
wr(s) = [ THEKTR, IR KR ] {

where J is the inertia constant of the permanent magnet rotor, B is the damping
constant, T}, is the load torque, w, is the actual speed and w} is the reference speed.

Therefore the characteristic equation of the simplified control system is given by

Js* + (Kq+ B)s + K;

(235)

With the design motor data of J = 0.003 kg.m? and B = 0.00008 (N-m)/rad/sec

as given in Appendix A, the damping factor ¢ and the natural frequency w, can be
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Figure 2.4: Pole-zero plots (a) input: w, output: w, (b) input: Ty, output: w,

determined as

Ki+B
t=3m (2.36)
= % (2:37)

The Routh’s criteria of the characteristic equations reveal that the system is stable
for the values of K; > 0.0022. For a critically damped system, the value of ( is chosen
as 0.913. Hence, the values of K; and K; can be designed with the above criteria.
For the design purpose, the value of Kj is chosen as 0.1. Therefore, the value of K;
is 1.001. The pole-zero plot of the above transfer functions are shown in Figs. 2.4(a)
and (b). Tt is evident from Figs. 2.4(a) and (b) that the system is stable, since all the
poles are in the second and third quadrants of the pole-zero plots. The small signal
behaviors of the control system have been predicted through unit step responses of
the two inputs w? and Ty, individually. The corresponding results are shown in Figs.

2.5(a) and (b), respectively.
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Figure 2.5: Small signal behavior of the simplified control system: (a) Aw, due to

unit step change of w? (b) Aw, due to unit step change of Ty;
2.3.2 Current control scheme for the voltage source inverter

The function of the current controller is to force the load current to follow the reference

current as closely as possible. Before impl the current ller for a three

phase voltage source inverter (VSI) in the brushless PM synchronous motor drive, its

operation has been studied by idering a circuit isting of resistance (R) and

inductance (L) as shown in Fig. 2.6.

In this diagram, a balanced three phase R-L load is connected to the three phase
transistor inverter. The neutral point of the load can be connected to the mid point
of two equal capacitors connected across the dc supply. The measured currents are
compared with the reference currents and the error signals are utilized by the current
controller to generate the drive pulses, which activate the inverter power switches in
such a manner that reduces the current error. In Fig. 2.6. N4, Ng and Ng represent
the three logic variables of the three legs of the inverter. The inverter conduction state

is represented by these logics. The logic state 1 means transistor Ty is conducting
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Figure 2.6: Current controlled voltage source inverter with R-L load

and the logic state 0 corresponds to the conduction of the transistor T}.
Before analyzing any specific current controllers, the concept of voltage and cur-
rent space phasors is utilized to simplify the representation of a set of three phase

voltages and currents. The inverter output voltage phasor is defined as [68]

va + avs + a?v.], (2.38)

where @ = ¢/*"/3 and v,,w,v, are the three phase voltages. Following the same

concept as applied to the voltage phasor, the current phasor can be defined as

2z ; 2
g[xﬂ + a1y + a%i]. (2.39)
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Figure 2.7: (a) Inverter voltage phasor (b) Switching current waveform

T lglvaiablaarasrgrsel a8
Na
[vasea] = | Ng | Va, (2.40)
Ne
then the phase voltages can be expressed in terms of the bus voltage and logic vari-

ables, giving

lvaben] = & | =1 2 =1 | [vabea] (2.41)
-1 -1 2



Table 2.1: Logic operation of VSI under current control

state, L| Ty, Ty |Ty Ty |Ts T, | operation mode| voltage phasor
0 0 1o 1o 1 freewheeling Yo
1 1 0{0 1(0 1 active v
9 0 1l 1 0o 1 active vz
3 1 ol1 olo 1| active 5
4 0 1o 11 0 active v
B 1 0lo 11 0 active vs
6 0 il 0|1 0| active Vs
i 1 0|1 01 0 | freewheeling vr

There are eight switching combinations for the six switches of the inverter. With

these combinations, the voltage phasors can be expressed as [69]

2VpeL-17/3 for L=12.., 6
v = (2.42)
0 for L=0,7
The logic operation of the VSI under current control is summarized in Table 2.1.
Figure 2.7 shows the voltage phasors corresponding to the six active states. Each

vector has the amplitude of 2V /3 except vectors vy and vy which correspond to the

free-wheeling states and the amplitudes of which are equal to zero.

2.3.3 Hysteresis current controller

The hysteresis current controller is used for the proposed drive. The reason for choos-
ing this particular kind of current controller is that it offers an excellent dynamic
performance which is one of the main concerns of high performance drives. In addi-
tion, this type of controller is very simple to implement in real time. The switching

frequency of a hysteresis current controller depends on several factors. To determine
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factors, let one phase of the R-L load be described by the following equation

di _w

aTLTL

(2.43)

An idealized PWM inverter is switched from +Vp to =V and generates a switching
curtent waveform as shown in Fig. 2.7 (b), where Ai is the peak-to-peak current

ripple, T is the cycle period, Aty and Aty are the times at which the inverter output

voltage is switched between +Vp to —Vp, respectively. The At is the time in which

the line current. increases by Ai. This time can be determined from equation (2.43)

as

(2.44)
=L (2.45)
Y =2

‘The switching frequency is affected by several factors, such as the load inductance,
the de bus voltage, the magnitude of the load current as well as its ripple content.
The fundamental line to neutral voltage varies periodically.

A simplified diagram of a typical three phase hysteresis current controller is shown
in Fig. 2.8. The purpose of the current controller is to control the load current by
forcing it to follow a reference current which offers a unity power factor operation.

For example, the reference current can be. expressed as
ireg = Ipsin(wt) (2.46)
An upper band reference and a lower band reference current can be defined by adding
or subtracting a band limit H with the reference current, giving
iup = drey + H (2.47)

ito = ipey = H (2.48)
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Referring to Fig. 2.8(b), if iy > iy, then switching logic N4 = 0, i.e. the inverter
output voltage switches to negative in order to reduce the line current. Similarly, if
ia < it,, then N4 = 1. At this instant the inverter output voltage switches to positive

in order to increase the line current.

2.3.4 Simulation and experimental results of the hysteresis

current controller with R-L Load

fo Workspaces
[l
)
Sine wave s
Sine wave2
[oml
| vy
Sine wave!
Hys_3p
S
ubsystem2 o 3
i)
Clock. To Workspace2

Figure 2.9: SIMULINK block diagram for hysteresis current controlled VSI

The simulation of the three phase hysteresis current controller with an R-L load was
carried out using the SIMULINK software [70]. The schematic of the block diagram
using SIMULINK is shown in Fig. 2.9. Laboratory experiments have been carried

out to evaluate the performances of the hysteresis current controller with the R-L
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Figure 2.10: Schematic diagram of the digital current controlled VSI
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load using DSP controller board DS-1102. The circuit configuration of the three

voltage source inverter and the digital current controller using DSP is shown

210, The actual load currents are captured by Hall-effect transducers and
fedd to the A/DD port of the DSP board. The controller samples the phase currents
and compares them with the reference currents. Upon this comparison, the switching
logics corresponding Lo the three phases of the inverter are fed to the D/A port. The
six switching signals have been derived using interface circuit as shown in Appendix
(. The DSP board is completely controlled by a software developed system using a
personal computer. The flow chart of the realk-lime implementation of the hysteresis
current controller with R-L load is shown in Fig. 2.11, The details of the threc phase
PWM signals generation as shaded in the Fig. 2.11 are shown in the flow chart of

Fig. 2.12.

Figures 2.13-2.18 show the simulation and experimental current responses of the

hysteresis current controlled VSI. All results have been obtained with a reference

current peak of 1 amp and hysteresis band limit of 0.1 amp. Figure. 2.13 (a) shows
the simulation current responses of phase ‘a’ and phase ‘b’ for the reference current
frequency of 60 Iz, Fig. 213 (b) shows the corresponding experimental current
responses. Iig. 2.14(a) shows the simulation current responses of phase ‘a’ and phase

“ and Fig. 2.14(b) shows their experimental results of the same frequency. It is

observed from Figs. 2.13 and 2.14 that the load currents are within the prescribed

band and they have maintained the proper phase difference. Figures 2.15(a) and
Qe

2.16(a) show the simulation current responses of phases ‘a’, ‘b’ and phases ‘a’, ‘c’,

respectively for a reference frequency of 30 Hz. Figures 2.15(b) and 2.16(b) show the

rres ling experi 1 The lower fr of the reference current
l P 1

provides lower inductive reactance. Since the magnitudes of the dc bus voltage and
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Figure 2.11: Flow chart of the real-time implementation of the hysteresis current

controller with R-L load
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Figure 2.13: Current responses of the hysteresis current ller at the reference fre-

quency 60 Hz: (a) Simulation responses for phase ‘a’ and phase ‘b’ (b) Corresponding

experimental responses; Y-scale: 1 A/div.
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Figure 2.14: Current responses of the hysteresis current controller at the reference fre-
quency 60 Hz: (a) Simulation responses for phase ‘a’ and phase ‘c’ (b) Corresponding

experimental responses; Y-scale: 1 A/div.
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Figure 2.15: Current responses of the hysteresis current controller at the reference fre-
quency 30 Hz: (a) Simulation responses for phase ‘a’ and phase ‘b’ (b) Corresponding

experimental responses; Y-scale: 1 A/div.
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Figure 2.16: Current responses of the hysteresis current controller at the reference fre-
quency 30 Hz: (a) Simulation responses for phase ‘a’ and phase ‘c’ (b) Corresponding

experimental responses; Y-scale: 1 A/div.
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Figure 2.17: Current responses of the hysteresis current controller at the reference
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experimental responses; Y-scale: 1 A/div.
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the reference current are kept constant, the switching frequency of the VST inereases in

order to decrease the output voltage. Even though the switching frequency increases,
the load currents follow the reference current within the specified band. Experiments
have also been carried out to evaluate the performance of the proposed controller for
a low reference frequency, such as 5 11z, Figures 2.17 (a) and 2.18(a) show simulation
responses and Fig. 2.17(h) and Fig. 2.18(b) show the correspondling experimental

results of phases ‘a’, ‘b’ and phases ‘a’, ‘c', respec Although the switching

frequency increases tremendously for this case, the current controlled VST does an

excellent job of forcing the load current to follow the reference eurrents. These current

responses at the very low frequency ensure successful operation of the hysteresis

current controller at low speeds for the brushless PM synchronons motor drive.

2.4 Computer Simulation of the Conventional
(PDF typ_e) Speed Controller Based Brush-
less PM Synchronous Motor Drive

Now-a-days, it is a common practice to cvaluate the system performances through

computer simulation before the real-time impl ation. Therefore, a computer sim-

ulation of the brushless PM synchronous motor drive system consisting of a conven

tional non-adaptive PDF type speed controller has been carried out. The schematic

block diagram of the complete system is shown in Fig. 2.2, The inverter transistors

are modeled as ideal controlled switches with instantancous turn-on and turn-off. The
switches in each inverter leg have complementary switching states.

There exist many soft which are ifically developed to simulate the dy-

namics of the system, namely, clectromagnetic transient program (EMTP), simulation
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of nonlinear systems (SIMNON) and SIMULINK [70]. The SIMULINK software has

been successfully used in this rescarch. The simulation carried out in this work en-

ables the investigation of both the transient and the steady state operation of the
system. Simulation inputs include all the drive circuit parameters along with the
reference speed wi. The simulation outputs consist of the instantancous enrrent and
speed. The SIMULINK software uses metaphors of a block diagram to represent a
dynamic system. In order to obtain an accurate and efficient simmlation result with
SIMULINK, the equations describing the system are required to be arranged in the
form of block diagrams. The approach nsed to obtain the simulation results of the

drive system is outlined below.

o The structure of the brushless P M synchronous motor is constrneted in the form

of block diagrams as shown in Fig. 2.19.

® SIMULINK subsystems of the varions components of the drive system are con-
structed and used in Fig. 2.19. These subsystems are are shown in Appendix

D.
o The real-time switching model is used to represent the inverter.

o The buill-in Runge-Kutta algorithm is used to obtain the systemn performances.

2.5 Real-time Implementation of the Conventional
Speed Controller Basod Brushless PM Syn-

chronous Motor Drive

Experiments have been performed to evaluate the performance of the speed controller
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Figure 2.20: Flow chart of the software used for the real-time implementation of the
PDF based brushless PM synchronous motor drive



used in the brushless PA synchronous motor drive in real time using the DS con-

troller board. The state-space model of the speed controller is implemented throngh

the software. The flow chart of the real-time implementation of the PDE type speed

11

with the developed hysteresis current controller for the brushle

< PM syn-

chronous motor drive is shown in Fig. 2.20. Hall-effect current transducers are nsed

to measure the actual line currents. and these are fed to the A/D port of the controller

board. The rotor position is measured by an optical incremental encoder installed at

the motor shaft. The encoder generates the necessary pulses according to the position

information, and are fed to the built-in encoder port of the controller board. A $2 hit
counter counts the pulses and is read by a calling function in the software, ‘T'he motor
speed is deduced from the rotor position angle by backward difference interpolation.
The peak value of the reference current is determined by the discrete equations of the

speed controller and the error between the actual and reference speeds. The three

phase reference currents are then computed using the fedback rotor position infor
mation. The measured actual currents and the reference currents are used in the

hysteresis current controller which provides the nec

ary switehing signals for the

voltage source inverter. The complet

control algorithms are implemented in soft-

ware using a high level program written in (. The program is compiled using Texas

Instrument C code generator and then down loaded to the DSP controller.

2.6 Results and Discussions

Figures 2.21-2.28 illustrate the simulation and experimental results of the conven-

tional PDF tyj.e speed controller based brushless PM synchronons motor drive. All

e I speed res I 1in this work are the oscilloscopic recordings
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Figure 2.21: Results of the PDF type speed controller based brushless PM syn-
chronous motor drive (a) Simulation speed response at no load with w; = 1800 rpm

(b) Corresponding experimental speed response; Y-scale: 750 rpm/div.
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Figure 2.22: Results of the PDF type speed controller based brushless PM syn-
chronous motor drive (a) Simulation current response at no load with w; = 1800 rpm

(b) Corresponding experimental current response; Y-scale: 1 A/div.
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Figure 2.23: Results of the PDF type speed controller based brushless PM syn-
chronous motor drive (a) Simulation speed response at rated load with w? = 1800

rpm (b) Corresponding experimental speed response; Y-scale: 750 rpm/div.
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= 1800

chronous motor drive (a) Simulation current response at rated load with w;

rpm (b) Corresponding experimental current response; Y-scale: 5 A/div.
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Figure 2.25: Results of the PDF type speed controller based brushless PM syn-
chronous motor drive (a) Simulation speed response at rated load with step change

in speed (b) Corresponding experimental speed response; Y-scale: 750 rpm/div.
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Figure 2.26: Results of the PDF type speed controller based brushless PM syn-
chronous motor drive (a) Simulation current response at rated load with step change

in speed (b) Corresponding experimental current response; Y-scale: 5 A/div.



63

2000 [
1500
£ Load is applied here
% 1000 Reference speed (a)
o
§_ 500 Actual speed
»
0
-500
0 0.5 1 1.5
Time, sec

Trig +0.1V CH1

Bl e

/ ]
I
}

RN

2V, 0.50s HOLD

Figure 2.27: Results of the PDF type speed controller based brushless PM syn-
chronous motor drive (a) Simulation speed response at rated speed with step change

in load (b) Corresponding experimental speed response; Y-scale: 750 rpm/div.
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Figure 2.28: Results of the PDF type speed controller based brushless PM syn-
chronous motor drive (a) Simulation current response at rated speed with step change

in load (b) Corresponding experimental current response; Y-scale: 5 A /div.
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obtained from the tacho-generator. The y-axis of the experimental speed responses

ling to the speed in rpm and x-axis represents time

tpresents the vollage corresp
in sccond.

Figures 2.21(a) and (b) show the simulation and experimental speed responses
with reference speed 1800 rpm at no load condition. The designed speed controller
has provided under-damped speed responses of the drive system. It is seen from Fig.
2.21 that the drive can follow the reference speed quite accurately. The experimental
speed response in Fig. 2.21(b) shows the reference speed as 1650 rpm. However, the
actual reference speed applied was 1800 rpm. The discrepancy of 150 rpm is due
Lo the shifting down of the ground reference level of the oscilloscope by one small
division when the speed signals were applied. Figures 2.22 (a) and (b) show the

lation and i | current resy under no load condition at the rated

reference speed. Figures 2.23(a) and (b) show the simulation and experimental speed
responses under the full load condition at the reference speed of .800 rpm. It is again
evident from Fig. 2,23 that the actual speed trajectory of the PDF type speed con-
troller based drive system follows the reference speed without over-shootings or speed
ascillations at the rated conditions. Figures 2.24 (a) and (b) show the corresponding
current responses of the drive system at full load. Performances have also been eval-
nated for the step change in speed and loading conditions. Figures 2.25(a) and (b)
show the simulation and experimental speed responses with the step change in speed.

Figures 2.26(a) and (b) show the corresponding current res,onses of the drive system

for this condition, and i I speed resp upon a sudden load

impact. re shown in Figs. 2.27(a) and (b). The simulation speed response of Fig.
2.25(a) shows the transient response as well as the dynamic response at the instant

of change in reference speed. Iowever, Fig. 2.25 (b) represents the experimental
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speed response with dynamic step change in reference speed at. the steady-

ate con-
dition. Figures 2.28(a) and (b) show the corresponding current responses of the drive
system for change in refercnce speed . Simulation and experimental speed responses
upon sudden load impact are shown in Figs. 2.27(a) and (b), respectively. Figure

2.27(a) shows the simulated transient as well as the dynamic speed responses of the

drive system, whereas Fig, 2

b) depicts the experimental dynamic speed response
() and (h)

show the corresponding current responses. It is apparcnt that there is a considerabloe

with the sudden load impact at the steady-state condition. Fignre 2

amount of speed drop on the application of sudden load which is not acceptable for
high performance drive systems. Attempts have also been made to obtain speed re-
sponses with low reference speed and parameter variations such as change in inertia.
and/or adding additional resistance in the stator circuits, but the fixed gain specd
controller fails to track the reference speed satisfactorily for these conditions unless
the parameters are readjusted.

i and

The envelopes of the current responses as shown in Figs. 222, 224, 2

2.28 represent the q-axis reference currents. From these figures it is clear that the

conventional PDF-type speed controller based brushless PM synchronous motor drive

system is capable of providing the required q-axis currents for specific operating con-

ditions. The transient as well as the steady-state values of the phase currer

within the prescribed limit of 10 ampere.

Certain observable differences are found between the simulation and experimental

current responses of the PDF type brushless PM synchronous motor drive system.

These are due to the fart that a ramp rather than a step de voltage has been applicd

the inverter to ensure

in the experimen safe operation. In Figs. 2.26 and 2.28,

experimental currents are recorded after they reach the steady-state values in order
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to depict the dynamic responses at step change in reference speed and step change in

Joad. However, the simulation current responses for these conditions contain transient
as well as dynamic responses.
2.7 Concluding Remarks

From the evalnated system performances, it can be concluded that the conventional

speed controller like the PDF type is not suitable cither for wide range of speed op-
eralions or system parameter variations. Morcover, other factors such as saturation,

disturbances, temperature may affect the performance of the drive with the conven-

tional controller. [lence an adaptive controller is required which can tackle the above
control system problems. As reviewed in the literature, since the ANN has been

hni to solve the above mentioned control

1 as one of the p

m problems, the speed control of the ANN based brushless PM synchronous

motor drive nceds to be explored.



Chapter 3

Artificial Neural Network Based

High Performance Motor Drives

The term “Artificial Neural Network (ANN)" is well recognized as the application

of artificial intelligence. ANNs try to imitate the biological brain structure through

mathematical models by acquiring knowledge through learning and s

oring that in-

formation using inter-neuron connection strengths known as synaptic weights. Thus

in every ANN, there are some simple nonlinear clements known as neurons. These

neurons are interconnected and the strengths of the interconnections are denoted Ly

parameters called weights, Depending on the task to be performed, te weights

wre

adjusted either via some prescribed off-line training, which remain fixed durig oper-
ation, or via an on-line training algorithm that are continuously updated according
to the operating conditions by minimizing some objective functions. When a desired
error goal is achieved through learning, the best values of the actual strength of inter
connections are stored. The interconnections and their strength provide the memory

which is necessary in a learning proces

Feed forward and other types of neural networks are used to obtain a controller

68
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having the on-line adaptive properties for the brushless PM synchronous motor drive.

“T'his chapter highlights the capabilities and advantage of artificial neural networks.

structures with activation functions of the ANN are discussed. The train-

The genera

in this work is the back-propagation. The basic concept of the

ing algorithm use

back-propagation is also outlined with the weights and bias updating algorithm. Fi-
nally, the feasibility of using the ANN for the interior-type brushless PM synchronous

motor drive is discussed,

3.1 Capabilities and Advantages of Neural Net-
works

ANNs have the capabilities of learning and sell-organization. They also have the
capabilities of performing massive parallel processing which is in contrast to the Von
Newmann digital computers in which the instructions are exccuted sequentially. ANNs

can also provide, in principle, significant fault tolerance, since damage to a few links

need not significantly impair the over-all performance [71].
ANNs can simplify modeling complexity, often discontinuous nonlinearitics, by
providing basic components needed to model many forms of harsh nonlinearities. [n

addition, ANNs can learn changes in parameters of systems with discontinuous non-

lincarities as well as continuous linearities with relatively simple estimation techniques
if the ANN is structured to closely mimic the physical process. It has been observed
that ANNs prove very effective at learning and compensating for discontinuous non-

linearities such as dead time and saturation, which dominate many drives and motion

control problems [72]
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Figure 3.1: A feed forward neural network

3.2 Descriptions of Mostly Used ANNs in Drive
Technology

Two classes of ANNs which have received considerable attention in the area of ANN

based motor drives are:
1. Multi-layer Feed Forward Neural Network (FFNN).
2. Recurrent Networks.

The artificial neural network of Fig. 3.1 is referred to as a feed forward neural
network. When at least one feedback from the output is added in the FFNN, the ANN
is known as a recurrent neural network. A general view of a recurrent neural network
is shown in Fig. 3.2. The recurrent networks have been used in associative memories
as well as for the solution of optimization problems [72]. Since the proposed work
is mainly based on the feed forward neural network, this type of ANN is discussed

briefly in the following section.
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Figure 3.2: A recurrent neural network
3.2.1 Feed forward neural networks

Multi-layer feed forward neural networks have proved extremely successful in pattern
recognition, image processing and speech recognition [73]- [75]. These networks with
back-propagation training algorithm are receiving wide attention in control appli-
cation [46], [72]. Model uncertainty is one of the major problems faced by control

engineers. For a highly non-linear, composite and complex drive system, it is not

possible to rep the system ch istics such as non-linearity, time
delay, saturation and time varying parameters. Classical control design uses a con-
stant gain controller such as PI or PID which stabilizes a class of linear system over a
small range of system parameters, while adaptive control adjusts the control charac-
teristics to stabilize a system with unknown parameters in the robust control design.
But implementation of the system in real time with conventional adaptive controller

sometimes becomes very difficult because these involve complex computations with

large number of unknown parameters. FFNNs have enough potential to solve the



control problems, because that have the capability to learn system characteristics

through a non-linear mapping.

3.3 General Description of an ANN

The blank circles shown in Figs. 3.1 and 3.2 are known as the neurons of the network.

These are the information processing units which are fundamental to the operation of

a neural network. An artificial neural network consists of an input layer, at least one
hidden layer and an output layer. The introduction of the hidden lager is to intervene
between the external input and the network output. The source nodes in the input
layer of the network supply respective elements of the input vectors which constitute
the input signals of the second layer of the network. The output of this layer serves
as the inputs to the third layer of the network and so on. The set of the output.
signals of the neurons in the output or the final layer of the network constitntes the
overall response of the network. Fig. 3.3 shows the model of a neuron. There are
three basic elements of the neuron model, namely, a set of connecting links, an addor

for summing the input signals and the activation function.

In general, the kth neuron can be represented mathematically by the eq
N
Se=Y Wisl;, 3.1)
=]
Ok = [(Sk + B, (3.2)

where 11, Iy, ..., Iy are the input signals ; Wiy, Wia, ..., Wiw are the synaptic weights
of the neuron k; S is the linear combined output; By is the bias; f(.) is the activation

or transfer function: and O is the output signal of the neuron.

The activation or transfer function denoted by f(.), defines the output of the neuron
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Figure 3.3: A neuron model

in terms of the activity level at its input. The following are the typical activation

functions used in the ANN.

Binary Threshold

fre(v)=1,v>0 (3:3)
Binary Linear Saturation
iy anen e (” ; ! ,o) 1) (3.4)

Binary Sigmoid or Tan-sigmoid

fsslo) = (L) (35)



fr+(v) fri(v) fs+(v) "
1 1 /— '/"
v ; v 1‘ v
Binary threshold Binary linear saturation Binary sigmoid
or Tan-sigmoid
frs(v) frz(v) fs+(v)
1 1 1
i
v v _/ 1v
] 4 2
Bipolar threshold Bipolar linear saturation Bipolar sigmoid

or Log-sigmoid

i

Figure 3.4: Graphical ion of activation



=
o

Bipolar Threshold

Jre(v) = sgn(v) (3.6)

Bipolar Linear Saturation

J1(v) = min{maz(v,—1),1} (3.7)

Bipolar Sigmoid or Log-sigmoid

1—e

T+e

Jsx(v) = (3.8)

"The above activation functions arc shown graphically in Fig.3.4.

3.3.1 Back-propagation algorithm for the ANN

An ANN can approximate virtually any useful function to any desired level of accuracy
il it has cnough number of necurons and if it has the proper weights and biases.
Unfortunately, without any pre-imposed structure, determining the correct number
)

of neurons and int ing weights is d as one of the major problems.

llowever, weight optimization can be performed through the least square gradient
descent training procedure known as the back-propagation training [71). Basically the
back-propagation consists of two passes through the different lagers of the network;
one is the forward pass and the other is known as the backward pass.

Network training

Consider a vector set of P paits (21,41), (2. 2), oo (91 1p)s where the non-linear

functional relationship between z and y is given as

¥ = é(x), (3.9)
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where z € RV, y € RM. The objective is to train the network so that it learns an

approximation
0=y =¢(r). (3.10)

It is to be noted here that learning in an ANN means finding an appropriate set of
weights and biases. Because there exists a non-linear as well as multi dimensional
mapping between inputs and outputs, the steepest descent gradient is usedd in this
algorithm [71).

A vector 2, = (Tp1, 22, oy Zpw) s applied ta the input layer of the network. The

net input to the jth hidden unit is given by
N
Sp=Y Whai+ B (3.11)
=

where W}, is the weight on the connection from the ith input unit to jth neuron at
the hidden layer and BY is the hias. The superscript. k refers to the quantitics at the

hidden layer. The output of the jth neuron at the hidden layer can he written as
O} = [H(S}). (.12)

For the kth neuron, the cquations of the output nodes can he exprossed as

L
St = We,0h + g, 13)
=

Oy = (SR, (3.14)

where Wg; is the weight on the connection from the jth neuron at the hidden la
to the kth neuron at the output layer. The superscript o refers to the output. layer
quantities.

Weight updating:
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As mentioned above, the weights avd biases need to be updated wuless o desired error
goal is achieved. The error function is given by

= (T = OF). (3.15)
where T is the target and Of is the actual ontput from the kA wnit. The error 1o
be minimized is governed by the delta rule which works with sum-squared error for

all output units, and is expressed as [71]

1
E = -3 (3.16)
zk:l *
L .
= 52T =007 (3.17)
2%

where M is the number of outputs,
Output-layer weight updating:
A correction or change in weight AW, on the kth nenron at the output layer is
proportional to the instantancous negative gradient dlu'/MV,“fJ. Using the elain rale,
the negative gradient can be writlen as

85 H0p

W:—(Ik—()k)xh s

(13.18)

% ok
oWy
The use of the negative sign in equation (3.18) accounts for gradient descent in weight
space. Differentiating both sides of cquation (3.14), it can be wrilten as

508

5 (57)-

Next, differentiating equation (3.13) with respect to Wi, gives
65¢
W,

=0V (3.20)

Hence, subsiituting cquations (3.19) and (3.20) into ¢
oF
W,

iation (3.18) gives

~(Tx = O [R(SpO! (3.21)



Now, the change in weight can be written as

AW = —8E/SW) (3.22)
= —pbl2/sW, (3.23)

where 5 is a constant that determines the rate of learning. It is also known as the

learning rate of the back-f ation algorithm. cquation

(3.21) into equation (3.23) gives
AWy, = (T - OR)JR/(S2)0} (3:21)
= 6000, (3.25)
where 82 = (7% — 03)/¢'(S7) is known as the local gradicnt. Hence the weight on the
kth newron at, the output layer is npdated as
Wi (n+ 1) = AW (n) + WE(n). (3.26)

Hidden layer weight updating:
The gradient of the mean-squared error for the hidden layer weight on the jtA neuron

is given by

SE L 6(Tk - 0p)?
a5, Ly =0f) (3.27)
swh T 2 SWE

B .60y &5y sOb  6sh

= ;(Tk —08) x 55t x 5o x ———1—65: x 6——WI,:. (3.28)

Differentiating cquations (3.11) to (3.14) with respect to the proper factors yield the

corresponding equations:

JE(s0), (3:29)

W, (3.30)




Sishy. (a1
wro= (132
Substituting cquations (3.29) to (3.32) into equation (3.28). gives
or NS—
ST —};( = O (SOWEL (S e
2

Hence again applying the delta rule, the change in weight. in the hidden layer on the

Jth neuron can be written as:

5E
AWE = —
Awh "5 GEN)
= nfF(S))m (T = OSSOV, (3.35)

T
= niM(She Y sy (3.36)

T
= néta;, (3.37)

where

&= rsh S mw. (13.38)

*

Thercfore, the updated weight at the hidden layer on the jih newson at the (i 4 1)th

instant is
Wh(rn +1) = AWS(n) + Wh(n) (3.39)

Based on the above equations, a procedure for training the ANN using the hack-

propagation algorithm is as follows.

L. Apply the input vector zp=(zp1, Tpz,..., Zp)* Lo the input units.
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Calenl

the net-input values 1o the hidden layer unit using equation (3.11).

K

sing cquation (3.12).

ulate the outputs from the hidden layer

. Move to the ontput Jayer. Calenlate the net-input values to each unit using

equation (3.13).

Caleulate the ontputs using equation (3.14).

leulate the error terms from cquations (3.15) to (3.17).

. Update weights on the output laer using equations (3.24) to (3.26).

~

. Update weights on the hidden layer using cquations (3:37) 1o (3.39).

=

. Calculate the error term £ = L5}, 62, When the error is acceptably small,

stop training.

Two classes of training approaches draw wide attention in the applications of
ANN: off-line and on-line techniques. Ofl-line approaches are characterized by distinct
learning and application phases. The ANN is trained on a fixed data set first and is
then integrated into a control structure after the training is finished. Image processing

is a particular example for the off-line approach.

data generation and ion of the

In contrast Lo this, with on-line t
control structure occur simultancously. This structure is capable of immediately

reacting to time-variant parameters in the control systems. This is why on-line ap-

proaches are so attractive and d ling. The main drawback of this approach is
the impossibility of proving stability for the overall system. Because the gradient

descent typically occurs on an extremely complex and high dimensional nonlinear er-



ror surface, there arc instances of instability during the on-line learning phas

problem can be resolved by combining the off-line and on-line loarnings.

3.4 ANN for an Interior-type Brushless PM Syn-

chronous Motor Drive

In an interior-type brushless PM synchronous motor. permancnt maguets are butiod
within the rotor structure resulting in smooth rotor surlace and reduced air gap. ‘This
provides an opportunity of using this kind of motor in high speed operation with bet-
ter dynamic performance. In addition to the magnet component. of the motor Lorque,
some reluctance torque is also present in the interior-type PM machine as noted in
cquation (2.28). Since L, is larger than Ly for the interior-type PM machine, the
reluctance torque provides some advantages both on its application and cost. low-

ever, the operation of the interior-type brushless PM synchronous motor i

congly
affected by the rotor saliency and by armature reaction effects [76]. Therefore, the
optimal speed control of this type of motor demands special attention. Particularly,
saturation of the iron portions around the magnets produces a distortion of the total

air-gap flux and affects the behavior of the machine at different operating conditions.

Thus, an intelligent control of an interior-type PM brushless synchronous motor is
necessity in high performance drive applications.

The following convenient features can be obtained using the ANN in high per-
formance drive applications involving the intcrior-type brushless PM synchronons

motor:
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System knowledge

ynchronous motor drive system

ANN can be used in an interior-type PM brushles
withont prior knowledge of the exact system modeling and accurate values of the

“m parameters,

Tuning complexity

The degree of parameter variation in the PM synchronous motor drive systems differs
according to the configuration of the drive systems. Parameters may change because
of the operating conditions, such as the increase of resistance with the temperature,

and change in incrtia due to mechanical load. The ANN is an excellent tool for

¢ adaptation particularly if used with an on-line learning technique for a

parame
brushless PM synchronous motor drive. Certainly, on-line training for motor drives is
a hard task especially for high performance drives, but the ANN can be very effective

in several situations such as changes in inertia or the application of a sudden load.
Control efficacy

The use of the ANN in the brushless PM synchronous motor drive can offer a conve-
nient. way of control especially when on-line sell-tuning ANN is applied.

Cost

As the element that mostly affects the drive system choice in the majority of appli-
cations where other issues such as weight, size and reliability are not relevant, the
cost of using ANN could be one of the main concerns, since high speed digital signal

processors are needed for the on-line computation. But when compared with other
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existing adaptive controllers for high performance drive applications which need so-
phisticated and expensive control hardware. the use of the ANN in the brushless P\

synchronous motors may be cost competitive.

3.5 Concluding Remarks

The main objective of using the ANN in the vector controlled interior-type hrushless
PM synchronous motors is to achieve robust speed control under on-line parameter

variations. Since the equations of the PM synchronous motor in d-q axis rotor rel

erence [rame are similar to those of a separately excited de motor, it is worthwhile
to evaluate the performances of an ANN for the speed control of a PM de motor.
This provides a test bench for the ANN based PM motor control. As an integral part
of this investigation, the speed control of a PM de motor using the ANN has been

1l devalonad

and i 4 in the laboratory. Details of the ANN based

PM de motor drive system are presented in the next chapter.



Chapter 4

Artificial Neural Network Based
PM DC Motor Drive

‘T'his chapter presents an on-line self-tuning artificial neural network (ANN) controller
based speed control scheme of a permanent magnet direct current (PM dc) motor. In-
stead of using the fixed weights and biases of the ANN, an on-line training algorithm
with adaptive learning rate is introduced for precise speed control. The complete
system is implemented in the real-time using the digital signal processor controller
hoard on a laboratory PM de motor. The stability over a wide speed range is obtained
using an ANN structure with a local feedback provision. An experimental ANN con-
troller using the FFNN structure and back-propagation training algorithm with one
fecdback loop is proposed. Tlic performances of the proposed scheme are evaluated
under different operating conditions in order to validate its efficacy. The experimen-
tal results show that the ANN controller based speed control scheme of a permanent
magnet de motor is robust, accurate and insensitive to parameter variations and load

disturbances,

84
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4.1 Brief Description of the PM DC Motor Drive

Although relatively expensive, de motors are still widely used in high performance

drive (HPD) applications because they are roliable and ve 1o control due to the

decoupled nature of the field and armature magnetomotive forces (MMEFs). Among
the commonly used two types of de motors, namely separately excited and Al de

motors, the latter has the advantage that it does ot require any extra de supply for

the field as the permanent magnet itself acts as the source of the fhux. Thus the PN

dc motor is compact in size, robust and efficient. The complete PM de motor drive

inodel is comprised of the following components:
1. Speed controller
2. Control circuit
3. Power amplifier
4. Permanent magnet de motor

The block diagram of the dc drive is shown in Fig. 4.1. The speed of the PM de

motor can be controlled only by changing the input voltage as there is no provision

for controlling the flux. A de-de converter is nsually used to provide the necessary
voltage to run the motor. Now-a-days an cfficient power amplificr is heing used to
drive small electric motors. An input control voltage, which is the output of a speed
controller, is applicd to the low voltage input port of the power amplificr. Depending

on the amplitude of the control voltage, the output. voltage can be lincarly controlled

using high voltage at the high voltage port of the amplifier (77].
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motor

Figure 4.1: The PM dc motor drive model

4.2 DC Motor Drive System Dynamics

In spite of the fact that it is not mandatory to obtain a motor model if the ANN is

used in the motor control system, it may be worth doing so from the analysis point

of view in order to establish the foundation of the ANN structure.

The dynamics of the PM dc motor drive system can be described by the following

equations [1]

o) = Ritt) + L2 4 et

e5(t) = Kuw, (t)
T(t) = Kii(t)

()
dat

T(t)=Jm + Buw,(t) + Ti(t) + Ty

(1)
(42)
(43)

(4.4)



=

where v(t). es(t) and i(t) arc the time varying PM de motor terminal voltage, back-
emf and armature current. respectively: w, (1) is the motor speeds 12, and L, are the
armature resistance and inductance, respectively: K, and K, are the motor hack-emf

and torque constants, respectivel

T{1). Ti(t) and Ty ave the developed torque, load

torque and frictional torque, respectively; J,, and 3,, are the inertia and viscons con
stants, respectively. The relation between the load torque and speed can be deseribed

by the following equation [50]
Ti(t) = vw A (Ofsigniw(0)}] (4.5)

where v is a constant used to model a non-lincar load, Although the load torque
expressed by equation (i.5) is assumed to be a fan or propeller type for the modeling

purpose, in real life it is uncertain and usually has unknown non-linear mec
characteristics.
In order to make the control task casicr, the PM de motor drive system can he

expressed as a single input single output system by combining cquations (1.1) to (4.1),

giving
\
LB (Rt 4 B2 4 (R 4 KK (1)
di? dt
+L«%i”+lln(’li(t)+'l',} —Ke() =0 (1.6)

The discrete time model can be derived by substituting equation (4.5) into equation

(4.6) and then replacing the conti antities by the finite

giving
we(n +1) = Kyw,(n) + Kaw,(n = 1) + Ky[sign{w,(n) }w?(n) +

Kalsign{wy(n)wi(n = 1) + Ksu(n) + Kq (1.7)
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where Ky, Ky, Ky, Ky, K5 and Ky are constants and can be expressed in terms of the

motor parameters. 1§ 7, is taken as the sampling period. the constants are given by

ko = Mt t Tt + LBy = TH(R B + KeI) 18)
' Liih + Tu(Rad + LuBr) ’

R 0 A 49
Ko = TR T @
R (i)
Ky = Tyl T} (1.13)

"l A T Rad + LaBr)
‘I'he PM de motor paramelers are given in Appendix B. Equation (4.7) can further

be modified Lo obtain the inverse dynamic model of the drive system as
ve(n) = flwn(n + 1),wr(n),we(n = 1)} (4.14)

where v.(n) is the control voltage of a power converter and is linearly proportional
to the terminal voltage v(n). The right hand side of equation (4.14) is a non-linear

function of the speed w, and is given by

Slwe(n + 1),w,(n),w,(n = 1)] =

ign{w.(n)}Jw?(r) = Kilsign{w.(n)}w?(n — 1) — Ke)/Ks  (4.15)

wr(n + 1) = Kywy(n) = Kywy(n ~ 1) =

The purposc of using the ANN is to map the non-linear relationship between the
control voltage v(n) and the speed w,(n) of the de motor according to equation
(4.14). Equation (4.14) reveals the structure of the ANN for the speed control of the

PM de motor drive,
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4.3 ANN Structure for the PM DC Motor Drive

The most important task of designing an ANN ix to determine the inputs and out
put(s). The inverse dynamics of the PM de motor drive as deseribed in cquation

(1.14) basically dictates the inputs and output of the

Noused in the drive

ysten
under consideration. The inputs to the ANN are the lefl-hand side of eynation {4.15):

wiln+ 1),y (n) and w,(n = 1), i.c. the thr

consecutive values of speed. The cor-

responding output, target is the control voltage t.(n). The mumber of hidden I

and number of neurons in (he hidden layer are chosen by trial and error, keeping
in mind that the smaller the numbers are, the better it is in terms of both memory
and time requirement to implement the ANN in the motor control. For the present

work, a structure of one hidden layer having three nenrons gives s

actory Tesits.

The ANN structure without a local feedback provision for the PM de motor drive
is shown in Fig. 4.2. The activation or transfer functions used in the hidden and
output layers are log-sigmoid and tan-sigmoid, respectively, Onee this basie design
of the ANN structure is done, the next step is to determine the weights and biases
of the ANN through the training to achicve the specific target with the given inputs.
The back-propagation training algorithm is used for this purpose. Depending on the
applications, the training of the ANN could be off-linc or on-line, I the weights and
biases of the ANN are determined through the oi7 line training only, then an intensive
training has to be performed considering almost all operating conditions of the drive
system which is almost impossible for the control of a PM de motor. As for example

in reference [30], the load is modeled by equation (4.5) which is not always correct

in all practical situations. Hence, the need for on-line weights and biases npdating

arises. However, the on-line training task could be eased and the system can be made
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Figure 4.2: ANN structure without local feedback for the PM dc motor drive
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more stable if an initial set of weights and bias

is generated a priori through the

off-line training. A combination of off-line and on-line train

s has been used for
the present work. The initial weights and biases are obtained through the off-line
training. These are updated only when an error limit between the actual output and

the target of the ANN exceeds a preset value.

4.3.1 Off-line training for the initial set of weights and bi-

ases

Data for the off-line training can be obtained cither by simulation or by experiment
depending on the availability of the motor parameters. If the motor parameters are
not available, the motor can be run on open loop and input voltages and output
speeds can be recorded under different operating conditions to generate the training

data for the ANN. If the motor parameters are available, cquation (4.15) can be used

to generate randomly the input patterns of (w,(n + 1),w,(n),w,(n = 1)]. The corre-
sponding target can be gencrated by using these speed values and 1y, Kz, Ky, Ky, K5
and K in the right hand side of equation (4.15). For Uhe present work, off-line train-
ing data were obtained Iy simulation using SIMULINK (70] in an open-loop PM de
motor control scheme by ~nnsidering the load as described by equation (4.5). The
simulation is carried out at random voltages in order to obtain varions specds ac-
cording to the specified voltages. At first, the simulation data for speed and voltage
were down sampled by 20 times, and finally two sets of data with 501 samples were
obtained. A window length of three [w,(n + 1),w,(n),w,(n = 1)] was slided over the
cntire speed samples and an input matrix of size 3 x 501 was formed. The ontput
vector of size 1 x 501, contains the terminal voltage data. The off-line training of the

ANN is performed with these training data using the back-propagation algorithm of



Table 4.1: Initial weights and biases of the ANN for PM dc drive

NW1

-0.5024 -0.1020 -0.9748

0.0 0.7319 0.72233

-0.9286 0.3966 -0.3794
NW2

-0.3598 -2.6174 -5.1035
NB1

-0.0815 1.259 1.2582
NB2
6.0734

the MATLAB Neural Network tool-box [78]. The initial set of weights and biases

obtained through the off-line training is given in Table 4.1.

4.4 Real-time Adaptive Speed Control through
On-line Tuning of the ANN

The principal objective of the control system is to generate the proper terminal voltage
for the dc motor so that the motor can track a reference speed wy.f(n). In the real-
time, a control voltage v.(n) is generated by the ANN which is fed to a power amplifier
circuit. The output of the power amplifier is applied to the terminal of the motor.
The complete control scheme is illustrated in Fig. 4.3. The reference speed trajectory

is selected using a second order reference model that makes the system asymptotically
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stable (50]. The reference model can be described by the following cquation
wi(n 4+ 1) = awi(n) + awi(n ~ 1)+ r(n) (4.16)

where a; and a; are constants chosen for a specific reference trajectory which ensure
that the poles and zeros of the reference model are within the unit circle; r(n) is the
bounded input to the reference model. The value of r(n) can be calenlated before
hand using equation (4.16) for a desired reference speed wp (). If the tracking error is
assumed to be small, and since the sclected reference model is asymptotically stable,

the rotor speed at the (n-+1)th sample can be predicted from equation (4.16) as [50]
Go(n +1) = aywy(n) + agw,(n = 1) + r(n) (1.17)

Hence with one sample of predicted speed and two samples of actual speed, an input

sequence [5,(n + 1), wr(n) +w,(n — 1)] is formed and used as the input to the ANN
as shown in Fig. 4.3. With the initial weights and biases and this sequence of
input, the predicted output of the ANN, i,(n) is computed. Using actual speed
samples [w,(n + 1),w,(n),or(n — 1)] as an input scquence, another output v,(n) is
also computed and compared with v,(n). The resulting error of 5,(n) —v,(n) is used to

update the previous set of weights and biases using the hack-propagation algorithin.

It is worth mentioning here that the two ANNs shown in Fig. 4.3 have the same
of weights and biases with two different sets of inputs and outputs.
The weights and biases are updated at cach instant using the improved back-

algorithm as i d in chapter 3. The minimized error function is

given by

B = 360, (4.1%)
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Figure 4.3: Block diagram of ANN controller based PM dc motor drive



where

e(n) = error = du(n) - ().

(a) Output layer weights and biases update:

Weights and biases of the output layer arc updated as:

We(n +1) = Win) + yi(n)O}(n),

Bn 4+ 1) = BY0) + 5(n),

05

(1.19)

(:1.20)

(1.21)

where 1 is the learning rate and 63(n) is the local gradient at the outpnt layer and is

expressed as

de(n)

61(0) = e(nlpr

(b) Hidden layer weights and biases update:

The updated weight at the hidden layer can be written as:

Wh(n+1) = Wi(n)+a6}(r)h{n),

Bin+1) = Bl(n)+yi(n),
where the local gradient at the hidden layer is expressed as

8(n) = Gn)Wm)[1L - SH(n)J"

Sa(n)(1 = S(r))Ok(r).

(4:22)

(4.23)
(4.24)

(4.25)
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fn the rezMime implementation, the error is calculated at each instant and when it
yoes beyond a predetermined level, weights and biases updating procedure is enabled.
If the error is within the prescribed level, the previous set of weights and biases is

kept intact to compute the control voltage.

4.4.1 Adaptive learning rate for on-line weights and biases
updating

For high performance motor drive application, over-shootings and response Limes,

ele., are some of the main concerns. It has been observed that the learning rate

of the ANN is a key factor which affects over-shooting and response time. A faster

learing rale gives over-shooting on the speed and slower learning rate makes the

response time too slow. Therefore, for on-line updating of the ANN, a novel feature

of adaptive learning rate is incorporated as shown in the flow chart of Fig. 4.4 [79].

4.4.2 Modified ANN structure with enhanced stability

In the present experiment, the proposed ANN structure is modified to include a local
feedback loop as shown in Fig. 4.5. The modified configuration of the ANN provides
grealer stability on the performances of the motor controller [53], [80]. This structure
works after initialization with the structure shown in Fig. 4.2. The switching of the

structures is controlled by software.

4.43 Laboratory implementation

The ANN controller based PM dc motor drive system was implemented in the real-

time using the PC based DSP controller board. The schematic diagram and the
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Figure 4.4: Real-time operational flow chart for weights and biases updating with

adaptive learning rate
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Figure 4.5: Modified ANN structure with feedback loop
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Figure 4.6: Schematic diagram of ANN controller based PM dc motor drive system
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laboratory set-up of the drive

ems are shown in Figs. 1.6, and 4.7, respo

ively.

In Fig. -L.7. the test and loading motors are labeled *MT* and ‘ML’, respeetively.

The DSP controller board DS-1102 is installed inside the computer labeled 1",
The labels ‘PA’ and ‘CUT” represent the power amplifier and current. transducer,
respectively. The tacho-generator attached to the test motor is labeled “TG. “The
software program was written in C language in order 1o realize the ANN strneture in
the real-time. The weights and biases obtained from the of-line training woere used to
initialize the system. It is a common practice to use a current feedback to it the

motor current in the speed control of a motor drive s;

stem. In this work, the actual

motor current is sensed by Lab-volt current transducer and compared with a pres

peak value. If for any reason, the current exceeds the preset value, the control voltage
is forced to remain at its previous sample to limit the current. A tacho-generator was
used to acquire the speed. The speed signal is fed to the built-in A/D converter of the
DSP board for processing. Through the D/A converter of the DSP controiler hoard,
the control voltage v,(t) was fed to the control port of the power amplifier. The high
voltage port of the power amplificr provides the required terminal voltage (1) to the
armature of the experimental PM dc motor.

For comparison purposes, a proportional-integral (P1) controller based PM de

motor drive system was also developed and experimentally impl L The I
controller was designed for the critically damped response of the speed with the best

of the motor
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4.5 Results and Discussions

In this work, several experiments were performed to cvaluate the performances of
both the PI controller and ANN controller based PM dc motor drives. The speed
andl current, responses under various operating conditions such as change in reference
specd, step change in load, and parameter variations were observed. Speed responses

documented in this section arc voltage signals obtained from a dc tacho-gencrator.

These were recorded in a storage type oscilloscope Tektronix 2212, Currents were
measured by a Lab volt current transducer and also recorded in the oscilloscope.

Some sample results are presented in this section.

Tests were performed to obtain the speed responses for varying reference speed
under no load and full load conditions. The updated weights and biases for the ANN
controller for various operating conditions are given in Tables 4.2 to 4.6. Figures
1.8(a) and (b) show the speed and corresponding armature current responses of the
Pl controller based system under no-load condition. Figures 4.9(a) and (b) show the
responses of the ANN controller based drive under identical operating conditions.
Speed responses have also been obtained for varying reference speed under full load
condition. Figures 1.10 and 4.11 illustrate the responses of PI controller and ANN
controller based systems for this operating condition. From Figs. 4.8 to 4.1, it is
observed that the performances of the ANN controller based system are better than
those of the PI controller based system. The PI controller based drive system has
the problem of over-shooting around 200 rpm when there is a change of reference
speed for both the no load and full load conditions. On the other hand, the speed
response of the ANN controller based system is more robust because of the on-line

tuning of the weights and biases as well as the adaptive learning rate feature. It is



Table 4.2: Updated weights and biases with step change of load

NWL
0.4487 0.4502 01201
-0.6962 0.3274 00.3235
-0.5655 0.6073 01713
Nw2
-0.3336 -2.580 5.057
NB1
1.5080 0.2087 1.8029
NB2
6.131

Table 4.3: Updated weights

and biases with J,, — 2, at no load

NW1
0.4801 0.3967 -0.4804
-0.7191 03665 03611
-0.5539 05865 -0.1910
NW2
-0.3322 -2.5815 5.057
NB1
1555 0.1742 18021
NB2
6132

w3



Table 442 Updated weights and biases with Jm — 2J,, at full load

Nwi
0.5242 0.3219 -0.5549
-0.7510 0.4215 0.4159
379 0.5577 -0.2198

L NW2
-0.3288 -2.5831 -5.054
B 18441

16213 0.1263

B2
6.1347

Table 1.5: Updated weights and biases with /2, — 2R, at no load
NW1
0.6258 0.4839 -0.3952
08245 0.3030 0.2098
-0.1087 -0.1587
-0.3150 5010
1773 1.9020
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Table -1.6: Updated weights and biases with #, — 217, at full load

NWi
0.7169 0.5470
-0.8906 LEIRE}
-0.1662 0.2175
-0.3095

NBI
1.9104 -0.0830 19510

NB2

6.1536

possible to reduce the over-shooting of the PI controller by designing the drive system

a little more under-damped but in that case, the drive system becomes too sluggish

compared to the ANN controller based system.

Figures 4.12(a) and (b) show the speed and current responses of the PIcontroller
based system for a step change of load. The motor was running at o load condition
and after some time the rated load was applied suddenly. Fignres. 4.13(a) and (b)
show the responses of the ANN controller based system under this operating condi-

tion. The ANN adjusts its weights and biases on-line to this changing circumstance

he drive

of sudden load impact and provides the appropriate control voltage so Uh

system responds according to the reference speod. It is again quite evident from Figs.

4.12 and 4.13 that the performances of the ANN controller based system are superior
to those of the PI controller based system. As can be seen from Fig. 4.12(a) for the

P1 controller based system, the speed drops by about 600 rpm at the point of loading,

whereas for the ANN controller bas

d system, the effect of loading on speed is very
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Figure 4.8: Experimental results of the PI controller based PM dc drive system with
change in reference speed at no load; (a) speed; Y-scale: 2 krpm/div. (b) current;

Y-scale: 2 A/div.
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Figure 4.9: Experimental results of the ANN controller based PM dc drive system

with change in reference speed at no load; (a) speed; Y-scale: 2 krpm/div. (b) current;

Y-scale: 2 A/div.



108

Trig -0, 1V CH1L

la) T
R TT T
A =
Reference speed-
2v 2.0s HOLD
Trig =0.1V___ CH1
(b)

i

2v 2.0e HOLD

Figure 4.10: Experimental results of the PI controller based PM dc drive system with
change in reference speed at full load; (a) speed; Y-scale: 2 kpm/div. (b) current;
Y-scale: 2 A/div.
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Figure 4.11: Experimental results of the ANN controller based PM dc drive system
with change in reference speed at full load; (a) speed; Y-scale: 2 krpm/div. (b)

current; Y-scale: 2 A/div.
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Figure 4.12: Experimental results of the PI controller based PM dc drive system with

step change in load (a) speed; Y-scale: 2 krpm/div. (b) current; Y-scale: 2 A/div.
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Figure 4.13: Experimental results of the ANN controller based PM dc drive system
with step change in load; (a) speed; Y-scale: 2 krpm/div. (b) current; Y-scale: 2

A/div.
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Figure 4.14: Experimental results of the PI controller based PM dc drive system with
change in inertia J,, — 2J;, at no load; (a) speed; Y-scale: 2 krpm/div. (b) current;
Y-scale: 2 A/div.
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Figure 4.15: Experimental results of the ANN controller based PM dc drive system
with change in inertia J,, — 2J,, at no load; (a) speed; Y-scale: 2 krpm/div. (b)

current; Y-scale: 2 A/div.
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Figure 4.16: Fxperimental results of the PI controller based PM dc drive system with
change in inertia Jy, — 2J,, at full load; (a) speed; Y-scale: 2 kepm/div. (b) current;

Vescale: 5 A/div.
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Figure 4.17: Experimental results of the ANN controller based PM de drive system
1 Y-scale: 2 krpm/div. (b)

with change in inertia Jy, ~» 2, at full load; (a) spec

current; Y-scale: 2 A/div.
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insignificant as illustrated in Fig. 4.13(a).

The performarices of the drive system are also evaluated experimentally with pa-
rameter variations for both the PI controller and ANN controller based systems. In
this experiment, two parameters are changed under no-load and full load conditions:
(i) the inertia of the motor is doubled by coupling it with another motor with higher

and (ii) an additional resistance is inserted in the armature circuit. Figures

i
4,14 1o 4.2 illustrate the effects of changes in inertia and armature resistance on
speeds and currents for the PI controller and ANN controller based drive systems,
respectively. It should be noted that with the initial design, the PI controller based
system becomes unstable under these parameter variations. Therefore, it is redesigned
with new motor parameters (Jm — 2Jm, Ra = 2R,). The results presented here are

the performances of the newly designed PI controller based drive system. Figures 4.14

and .15 show the experimental speed and current responses for the PI controller and
ANN controller based system, respectively, with no-load condition for the changes
in inertia. Figures 4.16 and 4.17 show the speed and current responses at the rated
load for both the Pl controller and ANN controller based systems, respectively. It
is well-known that armature resistance increases with temperature. Thus the system
performances have been evaluated for both no-load and full load conditions for the
PI controller and ANN controller based PM dc drive systems by inserting additional
resistance in the armature circuit, Figures 4.18 to 4.21 demonstrate the experimental
results for this change in armature resistance under no load and rated load condi-
tions. It is clear from the experimental results of Figs. 4.14-4.21 that even with the
newly designed constants, the performances of the PI controller is not as good as

the performances of the ANN controller based system. For the PI controller based

system, there is a considerable amount of shooting of the speed when the motor
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Figure 1.19: Experimental results of the ANN controller based PM de drive system
with change in armature tesistance R, — 2R, at no load; (a) speed; Y-scale: 2

Kepm/div; (b) current; Y-scale: 2 A/div.
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Figure 4.20: Experimental results of the PI controller based PM de drive system with

change in armature resistance ft, — 21, at full load; (a) speed; Y-scale: 2 kepin/div;
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Figure 4.21: Experimental results of the ANN controller based PM dc drive system
with change in armature resistance R, — 2R, at full load; (a) speed; Y-scale: 2

krpm/div; (b) current; Y-scale: 2 A/div.
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starts with the changed inertia as shown in Figs. -1.l4(a) and £.16(a). However, the

speed response of the ANN controller based system is critically damped with negli-

gible over-shooting as shown in Figs. 4.15(a) and £.17(a). Also when the amature
resistance is changed, there is a significant drop of speed for the PI controller based
system. This is illustrated in Figs. 1.18(a) and 1.20(a). The ANN again proves its
superiority as can be seen from Figs. 1.19(a) and 4.21(a). There is very little speed
drooping and also the recovery time is faster than that of the P1 based system. As

expected, due to the on-line weights and biases npdating of the ANN with adaptive

learning rates, the proposed system becomes very insensitive to parameter vai

and thus tracks the reference speed quite accurately.

The transient currents in both cases of Pl and ANN controllers for the PM de
motor are within the prescribed range as can be scen from Figs. 4.8 to 1.21. The
power amplifier used in the experiment provided ripple free de eurrents which ensure

the smooth operation. The current responses clearly show the excellent dynamic

performances of the drive duc to changes in reforence speed and loadling condition as

well as parameter variations.

4.6 Concluding Remarks

In this work, an on-line self-tuning ANN controller based speed control scheme is

leveloped and lly impl d for a laboratory PM de motor. A Pl con-

troller based drive system is also implemented in the laboratory. The performances of
both the PI controller and ANN coatroller based drive systems for the PM de motor
are compared. The comparative results clearly show that the performances of the

ANN controller based system are superior, particularly in cases of parameter varia-
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tions and load disturbances, The use of the adaptive learning rate in the proposed

system reduces the possibilitics of over-shooting during transient conditions. The

feedback provision in the modified ANN structure not only reduces computations in
real-time but, also enhances the stability of the system. The proposed ANN based
speed control system of the PM dc motor is found to be robust, efficient and easy to
implement. The successful use of ANN in the PM dc motor drive is considered as a

foundation to extend it to the case of a brushless PM synchronous motor drive which

is the subject of the next chapters.



Chapter 5

Artificial Neural Network Based
Brushless PM Synchronous Motor

Drive

Although the ANN based PM de motor drive system offers exedlent, control fea-
tures as discussed in chapter 4, certain inherent drawbacks limit, the nse of de motors
in high performance drive (HPD) applications. Recent developments in microclec:
tronics, power converter devices and permanent magnet materials have provided an
excellent opportunity for using ac motors in modern HPD systems. As discussed in
the literature review, among the various lypes of ac motors, the brushless PM syn-
chronous motor is one of the best choices which can be used in the modern drive

applications. This chapter presents a novel approach of spued control for a brushless

PM synchronous motor using an on-line self-tuning artificial neural network. Based

on the motor dynamics and the non-linear load characteristics, an ANN speed con-

troller is developed and integrated with the veclor control scheme of the brushless

PM synchronous motor drive [81]. The combined use of the off-line and on-line train-

123
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ings of ANN offers a unique leature of the on-line system identification and a precise
speed control of the high performance PM brushless synchronous motor drive. In or-
der 1o predict the performances of the proposed drive systemn under various operating
conditions, the drive system with the ANN is simulated. “The simulation results are

presented and discussed in this chapter.

5.1 Inverse Dynamics of the Brushless PM Syn-
chronous Motors

As meutioned carlicr, the usc of the ANN in any systom does nol require a knowledge
of the model of the systemn nnder study. The inputs and outputs of the ANN are
sl ehosen o Uhe aysueriy vaiablas: Howeves, it s preléived to model the
dynamics of the drive system so that inputs and outputs of the ANN can be selected
in amore defined and systematic way (13]. This guarantees that the ANN will capture
most of the systern dynamics.

s

In this work, like the ventional approach of g the speed, the vector

contrnl technique is incorporated with the ANN in order to obtain the highest torque

itivity of the brushless PM synchronous motor drive. The vector control strategy

is formulated in the rotating reference frame in the same way as discussed in chapter 2.
The mathematical model of a brushless PM synchronous motor is briefly summarized
in the d-q synchronously rotating reference frame to formulate the structure of the

ANN. The g, d-axis vollage cquations are given as

o = RiJ +pA] + P, (5.1)

W= R4 pN; — P, A, (5.2)



and the developed clectric torque is given by

3P .
?[1\.\111 + (La = Ly)igi) (5.3)
The motor dynamics with the load torque ean be expressed as

Ty= Jpe, + Bor+ T 50

where T}, is the load torque, B is the damping co-ellicient, and J s the rotor iner-
tia. The load torque in cquation (5.1) can have any non-linear wnknown mechanical

characteristics. The following equation can be used to model a non-linear load [51]
T, = Aw? + B, + (Y, (5.5)

where A, By and €y are constants. In order to obtain the maximum torque with
minimum current, the control strategy of forcing the d-axis relerence current o zero
is used in the proposed ANN based brushiess PM synchronous motor drive which

renders the machine model simpler. The simplified machine model is given as

R P
= ol = By = i),

oy = ll['r, s Bl

where K = PAy and the developed torque 7. in equation (5.3) is proportional 1o

the q-axis current and is given by

1. = Kriy, (5.8)

where Ky = 2y Althotigh the machine model becomes simpler with the proposed

2

control strategy, the load is still non-lincar as described by the equation and unpre-

dictable in real-time. Therefore an ANN is a good choice for this non-lincar mapping
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of the inputs and output(s). Moreover, difficulties due to parameter variations of the
speed control of the HIPD using an interior-type brushless PM synchronous motor are
efficiently solved using the proposed adaptive ANN.

Now to make the control task casier, the brushless PM synchronous motor cqua-
tions can be exprossed as a single inpnt single output system in continuous time

domain by combining cquations

5) Lo (58) to give

9
L “l’l,( S (RI+ LB B.L,)”‘“'“’
(RB + Kylor + By Ryon(t) + Ay L, ( n
Ayal(t) + CoR = Krol(t) =0. (5.9)

"The discrete time model of the simplified brushless PM synchronous motor drive can

be obtained by replacing all continuous quantities by their finite differences as

w(n+1) = aw(n)+ fuwr(n - 1) + () +

ul(n = 1)+ evf(n) + 0, (5.10)

where @, 8,7, §,c and 1 are functions of the motor parameters as well as the sampling

interval AT and are defined as

« = [2LoJ +AT(RJ + LB+ ByL,) = ATHRB + Krky

+BiL,))/D, (5.11)
B = —LJ/D, (5.12)
v = -[ATA(L, + RAT)}/D, (5.13)
§ = [ATAL)/D. (5.14)
¢ = [KrATY/D, (5.15)

v = —[CiRATY/D, (5.16)



where,

D= LyJ+AT(RI + LB+ B L,). (5.17)
Equation (5.10) is modified in order to obtain the inverse model of the drive systew
as

ui(n) = fwn(n+1) = awr(n) = dur(n = 1) = ()

—bwi(n = 1) - ]/c. (5.18)

Now it discrete form, the q-axis current can be expressed in terms of v7(n) and w,(n)

by replacing the continuous terms of equation (5.6) by their finite differcnces, giving

inn) = yir(n — 1)+ Byol(n) + Caoy(n), (3.19)
where,
By o= B ZRL (5.20)
T
Bo= g (5.21)
o = BT (5.22)
Lq

Thus substituting the expression of uj(n) from cquation (5.18) in cquation (5.19), the

expression for the g-axis current can further be modified as

Bnt1) = Agi(n)+ Balunln+ 1) - (n - L/(Tz) win)—
Jusilr= 15 <) =By, )

where (n+1)th sample is considered as the present sample. This form of the expression
for the g-axis current is derived in order to include all parameters of the motor, This

facilitates the training of the ANN with the provision of parameter variations. ‘T'he
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right hand side of equation (5.23) is a non-linear function of the speed wr(n). The

purpose of using the ANN is to map the non-lincar relationship between the q-axis

current. i and the speed w, according to equation (3.23). The structure of the AN
for the speed control of the brushless PM synchronous motor drive can be devised

using equation (5.23).

5.2 ANN Structure for the Brushless PM Syn-
chronous Motor Drive

One of the important aspects of applying an ANN to any particular problem is to
formulate the inputs and output(s) of the ANN structure under study. The inverse
dynamics of the brushless PM synchronous motor drive as described in equation (5.23)
dictates the inputs and oulput of the ANN used in the control system. According to
cquation (5.23), the inputs of the proposed ANN are the speeds of the motor at the
present and previous two sample intervals, in addition to the previous sample of the
qaxis current. Thercfore the input vector becomes [wr(n+ 1),w:(n), w,(n— 1), (n].
The corresponding output Larget is the present sample of q-axis current. i7(n+1). Alter

the inputs and the output are formulated, the number of hidden layers is determined.

ducted

Considerable research is being to ine the opti number of hidden
layers and number of neurons in the hidden layer for a particular problem. So far the
number of hidden layers and number of neurons in the hidden layer(s) are determined
by trial and error. The facts considered in sclecting these parameters are that the
system should provide stable operation under the chosen operating conditions while

keeping the numbers as small as possible to facilitate minimum computation time and

memory requirement. For the present work, it has been observed that thestructure of
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wr(n +1)

in(n+1)
Kad

bias

Hlidden-layer Output-lager

Figure 5.1: ANN structure for the brushless PM synchronons Motor
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one hidden layer having three nenrons gives satisfactory results. The ANN structure
for the hrushless PM synchronous motor drive is shown in Fig. 5.1, The log-sigmoid
and tan-sigmoid lype transfer functions are used in the hidden and output layers,
respectively.  Now it is necessary lo determine the weights and biases of the ANN
through Lraining in order to achieve the specific target with the given inputs. The

hack Ttk

tion training is used for this purpose, and is based on the
principle of minimization of a cost function of the error between the outputs and the
target of the ANN as described in chapter 3. There are a number of applications
where the off-line training is sufficient to generate the weights and biases of the ANN,
as for example, when system parameters are relatively constant. But in applications
like HPD with interior-type brushless PM synchronous motors, where the parameters
change with temperature and loading, an on-line weight updating feature is almost
mandatory in urder to obtain proper system performances. However, the on-line
training task could be eased and the system can be further stabilized if an initial set
of weights and biases is generated beforehand through off-line training. A combination
of the off-line and on-line trainings has been used for the present work. The initial
weights and biases are obtained through off-line training. In the case of on-line
training, these are updated only when an error limit between the actual output and

the target of the ANN exceeds a preset value.

5.3 Off-line Training for Initial Weights and Bi-

ases

In neural network applications, availability of training data is one of the main con-

cerns. For the proposed work, off-line training data can either be generated by sim-



Table 5.1: Initial set of weights and biases for ANN used in brushless PM synchronous

motor drive

NWI
-0.4266 02340 0.0410
0.4397 0.6552 0.5160

-0.7320 00680 04717
NW2

-3.7212 09813 37907
NBI

-0.1266 05937 LAGIS
NB2
34837

ulation or experiment. Generating training data by simulation is casicr il the 'M
motor parameters are available, otherwise an experiment has to be performed, such
as running the motor on open loop basis and recording input currents and output
speeds at different operating conditions. Since the motor parameters are available,
off-line training data have been generated using equation (5.24) for this work. The
input quantities used for generating the data are w,(n + 1),w.(n),wy(n = 1), 7;(n).
The cotresponding target i7(n + 1) can be generated by using this input vector and
a,B,7,6, €,9 and Ay, By, C in the right hand side of equation (5.23). The simulation
is carried out at random g-axis currents in order to obtain various specds according
to the specified currents. At first, the simulated speed and current data are down

sampled by 50 times and finally two sets of data with 800 samples are obtained. A



132

window length of four. containing w.(n 4+ 1).w,(n).wr(n — 1),1(r). is slided over the
entire speed and q-axis current samples giving an input matrix of size 4 x 800. The
ontput veetor of size 12 800, contains the q-axis current ij(n + 1) data. The off-line
training of the ANN is performed with these training data using the back-propagation
algorithm of the MATLAB neural network tool-box [78]. The initial set of weights

and biases obtained through the off-line training is given in Table 5.1.

5.4 Real-time ANN Based Brushless PM Syn-
chronous Motor Drive

The main goal of the control system is to track the reference speed of the drive by

i
L”

providing an appropriate q-axis current upon the operating
In the real-time, the rotor position information and the output of the ANN which is
considered now as q-axis reference current if* are used to generate the three phase
reference currents &,i; and iz This is accomplished by Park’s axis transformation
[65]. "Fhe three phase reference currents are compared with the actual motor currents
in a hysteresis current controller which provides the necessary drive signals for the
inverter. The complete control scheme is shown in Fig. 5.2.

The reference speed trajectory is selected using a second order reference model that
makes the system asymptotically stable [13]. The reference model can be described

by the following equation

Wi + 1) = boi(n) + by

— 1) +7(n) (5.24)

The poles and zeros of the reference model are placed within the unit circle in order

to ensure system stability. This is accomplished by properly selecting the constants
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by and by for a specific reference trajectory. In equation (5.24), r(n) is the bounded

input. to the reference model, the valne of which can be calculated beforehand using

cquation (5.24) for a desired reference speed. The rotor speed at the (n + 1)th sample

can be predicted from equation (5.24) by considering the fact that the tracking error

is snall and the selected reference mode” * vptotically stable [13], giving
rln 4+ 1) = by (r) + baw,(n = 1) + r(n) (5.25)

Hence in addition to the previous sample of the predicted g-axis current, with one
sample of predicted speed and two samples of actual speed, an input sequence of
Gy 4+ 1),w,(n),w,(n = 1),75(n) is formed and used as the input to the ANN as
shown in Fig. 5.2. With the initial weights and biases and this sequence of input,
the predicted output of the ANN, #5(n + 1) is computed. Using actual speed samples
and one delayed sample of q axis current another input sequence containing w,(n +
1),w, (n),wr(n = 1),d"(n) is also formed in order to generate the output i"(n + 1).
This if*(n + 1) is compared with #}(n + 1) to compute the errcr which is used to
update the previous set of weights and biases using the back-propagation algorithm.
It is noted here that the two ANNs shown in Fig. 5.2 have the same set of weights

and biases with two different sets of inputs and outputs.

The weights and biases are updated at each instant using improved back-propagation
algorithm with similar types of weights and biases updating equations as described

in chapter 4. The minimized crror [unction is given by
1. .
E(n) = 5¢*(n) (5.26)

where e(n) = error = i(n +1) = ir"(n +1)
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5.5 Simulation of the ANN Based PM Synchronous

Motor Drive

The complete ANN based brushless drive system has been simulated by writing a

program in MATLAB [82]. The initial set of weights and biases are down loaded first
and then updated depending upon the operating conditions. The reference input r(n)
has been generated a priori according to the desired reference speed. The inverter

switching has also been incorporated in the simulation.

The proposed drive system has been simulated Lo predict the speed responses at

the rated reference speed 1800 rpm and at low reference speeds, as for example at 239
rpm (8 Hz) under no load and at rated load conditions. ‘I'he reference speed could not
be decreased beyond this value because of the switching frequency limitation of the

experimental voltage source inverter. Figures

5.3 10 5.6 depict the speed and current

for these i itions. From Iigs. 5.3 to 5.6, it is quite evident,

that the ANN based system is capable of operating at wide range of specds under 1o
load and full load conditions.

The proposed drive system has also been simulated with a step change in reference
speed under no load and full load conditions. The simulated results are shown in Figs.
5.7 and 5.8. It is clear from these figures that the on-line adaptive propertics of the
ANN efficiently generate the g-axis reference currents for the current controller which
eventually operate the proposed system according Lo the reference specds.

Performance prediction with a sudden load impact has been carried out at, the

rated reference speed. A 2.5 N-m of load is suddenly applied Lo the running motor.
Fig. 5.9 shows the speed and current responses for this operating condition. Unlike

the conventional controller based system as shown in chapter 2, there is negligible
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Figure 5.3: Simulation results of the ANN based brushless PM synchronous motor

drive at no load with reference speed 1800 rpm; (a) speed response (b) current re-
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Figure 5.9: Simulation results of the ANN based brushless PM synchronous motor

drive at rated speed with sudden load impact (a) speed response (b) current response
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Figure 5.10: Simulation results of the ANN based brushless PM synchronous molor
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speed drooping due to load impact. The system performances have boen improved

due to adaptive properties of the ANN used in the proposed system. The weights

and biases have been updated with this changing circumstance of load impact and
the drive follows the reference speed quite accurately.
Simulation has also been carried out with parameter variations. As in the conven-

tional speed controller based brushless PM synchronous motor drive, two paranet

have been changed: (i) the inertia of the motor is doubled, and (i) an additional

resistance is inserted in the stator circuit. Simulations have been carried ont with

parameter variations under the rated load and the no load conditions. Iigures 5.10

to 5.13 illustrate the effects of changes in inertia and stator resi

on specds and

currents for these conditions. From these figares, it is . ~n that although there is a
negligible over-shooting in the case of change in inertia, the ANN based brushless PM
synchronous motor drive system accurately follows reference speeds for both casos of
parameter changes. The on-line weights and biases updating feature of the ANN
makes the control scheme robust against these parameter variations.

The simulation current responses as shown in Figs. 5.3 1o 5.13 show the transient

as well as dynamic behaviors of the ANN based brushless PM synchronous motor

drive system. The envelopes of the current respouses are the q-axis reference currents

which are outputs of the ANN controller at various operating conditions. ‘TIhe peak

From

value of the transient currents never exceeds the prescribed limit of 10 ampere

the simulation results of the current responses, it is evident that the transient and

dynamic current responses of the proposed ANN based drive systems are sati

tory.
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5.6 Concluding Remarks

In this chapter, the vector control scheme of a brushless PM synchronous motor
drive is designed and simulated using an ANN based speed controller. In order to

achieve adaptive control over a wide operating range of speeds, an on-line training

method based on the back i Igorithm is i duced. This allows the
ANN controller to adjust itself according to operational conditions. The uniqueness
of this work is the provision of a substitute for the conventional fixed gain PI or

PID 11 The ANN ller makes the brushless PM h motor

drive robust, efficient, and immune to the adverse effects of load changes, parameter
variations and non-linearities of the load. The simulation results of the proposed
scheme are very encouraging. A successful on-line laboratory implementation of the
drive system using controller board DS-1102 will validate the efficacy of the proposed

brushless PM synchronous motor drive with the ANN based controller.



Chapter 6

Laboratory Implementation of the
ANN Based Brushless PM

Synchronous Motor Drive System

The implementation of the ANN in real-time for a motor drive system is considered

one of the chall problems d by the control engi This is be-

cause of the fact that there are not many commercial functional integraled circuits
(ICs) of the ANN available for the experimental work. Therclore, a combination
of hardwares and softwares has been used in this work for the real-time implemen-
tation of the proposed ANN based brushless PM synchronous motor drive system.

The DSP controller board DS-1102 has been used for the software impler

Lion

of the ANN algorithm. In addition, other conventional hardwares, such as pulse am-

plifier, voltage source inverter, and current transducers have been used to operate
the drive system. This chapter presents a detailed laboratory implementation of the
proposed ANN based brushless PM synchronous motor drive system, and documents

the experimental results with pertinent discussions.

149
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6.1 General Description of the Laboratory Setup

“T'he laboratory sctup used for the experiment is shown in Fig. 6.1. The test motor is
labeled as “M”. This motor is coupled to an induction generator labeled as ‘L’ which
works as a load. The power generated in the loading induction machine is dissipated
in a resistor bank labeled as ‘R;’. A tacho-generator is mounted on the induction
machine for the purpose of tracing the speed response only. Motor currents are
captured by the non-inductive type current transducers having good linear response
over a range of 0 to 30 ampere current operations. These transducers are labeled as
“I". "The rotor position of the test motor is detected by an optical encoder labeled
as ‘1Y% This encoder is mounted on the motor shaft. An interface circnit labeled as
“I?" has been used between the control and the power circuit. The purpose of using
the interface circuit is lo generate the nccessary commutating signals to make sure
that transistors on the same leg of the inverter do not switch on at the same instant.
Morcover, in this circuit, three phase drive signals from the DSP have been converted
to six drive signals for the six transistors of the inverter. The six drive pulses are

amplified through a pulse amplifier module labeled as ‘A’. The power circuit of the

brushless PM sy motor drive comprises a i inverter labeled as ‘I’
and rectifier labeled as ‘R’. The inverter consists of three pairs of Darlington BJT

transistors with six free-wheeling power diodes.

6.2 Hardware Implementation

As mentioned carlier, the control algorithm of the ANN based drive system has been
implemented through the DS-1102 DSP controller board [83]. The main processor in

this board is the Texas Instrument TMS320C31 floating point type. The board has
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been supplemented by a set of on-board peripherals used in digital control systems,
namely, analog to digital (A/D), digital to analog (D/A) converters and incremental
encoder interfaces. The board includes a DSP microcontroller based digital 1/0
subsystem which includes a fixed point Texas Instrument processor TMS320P14.
"T'his processor is used as a slave processor. The complete DS-1102 board is installed

inaPC-AT with a bility of uni pted ication with the PC through

a dual port memory provision. Therclore the PC monitor can be used to edit and
down load the software.

The schematic diagram of the hardware implementation is shown in Fig. 6.2.
Feedback signals to the controller board are the actual motor currents and the ro-
tor position angle. The currenis are measured by the Hall-effect transducers which
provide excellent frequency responses down to the dc level. The currents are then
bulfered and fed to the A/D ports of the controller board. The motor shaft position
is measured by an optical incremental encoder installed at the motor shaft. The en-
coder generates 4096 pulses per revolution of the rotor. The outputs of the encoder
are connected to the incremental sensor interface board. By using a built-in four
fold pulse multiplication, the encoder output pulses have been increased to 4x4096
pulses for greater accuracy. A 24 bit position counter is used to count the encoder
pulses and is read by a calling function in the software. The counter is reset once
per revolution by the index pulse generated from the encoder. The motor speed has
been computed from the measured rotor position angle using numerical differentia-
tion. The outputs of the controller board are three kinds of pulses for three phases of
the inverter through three D /A channels of the board. The fourth channel of the D/A
has been used to obtain the rotor position angle. An analog circuit has been designed

to obtain the six pulses for the six transistors of the inverter from the four outputs of
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Figure 6.2: Schematic of the hardware implementation
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the 1D/A of the DSP controller board. The commutating signals for the drive pulses
have also been generated in this cireuit. The details of this analog interface circuit
lave been shown in Appendix C. The six drive pulses have been amplified through
a pulse amplifier and fed to the base drive circuit of the transistorized inverter. The
control algorithm has been implemented via the controller board using C language
programming. In addition to the control routine, the program comprises several 1/0

fnctions 1o ac

the peripherals of the DS-1102 board. The block diagram of the

DSP controller hoard is shown Fig, 6.3.

6.3 Software for the Real Time Implementation
of the ANN Based Brushless PM Synchronous
Motor Drive

‘The control algorithm for the block diagram of the ANN based PM synchronous

motor drive as shown in Fig. 5.2 has been implemented through a software by de-
veloping a program in ANSI C. After initializing the required variables, the initial
set of weights and biases obtained from the off-line training of the proposed ANN
structure is down loaded. With the fedback speed samples and a delayed sample
ol y-axis current, actual and estimated q-axis reference currents are computed using
the back propagation algorithm. The error between the estimated and actual q-axis
reference is used to update the previous set of weights and biases il the error exceeds
a preseribed limit. Three phase reference currents are generated utilizing the actual
q-axis reference current and the rotor position angle obtained through the encoder.
Appropriate vector rotating and phase transformativ - te« tiniques are utilized in this

stage. Computed three phase reference currents are converted to upper hysteresis and
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lower hysteresis by adding and subtracting a preselected band. Hysteresis currents are
compared with actual motor currents and PW M signals are generated. These PWM
signals are fod to the analog interface circuit through D/A ports of the controller
board by calling the built-in functions. A provision of the adaptive learning rate is
also incorporated Lo reduce any over- or under-shoolings of the speed response during
the dynamic and transient conditions. The technique of adaptive learning has been
discussed in chapter 4. The flow chart of the software for implementing the real-time
ANN based brushless PM synchronous motor drive is shown in Fig. 6.4.

‘T'he sampling frequency used for implementing the above algorithm in the DSP

controller is 5 kllz. The C code for the above control algorithm is compiled and

assembled by Texas Instrument C compiler. Once the object file of the C code is

obtained, it is down loaded to the DSP by a loader program.

6.3.1 Peripheral initialization

Peripheral initialization is one of the major tasks in the software for perfect utiliza-
tion of the DSP board. This controller board has been supplied with several macro
functions to initialize and to access the on-board peripherals. As for example, the
macro function called inif() initializes the DAC subsystem of the DS-1102 for output.
Also with this, the DS-1102 interrupt request bits are reset and the 16 bits ADCs are
calibrated. The next peripheral to be initialized is the programmable timers. This
is an essential feature for the real-time implementation because it requires a regular
sampling rate. The functions timer0() and timerl() can be used to initialize the
‘TMS320C31's on chip timers Lo gencrate timer interrupts at a predefined sampling
rate [83). On-board peripheral initialization is another important task which is ac-

complished by available 1/0 macro functions. Some of the functions are utilized to



Set parameters in memory
Get reference speed

Start timers

Start interrupl ronting

I
Read encoder counte]
Caleulate 0,0,

Calaulate i7" i7 crror |

Calculate reference current |

Start A/D

A/D

conversion comple!

Read phase currents

Generate 3 phase PWM signals

Qutput signals through D/A

Wait until interrupt is finished

Update weights and hiases

Restart timers

Figure 6.4: Flow chart of the sofiware used for the real-time implementation of the

ANN based brushless PM synchronous motor drive
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start and read all four A /Ds, while others can be used to initialize the slave DSP’s 16

bit 1/O for digital inputs and outputs. However, in this work thc slave processor has

not heen used sinee it takes additional time from the computation of the the ANN
based algorithm, which is not acceptable. Thercfore, the external analog circuit has

lieen used lo generate the six PWM drive signals from the three D/A’s outputs.

6.3.2 Interrupt service routines

Phe current loop routine is driven by a software interrupt starting at every 200 yisec.
In this interrupt, A/D conversions of the actual current measurements are initialized,
rolor position angle is measured and the incremental encoder index line is detecled to
cloar the conter. When the A/D conversions arc finished, an interrupt service routine
containing the main code for the current. toop starts. The motor speed is calculated
from the rolor position information every 0.2 msec. The incremental encoder interface
on the 18-1102 board consists of a 24 bit counter and expands the input to 4x4096

pulies per revolution as mentioned carlicr.

6.4 Experimental Results

A series of experimental tests have been carried out to verify the validity of the
proposed ANN based vector control scheme for the interior-type brushless PM syn-
chronous wotor in real-time, Tests have been performed under no load and full load
conditions al rated and low reference speeds. Verification of Uhe simulation results
have also heen done for a step change in the reference speed under the no load and

the

ed load conditions. Effects of the sudden load impact on speed and current

responses have also been experimentally observed. The essence of the ANN based
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drive system is that the drive system must follow the roference speed adaptively un-
der parameter variations. Some Lests have heen conducted to ohserve the speed and
current responses with change in inertia and stator resistance under no load and full

load conditions. The design data of the laboratory brushless PM synchronous motor

are given in Appendix A, The experimental resulls are shown in Figs. 6.5 o 6
Figures 6.5(a) and (b) show the experimental speed and phase current. responses of

the ANN bascd PM brushless synchronous motor drive, respective

y, under o load
conditions for a reference speed of 1800 rpm. Figures 6.6(a) and (h) dopict the speed
and current, responses under rated load condition for the reference speed of 1800 rpm.
From these Figs. 6.5 and 6.6 it is obscrved that the proposed ANN bascd PM brush-
less synchronous motor drive is capable of runming at the rated load and o load

"Tes

conditions by adjusting its weights and bi s lave also heen performed Lo

evaluate the performance of the proposed ANN based system at low reference spead,
as for example al 239 rpm under no load and rated load conditions. The speed amd

phase current responses of the proposed system under these conditions are shown

in Figs. 6.7 and 6.8, respectively. It is quite evident from Figs. 6.7 and 6.8 that
ANN provides accurate reference currents in order Lo follow the low reference speed

of 239 rpm under no load and full load conditions. It is worth mentioning that ANN

has taken care of the effect of braking torque which i considered ane of the major

problems of running an interior-lype PM brushless synchronons motor at low ref-

crence speeds. Figures 6.9 and 6.10 demonstrate the performance of the proposed

ANN based PM brushless synchronous motor for a step ehange in reference speed

under no load and rated load conditions. Figures 6.9(a) and 6.10(a) show the speed

9(b) and 6.10(h) show the e

mental enrrent responses. The

responses and Figs.

ANN in the proposed system provides the necessary reference current by adjusting its
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Figure 6.6: Experimentai results of the ANN based brushless PM synchronous motor
drive at rated load with reference speed 1800 rpm; (a) speed response; Y-scale: 750

rpm/div. (b) current response; Y-scale: 5 A/div.
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Figure 6.13: Experimental results of the ANN based brushless PM synchronous motor

drive at rated load with change in inertia J — 2J (a) speed response; Y-scale: 750

rpm/div. (b) current response; Y-scale: 5 A/div.
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weights and biases for these dynamic changes in reference speed and the drive system
accurately follows the reference speeds for both the cases of loading conditions. "The
step change in reference speed has been performed only for low to high speed. The
step change in reference speed for high to low speed has by

avoided becanse of

the regencration problem of the inverter. The dynamic performances of the proposed
system due to the step change in load are shown in Fig. 6.11. Figure 6.11(a) show
the experimental speed response and 6.11(b) show the current response for his step
change in load. From Fig. 6.11 it is clear that the performance of ANN based system

is better than that of the PDF based system as noted in Fig. 220 The effect.

of sudden load impact on speed is insignificant for the ANN based system because
of the on-line weights and biases up-dating feature. The experimental evaluations

NN based PM broshless

of speeds and currents with parameter variations of the
synchronous motor drive arc shown in Figs. 6.12 to 6.15. Figures 6.12 to 6.13 show
the speed and current, responses of the proposed system for change in incrtia under
no load and rated load conditions. The inertia of the motor has been doubled by
coupling the PM synchronous motor with an induction motor of higher inertia. 1t
is observed that the proposed drive system follow the reference speed with negligible

over-shootings under no load conditions as shown in Fig. 6.12(a). For the case of rated

load with double inertia as shown in Fig. 6.13(a), th: drive

tem accurately follows

s

the reference speed with no over-shooting. Experimental evaluations of effects of

parameter variation for the case of change in stator res

stance of the proposed ANN

based drive system are shown in Figs. 6.14 to 6.15 under no load and rated load
conditions. In both cases, the drive system is capable of following reference specds
without any over-shootings or under-shootings.

The rise time of the experimental specd responses of the proposed ANN based drive
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system is little slow. This is due to the time consuming computations of the ANN
algorithm for the weights and biases updating from their initial values. Incorporation
of the magnetization characteristics of PM motors with the ANN may improve the
overall response.

It is observed that in all cases of experimental results, the speed responses are
critically damped. The adaptive learning rate of the ANN plays its vital role for

doing so.

The clopes of the eri | current as shown in Figs. 6.5 to

6.15 show the real-time ANN controller’s output, i.e the q-axis reference currents.

Depending upon the operating conditions, the real-time ANN provides accurate q-

axis current for the 1 ion of the PM } motor drive system.

‘The transient and dynamic responses of the drive system are accurately reflected in
the current responses. The peak current in all cases are within 10 ampere which was
selected as the prescribed limit.

It is noted here that the dc bus voltage of the inverter has been applied through
a variac in all experiments. This is done to ensure the safe operation of the inverter’s
power transistors by considering the fact thav direct switching of the dc voltage causes
spikes of dc voltage for a significant amount >f time duration which may be higher
than the safe turn-on time of the power transistor. This arrangement of applying
dc bus voltage affects the transient synchronizing time of the proposed drive system

which are longer than thnse obtained from the simulation results.



6.5 Concluding Remarks

In all experimental results. it is scen that the proposed drive sy

stem is capable of

following the reference speed quite accurately. There is no significant over-shooting
in any of the cases. The drive can handle the step change of reference speed wnde
various loading conditions. The speed drooping at the sudden impact of load is

also within the acceptable range. The adaptive on-line weights and bias

npdating
feature of the ANN provides the appropriate q-axis reference current so that the drive
system does not have any difficulty following the reference trajectory even in case of
parameter variations. Moreover, the proposed drive offers an excellent feature of wide
range speed operations from very low to rated speed under no load and rated load
conditions. As can be seen {rom the experimental results, the dynamic response time
is within the range of 0.5 to 0.8 sec. This is acceptable for any kind of adaptive
controller based ac motor drive systems.

The ANN based control scheme for the brushless PM synchronous motor drive
has been successfully implemented and tested on a laboratory | hp interior-type PM
synchiranous motor. Experimental results validate the efficacy of the ANN as an
adaptive controller for PM motor drives. The overall system performances are quite

good in terms of dynamic, transient and steady-state respon:




Chapter 7
Summary and Conclusions

Fast response and quick recovery from load disturbances and insensitivity to parame-
ter variations are some of the principal criteria in designing and implementing a high

performance variable speed electric motor drive system. Review of relevant literature

enables us to conclude that the brushless PM synchronous motor with a suitable
speed controller has the potential to fulfill the required criteria of high performance
variable speed motor drive applications.

Conventional constant gain controller based motor drive systems need aceurate
mathematical models to describe the system dynamics. Sophisticated system mod-

els incorporating unavoidable conditions such as saturation, disturbances, parameter

drifts, and iations are often ilable in the real world. Thus the

performances of the constant gain controller based drive systems are nnpredictable

under abnormal operating conditions. Furthermore, uncertainty and non-lincarity

from the motor mechanical load sometimes cause the drive system to become un-

ssential in

stable in the absence of proper control. Hence an adaptive controller is
a high performance PM motor drive system. Existing adaptive controllers such as

model reference adaptive controller, sliding mode controller and self-tuning regulator
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are based on the system model parameters. Unavailability of the accurate system
model data often makes it difficult and cumbersome to design and implement these
types of adaptive controllers in real-time. Moreover, a large number of parameters
are associated with these types of controllers which make them expensive.

In recent years, artificial neural networks (ANNs) has become a popular choice for
the adaptive control of electric motors due to their inherent properties of generaliza-
tion, parameter insensitivity, parallel processing and non-linear mapping between the
inputs and ontputs. Based on the multi-layer ANN structure, this work has intro-
duced a novel adaptive speed control method for high performance PM motor drives.
The objective of using the ANN based speed controller in the PM motor drives is to

the limitations of c ional ller based drive systems. In order to

verify the feasibility of using ANN as a speed controller for high performance drive
systems, an ANN based PM dc motor drive has been experimentally implemented
in the real-time for a laboratory  hp PM dc motor. From the results of the ANN

based PM dc motor drive system, it is observed that the ANN speed controller can

laptively tackle the problems of changes and load variations, and enables
the drive system to follow the reference speed. These encouraging performances of
ANN controller in the PM dc motor drive provided the motivation for us to extend
its application to the case of a brushless PM synchronous motor drive.

In chapter 1, an extensive literature survey on variable speed ac motor drives
has been carried out. A critical review of different types of electric motors with
various control structures provides a clear picture of the problems associated with
high performance variable speed motor drive systems. Problems involving the precise
speed control of the PM motors have been identified and a solution using artificial

neural network based control structure has been proposed.
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tem has been derived.

In chapter 2, the control strategy of the proposed dri

As an integral part of the control structure, the theoretical basis of the hystere-
sis current controller has been first investigated and then its performances have been
experimentally verified in the laboratory. Finally, a complete drive brushless PM syn-

whronous motor drive system based on the couventional pseudo-type speed controller

has been and experimentally tested. This study provides a
basis for further investigation of the variable speed high performance PM motor drive
system with the modern speed controller.

In chapter 3, une concept of artificial neural network together with its applicability

to the speed control of brushless PM synchronous motor is introduced. In recent years,
the application of the ANN in motor control is becoming increasingly popular. It is,
however, important to choose an appropriate structure and a training algorithm of
the ANN for a particular problem. The multi-layer property of the ANN has proven
to be most successful in the control of an elcctric motor. Multi-layer feed forward
and other type of networks have been used in this work. ‘The general structure with
various functional elements of the ANN has been discussed, and details of the back
propagation training algorithm have been presented.

Chapter 4 presents an ANN based PM dc motor drive system. Since the vector
control of brushless PM synchronous motor offers similar control properties to a sep-
arately excited dc motor, as a test example an on-line adaptive ANN based PM dc
motor drive has been successfully implemented and tested in the laboratory. Deriv-
ing the inverse dynamic model of the PM dc motor, a real-time ANN controller has
been designed which has the provision of adaptive weights and bias updating feature
together with an adaptive learning rate. A proportional-integral (PI) controller based

PM dc motor drive has also been tested in the laboratory and the test results are
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compared with those of the proposed adaptive controller based system.

Chapter 5 mainly concentrates on the derivation and design of the on-line self
tuning ANN controller for the speed control of the brushless PM synchronous motor
along with the simulation of the complete drive system. Performance prediction
throngh simulations have been carried out for many cases, as for example, the study
of speed and current responses at rated reference and low speed under no load and
full load conditions. The effects of a step change of reference speed, a sudden load
impact and parameter variations on the speed and current responses of the proposed
system have also been investigated through simulations. The simulation results give
an overview of the capability of the ANN used in the proposed system for the above
operating conditions.

Chapter 6 provides the details of the implementation and experimental results of
the on-line self tuning ANN based brushless PM synchronous motor drive system.
Discussing the various elements of the experimental set up and DSP controller board
DS-1102, the experimental results have been presented which verify the simulated

performances of the proposed system as presented in chapter 5.

7.1 Major Contributions of the Thesis

The major contribution of the thesis are

o Mathematical formulation of a three phase hysteresis current controller has
been developed and experimentally tested on a three phase R-L load before

integrating with the proposed drive system.

o A novel non-adaptive pseudo-derivative feedback (PDF) type speed controller

has been designed to i igate the perfc of the ional controller




based brushless PM syachronous motor.

Performances of the PDF speed controller and the hysteres

urrent controller
on the brushless PM motor have been evaluated by simulation as well as by

experiment.

The applicability of the artificial neural network in speed control of permanent

magnet motors has been justified.

A novel speed control technique using an on-line self-tuning artificial neural

network has been experimentally implemented for a PM de motor.

An innovative method of on-line learning rate is integrated with the ANN based

PM dc motor to reduce the overshoots during transient and dynamic changes.

A modified ANN controller for the PM dc motor with feedback loop has been

experimentally implemented with enhanced stability.

A simple inverse dynamic model of the brushless PM motor has been derived

for the first time for the artificial neural network based vector control schen

An interface circuit system has been developed and used with the DSP controller

board to drive the base drive circuits of the experimental voltage source inverter,

The developed ANN based system has been successfully simulated and imple-

mented in real-time at the power research laboratory of the Memorial University.

The developed ANN based PM brushless synchronous motor drive system is
capable of operating from low speeds to the rated speed under no load and

rated load conditions.
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The developed ANN based PM brushless synchronous motor drive system ex-
hibits excellent, dynamic performances for the step change in reference specd
and smdden load impact. The online weights and biases up-dating feature of
the ANN makes the proposed PM brushless synchronous motor drive insensitive

to parameter variations.

7.2 Conclusions

Some of the major conclusions of this study are

Conventional speed controller based brushless PM synchronous motors are use-
ful for medium performance drive systems, because this type of drive system is

sensitive to parameter variations and not suitable for low speed operations.

Artificial neural network controllers can be used for the speed control of PM
motors which provide robust performances and are suitable for a wide range of

speed operation,

1t is highly preferred Lo obtain an inverse dynamic model of the motor in order
to design an appropriate ANN structure which guarantees to capture most of

the system dynamics.

A local feedback loop in the ANN should be used to ensure stable operation of

a PM dc motor drive.

Rather than using a fixed learning rate in the on-line weights and biases up-
dating, an adaptive learning rate technique provides critically damped speed

response for high performance PM motor drives.
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o Initial set of weights and biases obtained from the off-line training is updated
on-line which provides a unique feature of adaptive controller. This offers an

efficient, robust and casy to implement high performance drive system,

7.3 Future Scope of Work

This study focuses on the use of different types of speed controllers for high per-
formance motor drives Artificial neural networks with multi-layer feed forward and

other structures have been used with the back-propagation training algorithm for this

work. It has been observed that like other types of existing adaptive speed controllers,
the response of the ANN based system is not very fast due to extensive computations.
Therefore, other efficient and less time consuming on-line training algorithms should
be devised to make the system work faster.

The ANN based brushless synchronous motor drive system has been developed
for operation at constant torque region allowing the motor to be operated over a
variable speed range up to the rated value. The ficld-weakening method should be

incorporated with the proposed system for the speed operation above the base speed.

The overall system stability has not been studied from the control point. of view,
and more research has to be carried out in this regard.
Selection methods of quick cstimation of the initial weights and biases should he

explored.

The impact of feedback provision of the output to the hidden layers of the

neural networks on the over all stability of the drive system should be studied.
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Appendix A
PM Synchronous Motor Data

Type = Interior type PM motor
Rated Power = 1 hp

Input line to line voltage = 208 V.

Rated frequency = 60Hz

Number of poles = 4

qeaxis inductance L, = 0.0795 H

d-axis inductance Ly = 0.0424 H

Stator resistance per phase R = 1.50

Inertia constant J = 0.003 K g.m?

Damping constant B = 0.00008 (N-m)/rad/scc

Magnet flux linkage Ay = 0.314 volts/rad/sec.
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A ppendix B

PM DC Motor Data

Rated Vollage, V = 35 volt
No-load Speed, N = 6 krpm

Armature inductance Lq = 1.17 mil
Armature resistance /2, = 28 Ohm

Rotor inertia J,, = 0.02288 X103 Kg.m?
Viscous constant Bp = 0.0020 N-m/krpm.
Frictional constant Ty=0.0212 N-m.

Torque constant, K, = 0.0438 N-m/A
Voltage constant, K. = 00439 voltsec/rad,

load torque constant, v = 0.00018 N-m- sec?
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Appendix C

Analog Interface Circuit

C.1 Description

The main function of the analog interface circuit is to generate six sets of drive pulses
for the six transistors of the inverter by using the four channels of the D/A of the
DSP controller board DS-1102. The first three channels of the D/A are used to
obtain the PWM signals from the hysteresis current controller for the three phases of
the inverter. The analog interface circuit splits cach phase’s PWM signals into two
parts corresponding to the positive and negative cycles of the reference currents. "The
fourth channel of the D/A is used to obtain the rotor position angle 0 from the DSP

to the interface circuit, With this angle information, three-phase reference eurrents

of fixed itude are l. Since only the zero-crossings are the necessities in

this analog circuit, therefore any suitable magnitude of the reference currents can b

used. The following relationships are used Lo gencrate the three-phase currents.

iy = L0sind ()

ic = L0sin(0+ 120°) = —Asind + 8.66cos0 (C2)
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iy = ~(ntic) (c3)
“The function sinf and cos 0 used in the generation of the three-phase reference cur-
rents are: produced using the Analog Device’s 1C AD6%9 as shown in Fig, C.L. There-
fore, the reference current of phase ‘a’ is the sine function obtained from the AD 639,
“T'he circuit layont. for generating the three-phase reference currents is shows 5 Fig,

C.2. The generated three-phase reference currents are used in the zero crossing de-

AD 630

(a)

Figure C.1: Sine and cosine [unction generators

tector circuits in order to generate sy waves. These

signals are rectified and passed through the logical NOT gates. Therefore two sets
of pulses are available (Vr before NOT operation and Vy after NOT operation) for
upper and lower transistors of the inverter. After that, logical AND operations are
performed between the PWM signals coming from the first three D/A channels of the

DSP board aud the rectangular pulses with dead zone. These operations separate
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10k
10sin0
- »

~ssin0)

10k

-8.67cos)

10casl)

Figure C.2: Analog circuit for the threc-phase reference currents generation



10k

in = 10sinf 1k

commutating pulse
generating circuit

Positive edge
triggered

commutating pulse] t

generating circuit T

A To pulse amplifer

of transistor T}
—

PWM signals from
D/Aof ch. 1

To pulse amplifier of

transistor Ty

Figure

Cireuit layout for the splitting PWM signals between upper and lower
transistors of Phase a



198

Figure C.4: Commutating pulse gencrating cireuit

the PWM signals of each channel into two parts for the lower and upper Lransistors
of cach phase corresponding to the positive and negative half eycles of the reference
currents. The details of the circuit diagram for generating PWM pulses for upper
and lower transistors of the VSI from the reference current of one phase (phase a) are
shown in Fig. C.3. The circuit diagrams for splitting PWM signals hetween upper
and lower transistors of the other two phases are the same as Fig. (.3, Fig. (L1

shows the details of the circuit layout for the positive edge triggered commutating

pulse generator circuits which provide a dead zone for the safe commutation of upper

and lower transistors of each phase.



Appendix D

SIMULINK Subsystems

D.1 Subsystems of SIMULINK hysteresis current

controller
i1 Gaind
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D.2 Subsystems of the SIMULINK brushless PM

synchronous motor drive with the PDF speed

controller
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