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Abstract

The hybrid permanent magnet hysteresis synchronous (PMHS) motor has many

distinct ges over i magnet or hysteresis motors. Based on

the features of PMHS motor structure and the models of permanent magnet and
hysteresis, the magnetic equivalent circuit and electrical equivalent circuit of the PMHS
motor are developed. An analytical model including the derivation of state variable

equations in the time domain is also developed. The transient current, torque and speed

during the starting and synchronizing process have been calculated by solving the state

and

variable equations numerically. good between the
experimental results of a 5 hp PMHS laboratory motor confirm the validity of the
proposed analysis.

Pr i idal pulse width ion. which is based on the digital

signal processing (DSP), is used for the PMHS motor vector contiol. Using the
frequency domain approach, the direct and quadrature axis current controliers are

developed. The control algorithms are then put into a form that could be implemented

directly on the real-time digital system. Finally. an experimental verification of the
algorithm is carried out by measuring the stator line current ar different frequencies.
For the speed controller design. first, the general expression of the developed

torque of the PMHS motor is derived. Upon controlling the stator current iy to be zero,



i, becomes the only controllable variable. The speed controller design is based on the
symmetry optimization. The performance of the speed controller is then demonstrated
with several real-time experiments, and it is shown to possess the desired characteristics
in terms of rise time and overshoot. The rotor position and speed responses are quite
smooth in a wide speed range and without any oscillation.

The complete experimental DS1102 DSP based drive system has been built. A
detailed description of the system general hardware and software is discussed. Finally.
the experimental results of a DSP based PMHS motor vector control system are given.

The motor is at inverter ies 1 Hz to 60 Hz .

The transient and steady state performances of current and speed show that the
vector control of the PMHS motor has important features for smooth and quiet operation
over a wide range of speed. The experimental results verify the effectiveness of the

motor models for high performance PMHS motor drive.

il
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Chapter 1

Introduction

This thesis is concerned with the analysis, vector control system design and

of a magnet hysteresi (PMHS) motor.

1.1 The Present Status of the Hysteresis Motor in High

Performance Drives

Since the presentation of the theory of hysteresis torque by Steinmetz [1] in 1908,
much work has been done on the theory and practice for hysteresis motors. In the
1920's, hysteresis motors were used on electric clocks, control mechanisms and relays.
In 1940, Teare [2] published a method of calculating the motor torque from known field
configurations of magnetic flux and magnetomotive force in the hysteresis material.

The development of new magnetic materials having more hysteresis energy per
unit volume of the material, like aluminum nickel and cobalt based alloys, has led to the
production of hysteresis motors from fractional horse power to several kilowatts rating

[3]. Hysteresis motors have emerged from the state of an engineering curiosity to quite



p
widely used small motors. The research efforts of the past decades bear testimony to the
rapidly growing importance in the development of different types of small and integral
horse power hysteresis motors. According to my search, 225 representative papers about
hysteresis motors have been published from 1908 to 1996. All of the research works on
hysteresis motors may be classified as follows:

(1) Basic theory about hysteresis torque and analysis of hysteresis motors based

on the imation of ing the is loop by either elliptical or

parallelogram models;

(2) General equivalent circuits in which harmonics, end winding and slotting
effects are ignored;

(3) Field analysis using Maxwell's equations and numerical methods;

(4) The analysis of the effects of high harmonics and stator slotti

(5) Over excitation and solid-state control;
(6) The study of the hysteresis reluctance motor and the permanent magnet
hysteresis motor.

The hysteresis motor is widely used in small motor applications. It has not only

simple i features with i stator windings and a solid rotor
hysteresis ring, but also high built-in self-starting torque during the run up and
synchronization period. It has no rotor slots and thus it has low noise during operation.
These advantages make the hysteresis motor specially suitable for applications, such as
in gyros, pumps, timing and recording equipment in which constant torque, synchronous

speed and quiet operations are required. In spite of these advantages, the commercial
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hysteresis motor still suffers from many limitations, e.g., high magnetizing current, low
power factor, and low efficiency associated with high parasitic losses [4]. It also has two
additional subtle disadvantages for high accuracy drives such as in gyroscopes. One is
the flutter associated with synchronous speed [5]. When the rotor reaches synchronous
speed, the rotor flux ceases to sweep around it, and residual flux density B, of the
hysteresis material on the rotor is relatively fixed. As the eddy current torque disappears
at synchronous speed, the motor behaves as a temporary permanent magnet motor [6].
However, when random disturbances happen, the resultant poles will move along the
rotor surface, thus the rotor will oscillate around the synchronous speed at a low
frequency of 3-5 Hz. The other disadvantage is that the hysteresis motor has no preferred
synchronizing point, and the rotor position compared with the rotating magnetic field is
random. This gives rise to the gyro drifting errors. Figure 1.1 illustrates the starting
torque characteristics of a hysteresis motor [7]. The hysteresis and eddy current torques
are denoted by the dashed lines. It is to be noted that the resultant torque has high

built-in starting and synchronizing capabilities.

1.2 The Starting Problem of Permanent Magnet

Motors
The history of the permanent magnet (PM) motor is closely related to the
development of PM materials, Permanent magnet materials have been developed in

several distinct stages:



(1) Natural PM materials which were discovered in the primitive period;

(2) Commercial PM materials were manufactured in 1930’s under the name of
Alnico family series;

(3) The barium ferrite PM materials were developed in late 1950’s;

(4) The rare earth permanent magnets(REPM) such as samarium cobalt, etc. were
developed in late 1960's and early 1970s;

(5) The Neodymium-Iron-Boron (NdFeB) magnets were made available in the
1980’s.

The magnetic parameters which are important in developing PM motors are:

(1) Residual flux density B

(2) Coercive force H:

(3) Maximum energy products (BH,,,).

‘The PM motors have been developed over a long period of time. It was reported
that the first PM motor was built in 1900's. Yet the first motor with commercial value
was only built in 1947, when the General Electric (GE) Company built the first
commercial motor using Alnico material. During the period of 1900-1970. there existed
two major problems in the design of PM motors. First, due to the low energy products
of the PM materials, the air gap flux was lower than that of a d.c. motor. Secondly, the
B-H curve in its second quadrant is easily subjected to demagnetization for its low
coercive force. For a PM generator, the rotor flux may be reduced to zero if a short
circuit occurs, while for the PM motor however, it is subjected to a reversal of flux

each time it starts up. Thus the permanent magnet motor presents a more severe problem
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of demagnetization than a permanent magnet generator. These short-comings have been
overcome since the advent of rare earth permanent magnets in the 1970's. For example,
the maximum energy products of permanent magnets increased from 3.8 MGOe. in
barium ferrite to 51 MGOe. in NdFeB magnets. The technical merits of the PM motor
have received wide attention. Some of the notable works have been reported by Rahman
(8] and Richter {9]. The technical report by Richter of the GE company provides detailed
feasibility studies of energy conservation and economic benefit of using PM motors
instead of induction motors. The advantages of using a PM motor are apparent. The
efficiency of the PM motor has proved to be higher than that of the induction motor, as
the winding losses (I°R) of the rotor due to slip are eliminated.

Permanent magnet synchronous motors have several distinct advantages namely,

high efficiency, high power factor, and higher stability. Smooth brushless operation and

simple rotor ion of magnet motors offer additional

advantages particularly for high speed icati However, the magnet
synchronous motor, when operated at line frequency, has a major drawback during the
starting period as the magnets generate a brake torque which decreases the starting torque
and reduces the abi'ity of the rotor to synchronize a load. With the help of cage winding,
sufficient accelerating torque is provided. When the motor reaches synchronous speed,
the cage torque is reduced to zero, whereas the magnet torque becomes the sole source
of motor torque [10]. Figure 1.2 shows the typical magnet brake torque, cage torque and

resultant torque of the PM motors during the starting process.
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1.3 New Hybrid Motor - Permanent Magnet Hysteresis

Motor

The magnet 3t (PMHS) motor is a new kind of
motor which has received considerable attention in recent years [11]-[15]. The
combination of PM and hysteresis materials in the rotor of the hybrid motor has many
distinct advantages over the conventional PM or hysteresis motors (10-17]. The hybrid
motor in which the permanent magnets are inserted into the slots at the inner surface of

the hysteresis ring is called the magnet hysteresi: (PMHS) motor.

The rotor structure of the PMHS motor is simple and the squirrel cage winding is
eliminated because it has the built-in starting torque. It has high pull-in and pull-out
torques and high efficiency [15].

During asynchronous speed, the motor torque consists of the hysteresis torque,
eddy current torque and permanent magnet brake torque. At synchronous speed the motor
torque consists of the hysteresis and permanent magnet torques. It combines the
advantageous features of both the hysteresis and permanent magnet motors. The negative
effect of the magnet brake torque is ideally compensated by the high eddy current torque,
particularly at the starting and run-up period. This hybrid PMHS motor has great
potential for applications in gyros, electric vehicles, air conditioning, compressor pumps,
robotics and high performance industrial drives requiring constant torque, a wide range

of speed and quiet operation.



1.4 Motor Drives

Electric motors have been the workhorses of industry for many years. The three
basic types of electric motors, namely the dc. induction and synchronous motors. have
served industrial needs for nearly a century [18]. In recent years, intense research effort
has created other variations of motors. such as brushless dc motors, permanent magnet
motors, and switched reluctance motors in many applications.

DC motors have traditionally dominated the domain of drive systems. Although
the de motor is more expensive, the control principles and converter equipment required
are somewhat simpler in dc drives [19]. The field magnetomotive force (mmf) and the
armature mmf of a dc motor are decoupled. The torque of a dc motor depends on
armature current and field flux (T e I,¥,), and the field flux depends on field current
(¥ o 1). This decoupled feature provides enhanced speed response for the torque
characteristics. The control of torque is normally achieved by controlling the armature
current with constant field current. Field weakening is employed to increase the speed
beyond a base speed. The simplicity and flexibitity of control of the dc motors have made
them suitable for variable speed applications. However, the main disadvantages of the
dc motor are its commutators and brushes, and the frequent maintenance required for its
operation. It is also restricted by the sparks which come from the mechanical commutator
system. These major problems of dc motors make them unsuitable for hazardous and

maintenance free operation.
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The induction motor is a rugged, reliable, and less expensive ac machine. It has
been the economical workhorse for use in ac drive applications during the past decades
[20]. Variable frequency drives originally used open loop and volt/hertz control to

regulate motor flux. These motors are found to be satisfactory for low-performance,

cost-effective industrial drives. Closed-loop 1 with slip fonis i later

for improved drive performance. Another control method that is often used for flux

is based on the ination of stator current and slip frequency. A current

source inverter is suitable for this drive. Unlike the voit/hertz control, the current-slip

control technique is i of stator Hence, flux
regulation can be achieved even at low speeds [21-22].

Both the volt/hertz and current-slip frequency control provide satisfactory

steady-state performance. The volt/hertz control scheme requires closed-loop current

regulation as well as accurate speed measurement. Therefore, both these methods are

to and fail to provide satisfactory transient
performance. Field orientation is a vector control technique that provides a method of
decoupling the two components of stator current: one producing the airgap flux and the
other producing the torque [23]. Therefore, it provides independent control of torque and
flux, which is similar to a separately excited dc motor. The magnitude and phase of the
currents are controlled in such a way that flux and torque components of the current
remain decoupled during dynamic and static conditions. Several methods have been

proposed to implement field oriented control. Basically, the schemes can be classified

into two groups: the direct method of field orientation, and the indirect method of field
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orientation. The direct method of field-oriented controi was originally proposed by

Blaschke [23]. The method requires flux isition, which is ined by

techniques using machine terminal quantities. The indirect method of field-oriented
control was originally proposed by Hasse [24], and it avoids the requirement of flux
acquisition by using known motor paramelers to compute the appropriate motor slip to
obtain the desired flux position. The scheme of indirect control method is simpler to
implement than the direct method. Hence the indirect method of induction motor control
is becoming more popular. However. the induction motors have inherent disadvantage
of slip dependent rotor copper loss, and there is the problem of heat extraction from the
motor core. The motors are either two or four pole types, thus the motors need large end
windings and considerable back iron yoke. This partly causes its weight to increase.

The motor is ing a strong itor with the induction motor

in the variable-speed drive domain. The main advantages, as compared to the induction
motors, are the elimination of rotor copper loss and the natural ability to supply reactive

current. [n a motor, the ization is provided through the rotor circuit

instead of the stator. Hence, the motor can be built with a larger airgap without degraded
performance.

In recent years, there has been an emerging growth of permanent magnet (PM)
synchronous motors [25-33]. In a PM motor, the rotor field is supplied by permanent

magnets. The main to the i motor is the

elimination of the field coil, dc supply, brush gear and slip rings. Hence, lower loss and

aless complex motor can be obtained. In a PM motor there is no provision for rotor side
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excitation control. The control of the PM motor is done entirely through the stator
excitation control. Field weakening is possible by varying the direct axis current to
oppose the rotor magnet flux.

Applications of these permanently excited synchronous motors are found in
various industrial drive systems, such as aerospace, machine tools, robotics. precision
textiles. etc. The brushless permanent magnet synchronous motors are simply known as
permanent magnet ac motors. These motors are either line start or inverter fed types
whose polyphase stator windings are simultaneously switched on via balanced polyphase
supply voltages.

There is another type of modern small brushiess permanent magnet dc motor,
commonly called brushless dc motor. Incidentally, these brushless dc motors are
polyphase permanent magnet synchronous motors which are electronically commutated
and sequentially switched on. They are mostly used for control purposes such as
computer disk drives, robotics, automation, high quality turntables and tape capstans, etc.
[34].

High performance in the ac motor drive is achieved through the vector control
scheme, in which the motor's nonlinear properties and multivariable parameters are
linearized and decoupled. The performance of the controlled ac motor, in a wide range
of load and speed, is much like a separately excited dc motor. Vector control may be
performed in various configurations and has become a rather mature technology.

A microprocessor based control of the hybrid permanent magnet hysteresis

synchronous motor was first reported by Rahman and Qian in 1993 [17). However, there



remain many problems yet to be solved. Some of the topics are listed below.
(1. It is necessary to establish an accurate analytical model of the PMHS motor,

such as state variable equations, detailed equivalent circuit and torque equation, which

are nesded for ical analysis, si ion and real time i ion of the vector
control.

(2). In the control system of the reference [17]. the search coils present several
disadvantages such as reliability and noise immunity. For these reasons, to eliminate
search coils from the motor stator is a matter of concern. The rotor flux will be estimated
from on-line current, rotor position and speed.

(3). The stability of the motor at low speed range, frequency less than 10 Hz,
needs to be improved. Thereby the drive motor will operate in all speed ranges.

(4). Because of the speed limitation of analog to digital (A/D) and digital to
analog (D/A) circuits in the Labmaster board which was used in reference [17], a high
speed digital signal processor (DSP) is needed for more complex vector control of the

PMHS motor.

1.5 Objectives of the Thesis

This thesis has two major objectives. The first is to establish an accurate
analytical and control model of the permanent magnet hysteresis synchronous motor. This
will include the models of permanent magnet and hysteresis, the magnetic equivalent
circuit and electrical equivalent circuit, the state variable analysis model of the PMHS

motor.
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The second objective is to develop and successfully implement a digital signal

processor based vector control system for the magnet

motor in a wide speed range. This will include the design and implementaion of

pulse width ion, digital current and speed controllers.
digital filters and a complete experimental DS1102 DSP based vector control PMHS

motor system.

1.6 The Organization of the Thesis

This thesis is ized as follows. A ical model for the PMHS motor

is developed in Chapter 2. The derivation of both the magnetic equivalent circuit and
electrical equivalent circuit is presented. The PMHS motor model for both transient and
steady state operations is also presented. Using state variable equations, starting and
synchronizing performances are predicted by solving the state variable equations
numerically. The experimental results are also provided together with the comparison of
the simulation results during starting and synchronization.

Chapter 3 describes the operation of the inverter used to drive the PMHS motor.
First, the ideal operation of the inverter is reviewed from the point of view of a

modulation system. The voltage space vector is then used to derive the expressions of the

inverter operation. Next, the ion of the si idal pulse width ion (PWM)
by the digital signal processor is discussed. The detailed analysis of the logic relations
of a switching sequence is presented. Finally, the programmed three-phase sinusoidal

pulse width modulation voltage is generated through the DS1102 DSP board. The
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necessary interface circuit between the DSP board and the inverter is developed. And a
shoot through time delay circuit has been built to prevent the upper and lower transistors
of each leg of the PWM inverter from conducting simultaneously and shorting the power
supply terminals together.

Chapter 4 focuses on the analysis and control of the current loop, and develops
a fully digital current controller for the PMHS motor vector control. The derivation of
the rotor frame model for the PMHS motor is briefly reviewed along with the necessary
conversion transformations between the motor terminal voltages and currents and the

direct and axis quantities used in the model. Next, the

regulation of d-q axis currents using the conventional stator frame line current controllers
is shown to introduce nonlinear speed dependent coupling between the direct and
quadrature axis currents. The quadrature and direct axis current controllers are then
developed. The controller design is carried out in the frequency domain. Experimental
results are also presented in Chapter 4.

Chapter 5 concentrates on the development of the digital speed controller. The
PMHS motor torque is discussed in different control conditions. Next. the derivation of
the speed control loop transfer function is presented in detail. The controller design is
carried out by using the symmetry optimization technique. Finally, implementation details
and experimental results are presented.

Chapter 6 completes the development of the vector control system for the PMHS
motor by specifying the controller algorithm and by combining it with the results of the

previous chapters. The hardware and software implementation of the DSP based PMHS
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motor vector control system is presenied. A general description of the system software
and hardware requirements is provided. A detailed description of the requirements for
implementing the system is presented. Finally, the performance of the PMHS motor
vector control system is illustrated by several experiments. The experimental results
demonstrate the effectiveness of the new approach for the high performance PMHS motor
drive.

Chapter 7 provides the summary, conclusion, and suggestions for future work.

The contributions of this thesis are highlighted.
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Chapter 2

Modelling of PMHS Motor

2.1 Introduction

The objective of this chapter is to develop a mathematical model for the
permanent magnet hysteresis motor suitable for the simulation and application of real-

time digital control techniques. The model parameters are related to the motor structure

and di i lytical ions arc ped wherever a closed form expression
can be obtained.
The discussion will start with the introduction of the PMHS motor structure. The

features of this structure and the i involved in ping the equi

magnetic circuits and electrical equivalent circuits are alsv presented in this section.
An analytical model including the derivation of state variable equations in the time
domain is presented. The transient current, torque, speed, and flux linkages during the

starting process have been calculated by solving the state variable equations numerically.

2.2 PMHS Motor Structure

Fig. 2.1 shows the 4-pole rotor assembly of the PMHS motor. The rctor consists



Fig. 2.1 Rotor configuration of the PMHS motor
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of a hysteresis ring made of 36% of cobalt steel alloys. This hysteresis ring is supported
by the aluminium sleeve and the sleeve is keyed to the motor shaft. Reluctance grooves
for the permanent magnets are cut from the inside diameter of the hysteresis ring and the

Neodymium Iron Boron (NdFeB) magnets are inserted in the slots. This inrerior type

magnet is rotor elimi; the airgap ions due to the rotor slot
openings. It thus minimises the flux parasitic losses [16]. The stator has standard three
phase 4-pole windings like those in induction or synchronous motors. The magnetic
properties of NdFeB permanent magnets and cobalt-steel hysteresis material are listed in
Table 2.1.

Table 2.1 Properties of the hysteresis and PM materials

Type of Material B, H, BH,,, e
Units (kG) (kOe.) (MGOe.)
36% Cobalt steel 9.6 0.24 1.00 18.0

hysteresis material

NdFeB permanent magnets 11.38 10.84 31.10 1.01

Where B, is the residual flux density of the magnet, H, is the coercive force of the
magnet and , is the relative permeability of magnet material which is determined from

the motor's operating point of B-H curve.
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2.3 Magnetic Equivalent Circuit of A PMHS Motor

2.3.1 Model of Permanent Magnet

One of the NdFeB magnets of the PMHS motor in Fig. 2.1 is shown in Fig.
2.2(a). The magnet has a radial length I, and an angular width 2a. The demagnetization
characteristic of a NdFeB magnet material is shown in Fig. 2.2(b) [35]. The
characteristic is linear over the entire second quadrant and the linearity extends to the
third quadrant. In normal use, the magnet operation is limited to the first and second
quadrant only. Driving the magnet past the remanence into the first quadrant normally
causes no harm, as this is in the direction of magnetization. At extremely high stator
currents, the point of operation on the demagnetization characteristic can move to the
third quadrant. If the operation in the third quadrant extends to the nonlinear part, some
permanent demagnetization of the magnet occurs and the resulting recoil line is roughly
parallel to the straight line shown in Fig. 2.2(b). Hence the peak reverse magnetic field
that the magnet can be safely subjected to is H, from Fig. 2.2(b), after which the
demagnetization curve becomes nonlinear. When the magnet is subjected to this peak
reverse magnetic field, the flux density in the magnet reverses and has a value B, as
shown in Fig. 2.2(b).

Due to the linearity of the characteristic over the operating range, the magnet can
be modelled as a constant mmf source F; in series with a constant reluctance 3t where

F. and R, are given by
F.=H.1 (2.1)

where 1, is the magnet thickness and
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b
.* " recoil line

Fig. 2.2 Demagnetization characteristic of NdFeB magnet [35]
(a) NdFeB magnet in the PMHS rotor

(b) Demagnetization characteristic of NdFeB magnet
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%
e i laa (2.2

where |, is the rotor length and d, is the mean diameter of rotor at the magnets.

2.3.2 Model of Hysteresis

The flux ¢ in the hysteresis material is related to its magnetomotive force F by

the idealized B-H i ip and the is loop is by a

as shown in Fig. 2.3(a) and 2.3(b) {36]. In Fig 2.3(b), the slope of line bc is 1/®,, and
the slope of line ab is 1/R,, where Sy, and %, are unsaturated and saturated reluctances,
respectively. Fig. 2.3(a) may be used to determine the flux distribution for a given
magnetic potential distribution. The analysis can, however, be simplified and generalized
by producing a simplified model of the hysteresis characteristic.

From Fig 2.3(b) the equation of line bc is written as

@awlh_yxp»m (2.3)
J (2.4)

So the line bc can be represented as the superposition of line F=%,,¢ with the slope of

1/Ryy and the vertical line F=F,. The equation of line dc is written as

¢=§—F+¢o (2.5)
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Fig. 2.3 Steps in producing a simplified hysteresis loop model



23
F=R (¢~¢,) (2.6)
Let R5 = R, - Ryy, then equation (2.6) will be

F = (Ryp+Ryy) (d-p)
= Byp (6= Mg W) S0/ Rip) +Ry (2.7)
= Fig (B-00) +Rsd
where ¢y = (Rya + Ruw)o/Rys. SO the line dc is represented as the superposition of line
F=Ryy¢ with the slope of 1/R,y and the line F=%Rz(¢-¢y) with the slope of 1/R,.
Thus the first process of simplifying the parallelogram model is shown in Fig. 2.3(c),
(d) and (e). The Fig. 2.3(c) is represented as the superposition of Figs. 2.3(d) and (e).

In Fig. 2.3(e) the equation of line d'c’ is
B ) (2.8)
b

Thus Fig. 2.3(e) or Fig. 2.3(f) can be further simplified as the superposition of a line
with the slope of 1/R,5 and a rectangular loop as shown in Figs. 2.3(g) and (h),
respectively.

As shown above, the model is as a linear

Ry in series with a vertically sided ¢/F characteristic as shown in Figs. 2.3(d) and (e).
The linear reluctance R, has an effect which is equivalent to an extension of the air gap.
‘The nonlinear characteristic of Fig. 2.3(f) can be further simplified by representing it as
a linear reluctance Ry in parallel with a rectangular loop nonlinear element as shown in
Figs. 2.3(g) and (h). So the parallelogram as shown in Fig. 2.3(b) is finally represented

by Figs. 2.3(d), (g) and (h).
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2.3.3 Magnetic Equivalent Circuit

The following assumptions are considered in the derivation of the PMHS motor
model.
(1). The stator is assumed to have sinusoidally distributed windings.
(2). The magnetic flux is radial in the air gap and circumferential in the rotor
hysteresis material.
(3). The eddy currents and hysteresis effects in the rotor hysteresis material are
taken into account in the cases of both run-up and synchronizing operations.
(4). The B-H loop of the hysteresis material is modelled by a parallelogram [36].
The magnetic equivalent circuit of the PMHS motor is shown in Fig. 2.4, where
Fyiq + the primary magnet motive forces in the d-axis and g-axis
Dangn ¢ flux through idealized hysteresis element in d-axis and g-axis
¢pm  flux through permanent magnet material
Ry + air-gap reluctance in d-axis and g-axis
e ¢ saturated incremental reluctance
Ry unsaturated incremental reluctance
Rom ¢ inner leakage reluctance of permanent magnet material

R, : leakage reluctance

For the i of analysis the simplified version of magnetic circuit is shown in

Fig. 2.5, where
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(a) d-axis magnetic equivalent circuit of PMHS motor
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4 (b) g-axis magnetic equivalent circuit of PMHS motor

Fig. 2.4 Magnetic equivalent circuit of the PMHS motor
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Fig. 2.5 Simplified magnetic equivalent circuit

o= R R Ty (2.9)
Fin RogbanRnBpm (2.10)
By mesh analysis one obtains
B R R,) -S R, =F (2.11)
va R =R -8, R,=Fy (2.12)

From equation (2.12), &y, is obtained as
_ bRy R)-F, (2.13)
" R,

¢M

substituting equation (2.13) into equation (2.11), one obtains
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el Bl
L0579 =R =F 0, ~F Ry~ £:03)
_ FurFy (R (2.16)

* RFa R R, N R,

Finally, flux ¢,, is written as

buAuFuAF @.1n
where
R
hpw 8 (2.18)
R R R R, KX,
and

R R,

Bpo @ 2.19)
O R R R, R R,

If there is no permanent magnet material in the g-axis of the PMHS motor. then

R, Ry Ry (2200
Fp= ity @20
Ao A @

where



A R

and

R~ R, (2.24)

A=
X%,

o

W .

Thus the d-axis flux @, and g-axis flux ¢, are obtained by equations (2.17) and (2.22).

respectively.

2.4 Electrical Equivalent Circuit of a PMHS Motor

The stator variables are transtormed to the rotor reference frame which eliminates
the time varying inductances in the voltage equations. Park’s equations [37] are obtained
by setting the speed of the stator frame equal to the rotor speed as shown in Fig. 2.6.

The expressions for the flux linkages are:

Fig. 2.6 d-q axis model of the PMHS motor
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In terms of these flux linkages, the motor voltage equations are written as follows:

3 r, 0000 iy Y 4,
i 0r000f i, Yy i
vel =]looroof|i, +% Vo |+, (2.26)
Ve 000r0|i, v, 0
Vs 00000] |0 Vo 0

Since motor and power system parameters are nearly always given in ohms or
percent or per unit of a base impedance, it is convenient to express the voltage equation

in terms of reactances rather than inductances. Thus the voltage equations become

p 5 P 9. )4
Tt =Xy =X, Xy —X g ;'tmd
@, @, @ @, b
, @, i
al ] S ey, g
v, @y wy )
a5 s
v,| = | 2x 0 i,| @21
dr @ md Ir
X .
Vv {
' B e
v 0 K i
o, w, o,
0
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where w, is the base electrical angular velocity used to calculate the inductive reactances:
Xgo = Ko+ Xy Xgg = Xy + Xpyy ANd Xy = X, + Xy and X, = X, + Xpy. The terms
X, and X, are generally known as the leakage and magnetizing reactances, respectively.
The subscripts s and r denote the stator and rotor quantities, respectively. and the d and
q are referred to d-axis and g-axis, respectively, p is the d/dt operator. r, is the
equivalent parallel resistance of rotor hysteresis resistance R, and eddy current resistance
R./s. where s is defined as slip during the run-up or asynchronous mode of operation.

The electrical equivalent circuits of the PMHS motor are given in Fig. 2.7 [38].

y roy Ew Koy
= i | D
p L
Vo Smd >Ry < R T
(@) d-ais cquivalent circurt
s Xay Xar
vl by Tig | T
Vos Xmy 2 SRy Rye

(b) q-axis equivalent circunt

Fig. 2.7 Electrical equivalent circuit of the PMHS motor
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The terms E,, and E,, are given as

E = (1=8){(8, %, i+, ] (2.28)

E o =(1=8) [0 0l X i+, (2.29)

Based on the model of the is loop, a general equivalent
circuit model of the polypl ‘magnet i motor is

developed in the d-q axis. The resultant electrical equivalent circuits for both the
synchronous and sub-synchronous modes are of the same family as those used to
represent the induction machines.

We will now show the usefulness of the electrical equivalent circuits in
determining the motor performance and developed power. Stator conductor loss P, is

given as:

3 (2.30)

Pomrliy’+l,

Most of the electrical power transferred across the air gap from stator to rotor is

d to ical power; the i is expended as power losses in the rotor

hysteresis material. The power across the airgap P,,, is expressed as,

PP, .31

mech P
where P, is the mechanical developed power and P, is the power losses in PMHS

motor rotor. The losses in the PMHS motor rotor include:

+SR 0 R (2.32)

anter

=5R i,

Pml k' ﬂh

The total air-gap power delivered to the rotor is
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SRR, . 5 SRR
p SRR o SRR @
B SRR, Ry R, "

Torque calculations can be made from the power calculations. Thus, to determine

the i ‘mrque, Tz ped by the motor at a speed w, (rad/s), one can
write

PryTa, @3
finally

7.2 Foecs @)

(I-5)o,
where o, is the synchronous speed in rad/sec., and s is the slip as defined as:
s = (2.36)

The expression for the electromagnetic torque in the 3-phase 2P-pole motor is also

often written in terms of flux linkages and currents.

3Pyt @3

During asynchronous speed, the motor torque consists of the hysteresis torque,
eddy current torque and perriianent magnet brake torque. At synchronous speed the motor
torque comprises of the hysteresis and permanent magnet torques. It combines the
advantageous features of both the hysteresis and permanent magnet motors. The nagative

affect of the magnet brake torque is ideally compensated by the high eddy current torque,



particularly at the initial run-up period.
2.5 State Variable Equation

In the equivalent circuit model, the d-q axis transformation is considered with the

fixed reference frame on the rotor axis for all instantaneous speeds, and the permanent

magnetor h is material are by anequi ive force (emf).

However, there are instances. where the inductances of the PMIHS motor do not vary in
an ideal sinusoidal fashion and the coefficients of the inductances do not display a certain
symmetry. Insuch cases, transformations do not readily yield solutions to the equations

terms are not elimi With state variable

of motion, because the positi

formulation, one is not restricted to the ints of machine 39]

Furthermore, the time domain model gives directly the transient solution even in the
presence of asymmetries and nonlinearities. In order to overcome the highly nonlinear
characteristics of the hysteresis material, an attempt has been made in this thesis to derive
the PMHS motor equations based on state variable formulations in the time domain.
Fig. 2.840] shows the detailed state variable model of a three phase PMHS
motor. Each stator winding has a leakage flux and a main flux that links the rotor. The
hysteresis phenomenon in an element of the rotor ring is represented by a balanced
polyphase winding; and therefore by two orthogonal closed coils, each with the same
number of turns as the stator coil pair[40]. The rotor eddy current effect is represented

by the equivalent resistance R,, which is slip independent, and the hysteresis effect is

by the i i Ry, which is slip dependent.

The d-q axis airgap flux equations are written as follows:



stator

Fig. 2.8 PMHS motor state variable model
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¢¢§=%A KK K, Wi 050+, cos(0 —%w)viucos(%% )i+ KA,
(238)

¢4,=%A,wa, [i_:sinﬂ‘imsin(&—é Wi sin(@-2m) i1 2.39)

wher: iy, iy, and i, are the stator currents in phases a, b and c, respectively; i, and A
are the d-q axis rotor currents, respectively as shown in Fig. 2.8; K, is the factor of
fundamental permanent magnet flux: K, is the factor of the MMF waveform: K,,W, is
the effective series turns per phase of the stator winding; K., is the fundamental winding

factor. The flux linkage equations are given as:

cos6 sinf
v 2 2
" cos(e—gw) sm(ﬂ—iw) i o
i 3.4 s (2.
i w1 cDS(%ivr) sm(9+i7r) [%
3 1 0
v, 1

From Fig. 2.8, the voltage equations can be written in the following form:
=l 4191 @4
dt
where:
W=DV, Yy Ve v 1 @4

U=diaglr, r, 1, r, r] (2.43)
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(2.44)

(2.45)

(2.46)

Substituting equations (2.38) and (2.39) into equation (2.40), then substituting equation

(2.40) into equation (2.45) the flux equation can be written as:
[Y1=[C,MFI+(L,]+D,[C,1+Q, IS, D]
where:
IL)= diag.lL,, L, L L, L,

(C,1= diag.[cosh cos(ﬂ-%w) Cos(ﬂ‘%w) 10

1= K, WAEIL 1 110
D= da kKK, W}
= 2A KK KW,

ks w2
0- 2agw;

Matrices (C;) and [S,] are given as:

(2.47)

(2.48)

(2.49)

2.50)

(2.51)

(2.52)



cosgeosd :o«s»%n)u&b m(s.%»')cmu cosd O]
2 2 2 2 2 2,
cox8-2n) 0
3 3 3 3 3 ™ 2.5%
- 2 2 2 2 2 .2 .
3 i 3 5 3 cos(8: SHY 0]
2 2
cosd s@-3n) cs9+3m) 1 of
o o o o o
sinduind sn(@-Zmyiad sin0Zmeid 0 sind
2 2 2 2 % i d
3 2 2 3 2 0 sine-2n) s
18] = 2, 2 2 2 256 he 2 (2.54)
3 3 3 3 370 @3
o o 0 0 L
" 2 i3,
sinf sin(® 3” sin(- ]K) J /3

Substituting flux equation (2.47) into voltage equation (2.41), the new voltage equation

is written as:

-+, G -0 418 )i
' ,;[-] dic] @3
i
~(L] *D‘[CJ*Q.[S,])7+T,'[F]
The expression for electromagnetic torque is written as:
T, = Py fi sin+i,sin@-2m)+i_sin@+2m)]
allas s 37 3 2.56)

-qu[i“cosl)*i,“cos(ﬂ-%w)«i“cos(ﬂafér)]

Thus, the state variable equations are written as follows:



) d(C|]
241 - qI-DICI-QIS) {01- SRR
d d i
= (1D, (Cl QIS DU} (2.57)
%w, - ;(T;Enw,-rﬂ
dy _
Ly b,

where J is the rotational inertia. Current i, rotor angular speed w, and rotor angle 6 are
taken as state variables.

Theoretical prediction for the PMHS motor performance has been achieved by
solving the state variable equation (2.57) numerically by FORTRAN program. The
experimental PMHS motor was tested using the 5 hp Mawdsley machine set in the open
loop mode of operation. The permanent magnet hysteresis rotor was inserted in the
Mawdsley machine stator. The stator was wound for 3-phase, 60-Hz, delta-connected in
4-pole for 208 V operaiion. The detailed design data, parameters of the PMHS motor and
the flow chart of the numerical calculation of the state variable equation are given in
appendix A and appendix B, respectively.

Fig. 2.9 shows the open loop starting process of the PMHS motor. Figs. 2.9(a)
and (b) show the computed and test speed versus-time responses. It is interesting to note
that the experimental speed response is smoother than the simulation one. Usually
theoretical results are better fit than the experimental one. Because of the constant
parameter model the computed speed versus-time response has more oscillation than the

test one [34]. Unlike conventional hysteresis motors, once the speed reaches the
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synchronous state, the speed curve becomes quite smooth without any oscillation and
there is also no flutter around the synchronous speed.

Figs. 2.9(c) and (d) show the variations of computed and test torques with time
during the run-up and synchronizing period at no load condition with the dc loading
machine coupled to the shaft. It is evident that during the run-up process. the accelerating
torque of the PMHS motor is produced primarily by the hysteresis and eddy-current
torque components. Once the rotor reaches synchronous speed. the rotor flux ceases to
sweep around it. The eddy-current torque disappears, and the motor behaves as a
superior hysteresis motor. It is clear from the torque responses of Figs. 2.9(c) and (d)
that the starting and synchronization are quite smooth.

Figs. 2.9(e) and () show the computed and test values of the stator current with
time at rated voltage and frequency. The magnitudes of the computed and experimental
motor currents differ by 7% during the worst states of the synchronizing process. It is
evident from the results that the starting and synchronization process of the PMHS motor
can be observed by measuring the stator current alone.

It is to be noted that there exist good agreements between the experimental and

simulation results of the speed and starting current responses. There are two reasons for

the di between the i and the torque responses. One is due
to tiie inherent linearization. assumption of the parallelogram hysteresis loop and constant
equivalent parameter model which give rise to some calculation errors especially in the
very beginning of the starting process. Secondly there is some noise in the amplified

signal obtained from the torque transducer connected between the test PMHS motor and
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the loading machine. However, there is a reasonably identical trend between the
simulation and test torque responses during the accelerating process. Once the rotor

reaches the synchronous state, the test and simulated torque results are clearly identical.

2.6 Summary

This chapter started with the presentation of the permanent magnet and hysteresis
models. Based on the parallelogram model of the hysteresis loop and by making a
number of assumptions and approximations, general magnetic and electrical equivalent
circuits of the PMHS motor have been developed in both d- and g-axis. A comprehensive
analysis of the PMHS motor has been developed using the magnetic and electrical
equivalent circuits.

A time domain model of the PMHS motor for the steady state and run-up
performances has been developed. Using a state variable method, analytical expressions
have been derived to predict the starting performances of the PMHS motor. Reasonably
good agreements between the computed and experimental results of a Shp PMHS

laboratory motor confirm the validity of the proposed analysis.



42

Chapter 3
Programmed Pulse Width Modulation in

the PMHS Motor Drive

3.1 Introduction

The function of an inverter is to change a dc input voltage to a symmetrical ac
output voltage of desired magnitude and frequency. The output voltage could be fixed or
variable at a fixed or variable frequency. A variable output voltage can be obtained by
varying the input dc voltage and maintaining the gain of the inverter constant. On the
other hand. if the dc input voltage is fixed and it is not controllable, a variable output

voltage can be obtained by varying the gain of the inverter, which is normally

by pul idth: ion (PWM) control within the inverter. The inverter

gain may be defined as the ratio of the ac output voltage to dc input voltage.
The output voltage waveforms of ideal inverters should be sinusoidal. However,
the waveforms of practical inverters are nonsinusoidal and contain certain harmonics. For
low and medium power applications, square wave voltage may be acceptable; and for

high power application, low distortion sinusoidal wavef rms are required. With the
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frequency components to a higher frequency region, i.e., the sidebands of a carrier
frequency. Thus the output waveform of a PWM inverter is generally improved by using
a high ratio between the carrier frequency and the output fundamental frequency, and the
distortion factor and lower-order harmonics are reduced significantly. Because most ac
motors are designed to operate on a sine wave supply, the inverter output voltage should
be as nearly sinusoidal as possible. It seems obvious, therefore, that the three-phase
reference should be sine wave reference, in order to give a PWM waveform in which the
puise width is sinusoidally modulated throughout the cycle. This is termed sinusoidal
PWM. The gate signals as shown in Fig. 3.1 [41] are generated by comparing a
sinusoidal reference signal with a triangular carrier wave of frequency f.. This type of
modulation is commonly used in industrial applications and abbreviated as SPWM. The
frequency of the reference signal f;, determines the inverter output frequency f,. Its peak
amplitude A, controls the modulation index M, and then in turn the rms output voltage
V,. The number of pulses per half-cycle depends on the carrier frequency. For large
carrier ratios, the sinusoidal PWM inverter delivers a high quality output voltage
waveform in which the dominant harmonics are of a high order, being clustered around
the carrier frequency and its harmonics. Smooth motor rotation is obtained, even at low
speed, because the undesirable low-order harmonics and troublesome torque pulsations
are minimized with a sinusoidal PWM supply.

The rms output voltage can be varied by varying the modulation index M=A/A,.
This variation alters the pulse widths in the output voltage waveform but preserves the

sinusoidal modulation pattern. It can be observed that the area of each pulse corresponds
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Fig. 3.1 Si idal pulse-width ion for three-phase inverter [41]
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approximately to the area under the sine wave between the adjacent midpoints of off-

periods on the gate signals. If §, is the width of mth pulse, the rms output voltage

!
2 k]

v, =, Eém] (3.1)
T

where p is the number of pulses per half-cycle. Equation (3.1) can also be applied to

determine the Fourier coefficient of output voltage as

g a2 2Vl By i n(mea e On)
=) Frsin—=|sin nlo,+—2) -sin nim+a,+— (3.2)

forn=1,3,5,...

where e, is the angle from initial point to the mth pulse.

The output voltage of an inverter contains harmonics. However, the SPWM
pushes the harmonics into a high frequency range around the switching frequency £, and
its multiples, that is, around harmonics m,, 2my, 3my, and so on. The frequencies at which

the voltage harmonics occur can be related by

£, = (dm 2 k) £, (3.3)
n=jmsk
=2jpt k (3.4)
for § 1,2,3, .. .and’k & 1,3,5, o

The peak fundamental output voltage for the PWM and SPWM control can be found

approximately as Y,y = dv, for0sds1.0 (3.5)

For d = 1, equation (3.5) gives the i peak i of the output
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voltage as Viymy = V,. But according to Fourier analysis, Vi could be as high as
4V/7 = 1.278V; for a square wave output. In order to increase the fundamental output
voltage, d must be increased beyond 1.0. The operation for d > 1.0 is called over

Some of the i ions between the reference and carrier waves are lost;

and as a result, pulses are dropped in the output voltage waveform. For large values of
M, the only intersections are those at the zero crossings of the sine wave. The value of
d at which V., equals 1.278V, is dependent on the number of pulses per half-cycle
p. Over modulation basically leads to a square wave operation and adds more harmonics
as compared to operation in the linear range (with d < 1.0). Over modulation is
normally avoided in applications requiring low distortion.

The adjustable frequency operation of a sine PWM inverter for ac motor control
requires the generation of a set of three-phase sine wave reference voltages of adjustable

amplitude and frequency. If the motor is to operate at very low speeds, the reference

wave must have a ing low frequency capability. With traditi analog circuit
techniques, it is difficult to generate such a low frequency sine wave reference without

encountering problems of dc offset and parameter drift.

3.3 Voltage Space Vector

The most frequently used three-phase inverter circuit consists of three legs, one
for each phase, as shown in Fig. 3.2(a). The switching elements are power bipolar
junction transistors (BJTs). The points labelled a, b, and ¢ are connected directly to the

motor coils to generate the actual three-phase voltage.
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To simplify the analysis of the inverter, each leg, or phase, in the inverter is

considered as a logical switch having only two states, as shown in Fig. 3.2(b). With 3

logical switches the inverter can have only 8 different states, state "1", if one of the

upper devices is "ON", and state "0" if one of the lower devices is "ON". The logical
relations are shown in table 3.1.

Table 3.1 Logical state of inverter

Inverter state n a b c
0 000
1 100
2 110
3 010
4 011
5 001
6 101
7 111

To generate the desired sinusoidal pulse width modulation voltage output of the inverter,
the pulse width of each phase voltage output is modulated by controlling the ON/OFF
time duration of the upper or lower transistors switches. Using the voltage source

inverter as shown in Fig. 3.3, to supply the stator of the PMHS motor with the desired
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Fig. 3.2 Three-phase inverter
(a) three phase inverter

(b) logical switches of the inverter
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Fig. 3.4 Voltage space phasors



complex voltage vectors, only eight possible complex voltage vectors can be generated,
as shown in Fig. 3.4, It shows that the PWM voltage source inverter provides six
nonzero and two zero discrete voltage vectors. If line voltages V,, V, and V. are chosen

in the same line with the vectors V,, V; and Vj, respectively, then the desired voltage
vector V. will be

JE 2

v, = %“’" +Ve T +ve ) (3.6)

vt

The voltages V,, Vy, and V. are easy to determine, if the triplets of conducting transistors

in the inverter are identified, in accordance with Table 3.2.

Table 3.2 Voltage vector of a PWM voltage source inverter

Vo v, v, v, v, Vs v, v,
©00) |[(00) [ |©10 [©y |©oy |aony |aiy
v, | o 23V, | 13y, |-uav, |2iv, |asv, | 13y, | o
v, | 0 -3V, | 13V, | 253V, | v, |-y, |26V, | o
v. | o -3y, |23V, |-13v, | v, | 23v, | 13V, | o

Any desired stator voltage vector V, can be expressed by a weighted combination

of the vectors shown in Fig. 3.5.
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Fig. 3.5 Voltage space vector
(a) Voltage vectors and weighting factors

(b) Weighted average of voltage vectors
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Vg = XV, + YV, + 2V, (3.7)
where, x, y and z are weighting factors, subscript i =1,2 ... 5. [42]

To achieve good tracking of V. and a constant switching frequency, the choice
of the appropriate synthesizing vectors, V,, Vi, ..., V, should meet the following
requirements:

1) minimum deviation from the desired V.

2) minimum switching during one cycle time.

The first requirement is met if the two vectors adjacent to the desired vector V,, are
chosen. The second requirement is met when the switching sequence is arranged in such
a way that each inverter leg is commuted only once during a switching cycle. This can

be achieved by appropriately choosing the vectors V, and V; as two of the weighted

vectors. So equation (3.7) has to meet following conditions.

U S o
T’ ! T (3.8)

T+ T+ Ty=T,

The calculation of V,, Ty, Ty, and T, may be done on a digital signal processor,
but it requires a considerable computation effort and a good knowledge of the motor
parameters. Making alternate use of the two zero vectors Vy, and V; it is possible to

achieve any small weighting factors (x, y, z) without violating the restrictions imposed

by ion time or i inverter frequency. After switching one inverter phase

to the high level, the following vector and the next zero vector are not obtained by
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switching the same phase back to low, but by synchronously switching the other two
phases to high. Fig. 3.5(b) shows the inverter phase voltages for a given reference
voltage V,.;; according to Fig. 3.5(b). it is possible to get the vectors V, or V, for any
time interval, which can be much smaller than the time T, (T, is imposed by the

switching frequency of the inverter, and T, is 1/2 T).

3.4 The Generation of Digital PWM Signals

In this thesis, PWM signals are generated digitally using the DS1102 DSP board,
which is built around the Texas Instruments TMS320C31 floating point digital signal
processor and a TMS320P14 DSP microcontroller. The TMS320P14 DSP has a hardware
subsystem capable of generating PWM output signals. This subsystem can be controlled
by some of the slave's on-chip registers, Thus it is not necessary to load a slave
application in order to use PWM, as access to the on-chip registers is already supported
by the EPROM firmware. To control and set the duty cycle the communication software
in the on-chip EPROM can be used. The function ds1102_pI4_pwm_init() is used to
initialize the slave-DSP’s high precision PWM mode. The function ds/102_p14_pwm_14
(long channel, float value) alters the duty cycle of the specified PWM channel. The
channel number corresponds to the TMS320P14 compare output channels. The floar

value must be in the range -1.0 to +1.0 and represents a duty cycle of 0 to 100%.

The ion of the three-ph: i idal output of the PWM signals is based
ou ihe pulse width modulation. This type of modulation requires a duty cycle

arrangement which is shown in Fig. 3.6, in which Tpyy denotes the inverter period. It
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is not possible to generate such duty cycles with the TMS320P14, since this DSP starts
its PWM channels simultaieously, as shown in Fig. 3.7 where the PWM, and PWM,
represent PWM output channels of the DSP board. Since the DSP provides six PWM
channels (PWM, through PWM;) the problem could be solved if two channels are used
to generate one PWM inverter duty cycle. For example. the generation of PWM, is
performed by PWM, and PWM,. The channels are programmed in such a way that the
pulse width of PWM, is equal to the first pause width of PMW,. The pause width of
PWM, is equal to the pulse width of PWM,. because PMW, is symmetric to T, +
Tpwy/2. Both channels are connected with an exclusive OR-gate. The output of this gate
provides the required PWM inverter duty cycle. Fig. 3.8 illustrates the duty cycle
generation. The output PWM signals are programmed so that the resulting pulse has a
width proportional to the desired voltage and is centered within the sampling interval. At
each sampling instant, the PWM signals are reprogrammed to reflect the new value of
the desired voltage. The waveforms produced are identical to the ones generated by the
conventional method.

The processor is provided with a 25 MHz clock. Therefore, the timer register 2
which is used to generate the period clock, has a cycle time of 160 ns. The PWM
channels are used in the high resolution 14 bit and frequency 1.506 kHz mode. Since a

period of Tpyy = 664 X10° s is required, the timer register must be loaded with

“
time register = 884X107°S _ 43509 (3.9)
160x107s

To get a pulse width of 664 s the action register of PWM channel i must be loaded with
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Fig. 3.7 TMS320P14 PWM channel behaviour
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664x10°s

action register, =
40x107s

= 16600 (3.10)

The following example describes only the calculation of PWM channels 0 and 1,
since the other computations are identical. PWM channel 0 (PWM,) is used only for the
first half period Tpwa/2. The maximum pulse width of PWM, must be reached if u,=-1.0
where u, is a parameter in Equation (3.11). On the other hand, the pulse width of PWM,
must be minimal, if u, = 1.0. The computation of the capture register is done according

to the following equation
action register, = -4149-u, + 4150 (3.11)

As the pause width of the second PWM channel (PWM,) is identical to the pulse width

of PWM,, a subtraction will provide the required register value:
action register, = 16600 - action register, (3.12)

The variation of PWM duty cycles for u, = -1 and u, = 1 is shown in Fig. 3.9. For the
convenience of real time control, the maximum pulse width PA,,, is taken as 1, and the
minimum of pulse width PA, is taken as 0. The experimental result of the PWM duty
cycle for pulse width PA=0.1 and PA=0.9 are shown in Fig. 3.10. PWM, and PWM,
are the output signals of the DSP board. PWM, is the ideal PWM signal of phase a for
the voltage source inverter.

When viewed in the frequency domain, the PWM system is seen to be a
modulation system. The carrier frequency is the triangular frequency while the

modulating waveform is the reference voltage waveform. Two important quantities are
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the modulation index M which is the ratio of the amplitude of the reference signal to the
amplitude of the carrier triangular wave: and p which is the ratio of the carrier wave
frequency to the reference signal frequency. For p sufficiently large and for 0 < M <

1, it is known that the pulse widths are linearly related to the modulation index.

PWM o PWM .= PWM o XOR PWM
PWM ]
PWM . l
Tewm /2
Tewm
Ta Tan

Fig. 3.8 PWM duty cycle generation
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Fig. 3.10 Experimental PWM duty cycle

(a) pulse width PA = 0.1;

(b) pulse width PA = 0.9
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3.5 The Operation of the Voltage Source Inverter

The voltage source inverter is shown in Fig. 3.2(a). The switching elements are
power bipolar junction transistors (BJTs). The points labelled a. b and c are connected
directly to the motor stator terminals. Since the operation of each leg is identical,
consider the generation of V,. Ideaily, for PWM operation, V, is connected to either "1"
or "0" by alternately enabling either the upper or the lower BIT. Due to the finite
switching time of the BJT's and the possible skew in the base command paths, the
conducting BIT must be turned off before the other one, which is in the same leg, is
turned on in order to guarantee that they do not both conduct simultaneously and short
the power supply terminals together. This delay is called the shoot through-delay. During
the shoot through-delay, the diodes which are connected across BJT's e and ¢ provide
a closed path for the circulating current of the inductive load. Thus, the switching of V,
between the supply rails not only depends upon the gate command to the BIT's, but also
on the direction and the magnitude of the load current.

The TMS320P14 PWM channel waveform is shown in Fig. 3.7. Six-channel
digital PWM generation takes 81 us DSP time. Because the execution time of control
software is a big concern, the generation of the PWM duty cycle and shoot-through delay
are achieved by hardware instead of software. In order to generate the PWM duty cycle
as shown in Fig. 3.8, exclusive OR gates arc used. The shoot-through delay is achieved
by a monostable multivibrator. The in‘erf;ice circuit between the DSP board and the
voltage source inverter is shown in Fig. 3.11. The input signals of the circuit, PWM,,

PWM,, ...and PWMj, are the six PWM channel outputs of the DSP board. By exclusive
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OR logic operation, PWM,, PWM,, and PWM, duty cycles are generated. Then the duty
cycles go through the shoot through delay circuit. Finally, the six gate signals of the
voltage source inverter are generated, as shown in Fig. 3.11(a). For jitter-free operation
of the monostable multivibrator, as shown in Fig. 3.11(b), resistance R, should be in the
range of 2kQ to 40k and C, should be between 10 ~F and 10uF. Using these ranges of
values, the shoot-through delay time is approximately T=0.7R,C,. The voltage source
inverter used in this thesis requires a shoot through-delay time of 40us. Thus a value of
6.8kQ is chosen for resistance R, and 0.01uF is chosen for capacitance C,. A detailed
timing diagram and all the logic relations are shown in Fig. 3.12.

A detailed analysis of the logic relations of the switching sequence in two PWM
periods will now be discussed. Since the system is symmetrical, it suffices to explain the
behaviour of only one leg of the inverter. Referring to Fig. 3.12, the six consecutive
timing zones are described. In the first timing zone. both the DSP first two channels
output PM, and PM, are high. The exclusive OR logic operation is taken for these two
signals by the transistor-transistor logic (TTL) 7486 exclusive OR gate. Thus, PM,, the
desired inverter phase a’s output of upper BIT is low. The PM, inverse, the desired
phase a’s output of lower BJT is high. Interval two begins as PM, becomes low and ends
when PM, is low. After the exclusive OR logic operation of PM, and PM,, the desired
output of PM, is high. The 40us wide pulse is generated by the TTL 74121 monostable
multivibrator circuit, as shown in Fig. 3.12 waveform m1. Notice that the m1 pulse is
started from the PM,’s rising edge. Interval three begins as the PM, goes low. So, PM,

goes low, and inverse of PM, goes high. The pulse m4 is generated immediately from
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Fig. 3.11 DSP and inverter interface circuit
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the rising edge of the PM, inverse line. Finally, the real upper gate signal g1 of phase
a with shoot-through delay is generated by PM, and m1 through an exclusive OR logic
operation. The lower gate signal g4 is generated by PM, inverse and m4 the same way.

Fig. 3.13 shows the experimental results of upper and lower gates signals for one
leg. Fig. 3.13(a) is the sinusoidal pulse width modulation gate signal for both the upper
and lower BITs within the same leg. In order to see the shoot through delay clearly. the
horizontal axis of Fig. 3.13(a) is amplified 10 times as shown in Fig. 13.3(b). Due to the
finite switching time of the BJT’s, the conducting BIT must be turned off before the
other one in the same leg is turned on in order to guarantee that they do not both conduct
simultaneously. Any violation of this minimum shoot through delay time constraint may
result in an inverter shoot through fault that short circuits the dc link. As shown in Fig.
13.3(b), the upper BJT must be turned off 40us early before the lower BIT is turned on.

And the lower BJT also must be turned off 40us early before the upper BJT is turned on.

Finally, the hree-phase si idal pulse width ion voltage
is generated through the DS1102 DSP board, as shown in Fig. 3.14. There are three
sinusoidal reference waves each shifted by 120°. The curves a, b and ¢ represent the
three reference sinusoidal voltages of phase a, phase b and phase c. respectively. V,, V,
and V, are the three phase PWM voltages. It is very clear that at any instant, the pulse
width of the PWM voltage is proportional to the reference voltage amplitude.

The fundamental output voltage of the sinusoidal PWM inverter is varied by
changing the value of the modulation index M. Figs. 3.15(a), (c) and (e) show the

variations of the modulation index M at 0.8, 1.0 and 1.2 respectively. The corresponding
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sinusoidal PWM output voltages are shown in Figs. 3.15(b), (d) and (f). respectively.
Improved utilization of the available dc link voltage is possible in a sine wave PWM
inverter when M is increased above unity. as shown in Fig. 3.15(e) and (f). in which the
modulation index M is 1.2. This increase in M overrides the normal sinusoidal
modulation process and is termed over modulation. Some of the modulated pulses are
lost, and as a result, pulses are dropped in the output voltage waveform. If the
modulation index M is large enough. the voltage wavetorm will be an unmodulated
square wave, and the inverter has changed from sine wave PWM to the six-step mode
of operation. which develops the maximum possible value of fundamental voltage. The
penalty for adopting over modulation is that the true sinusoidal modulation strategy is

abandoned, and low-order harmonics reappear in the output voltage waveform.

3.6 Summary

This chapter began with an analysis of the sinusoidal pulse width modulation. For

high enough carrier freqt y. only the freq Yy is si
Its amplitude is linearly related to the width of the PWM pulses. The voltage utilization,
adjustable frequency operation and harmonic analysis show that sinusoidal PWM voltage
is suitable for the smooth operation of the PMHS motor.

Based on the analysis of three-phase voltage source inverter, the simplified
operation logic relations of the inverter were described. The voltage space vectors were
derived to lay the foundation for the DSP based PMHS motor control system.

Using a TMS320P14 DSP microcontroller, six channel PWM signals were
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generated. The gate signals of the inverter with shoot through delay were achieved
through logic operation. Finally, experimental results of the laboratory implemented
programmed three-phase sinusoidal PWM voltage wave forms were given in different

modulations.
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Chapter 4
Direct and Quadrature Axis Current

Controls in the PMHS Motor Drive

4.1 Introduction

The PMHS motor drive system is a multi-input multi-output control system. To
control the current, electromagnetic torque, field flux and speed, a set of stator currents
and their frequencies have to be controlled. The number of control variables become too
many and each one of these has a direct influence on the field flux and electromagnetic
torque. Independent control of the field flux and torque is required for high performance

applications. That is made possible by a decoupling controller. This decoupling controller

will transform the torque and field flux into equi current to
influence these variables independently. This is simila- to the dc motor control where
field flux is controlled by the field current and torque by the armature current. Hence the
decoupling controller transforms the control of the PMHS motor into that of an

equivalent dc motor drive. This will enable the independent control of field flux and

ic torque, thus simplifying the control task of the PMHS motor drive which

is a multi-input multi-output system. A class of decoupling controllers, known as vector
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controllers, will be used for this control system.
The current controllers determine the speed of response of the current loop and
hence the torque generation in the motor. Apart from the speed of response of the current

loop, it is desirable to minimize the current harmonics and hence the torque ripple.

4.2 Current and Voltage Transformation

The Park transformation will be used in order to model the PMHS motor in a
manner similar to the separately excited dc motor. Further transformations that are
necessary to account for the delta connection of the three phase stator windings are
discussed. The fluxes, voltages, and currents in the three phase system are conveniently
expressed as vectors in an orthogonal coordinate system. A transformation defined by the

unitary matrix is given as

cos(0) cos(2T) cos(-2

(4.1)

2 =

This matrix transforms the (a.b,c) system into the (a,3.0) coordinate system according

to the following relation [37]



X, X,
x|=c. |x (4.2)
X0, X

Where x denotes the flux, voltage, or current. From a geometric viewpoint, the C,,
transformation maps the magnetic axis of the motor into the («,3) plane formed by the
two upper elements of the orthogonal system. The third dimension of the transformation,
termed the zero (0) sequence quantity, cannot generate fluxes, voltages, or currents in
the motor. As a result the simple case of the two-phase motor can be analyzed, together

with the O-axis quantities if required. and the results transformed to the three-phase

equivalents if necessary.

It is interesting to note that (C,,)' = (C,,)", thus

cos (0) sin(0)

(Co) ™ = (G

J- 2 |eos(21) sin(2l)
3 3

Sl Sl Sl

(4.3)
o (-21) sin(-2T)
and
X, Ko
X = (c) | % (4.4)
X, %

By expressing the above equations in the rotor frame of reference, the explicit
trigonometric dependencies can be removed. The coordinate axes in this frame are

commonly aligned as direct and quadrature axes with respect to the rotor’s magnetic
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field. Since the zero-sequence quantities are not transformed, we are concerned only with
the transformation from stator «, 8 axes to rotor d, q axes. The stator to rotor matrix
depends on the actual rotor position. Therefore, the matrix elements are not constant and
must be determined during every sampling cycle

cosf sinf
= (4.5)
Ct [»sine cose]

-« f]

The output of the current controllers is a voltage space vector in rotor frame. This
space vector must be retransformed to a space vector in stator coordinates, which

requires the inverse matrix (C,)".
o - e d (4.7)
lc, - .

o [eost -sind] ., te.8)
(€ Lme g (e

with

4.3 The Analysis of Stator Frame Current Controller

Most conventional analog current controllers operate in the stator frame by
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controlling each line current separately. It is tempting to regulate rotor frame currents
i, and i, with line current commands. In this case, the commands currents i,", i,” and
i+ are generated by inverse transforming i, and i,". The block diagram is shown in
Fig. 4.1(a). It will be seen that this scheme introduces unwanted speed dependent
coupling between i, and #, for the controller design. Most industrial analog control
systems can be modeled in this form. It is this coupling and not the back emf that is

largely responsible for their less than ideal observed performance (43].

controller

v
controller |2+ PMHS
5 v, molor

0 controller |

s
‘h—_—l

4, qframe
1o

a,b, ¢ frame

@

()

Fig. 4.1 Stator frame current controller

(a) block diagram of line current control ~ (b) P-I line current controller
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During steady state operation, stator frame current controllers are required to
track sinusoidal commands whose frequency depends upon the motor speed. However,
in the rotor frame, these commands are always constant. The sinusoidal currents seen by
the motor are created by the d-q axis to line transformations and are not seen by the
controller. It is well known that the proportional and integral (P-I) controller gives zero
steady state error to constant command inputs [45]. Therefore, the P-I controller
implemented directly in the rotor frame is expected to give performance that is superior
to that of the P-I controller implemented in the stator frame. In the analysis below, they
are compared to each other in the d-q frame by translating the stator frame (a,b.c)
controller into its rotor (d,q) frame equivalent.
A detailed block diagram of one of the P-I line current controllers is given in Fig.

4.1(b). From Fig. 4.1(b) one can write following relations

dx

.

(4.9)
x=J’(i'»i)d:

The stator frame equations for the system are
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Vo Xa
v| = &, 3 (4.10)
\a Ix.
a ln' -1,
d je
2 bl -4 (4.11)
e - i

where the states x are the integral of the feedback errors.
For a balanced three phase system, x, + X, + X, =0, only two quantities are
independent. Thus, the third one can be determined from the other two known quantities.
For simplifying analysis, phase a and phase b quantities are chosen to represent the a,
b, c three phase system in this subsection. Thus the transfer matrix C,, can be simplified
as [44]
10
L 2
oRE

The right hand side of the equation (4.11) is transformed into the d-q frame by inverting

(4.12)

the C,, transform and C,4 transform. Phase a and phase b are chosen to represent the

three phases system, Therefore, this gives

d | e g Tl (a.13)
A e (g (Cy
dc @:| ‘ |:iu. -,

In equation (4.13), the left hand side is stator frame (a,b) quantities and right hand side

is rotor frame (d,q) quantities. To put both sides of the equation (4.13) in the same
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frame, the derivation is as follows. First, notice that

H= (Cu) (G H
" " (4.14)
. [eost sind] o e
" |-sinf cosf] ™ |x,
differentiating both side of equation (4,14) with respect to time gives
d [l _ _df lsinf -cosf i 4
EH EE[cose sing |(Gnd e | = (5 (Cd g |
(4.15)

__de o -1 ¥ 2 d %
0 E[1 U](c",ucmbu (€ (Cud g [

Detailed derivation is given in Appendix B. The right hand side first item of equation
(4.15) is substituted by equation (4.14), and the right hand side second item of equation

(4.15) is substituted by equation (4.13). This derivation yields equation (4.16)

dfal |0 Pepl e - 1y (4.16)
qE x, -pe, O | x| lis -,

Where P is the number of motor pole pairs and the w, is the rotor angular speed.

Following an analogous procedure on the voltage Equation (4.10) gives

v, i, =
|:‘l:| ~ |:‘I' “’:l . % t‘} =
[y e T

From equations (4.16) and (4.17) one can obtain the specification of the stator frame line
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current controller in the d-q frame. For the P-I current controller implemented directly

in the d-q frame, the equations are
d Pl [l (4.18)
aqt |x, i -,

(4.19)

The derivative and voltage equations derived from stator frame are given in
equations (4.16) and (4.17), and the equations derived directly from the rotor frame are
given in equations (4.18) and (4.19), respectively. It is clear that both of the voltage
equations (4.17) and (4.19) are the same. The important difference between the two kinds

of equations derived from different frames is in the integral state equations. The stator

frame i ion results in speed cross coupling between the d-q states.
In steady state, dx,/dt = dx,/dt=0. For the line current controller. the error between the
commanded and the actual current is not zero but, instead, depends on the speed. On the
other hand, the d-q frame P-I controller gives zero steady state error.

This result can aiso be explained by considering the form of i" being fed into each
controller. For the d-q controller, the reference currents i, and i, are constants. Thus,
the P-I controller gives zero steady state error. For the stator frame implementation, the
frequency of the sinusoidal commands i, iy and i that are fed into each P-I
controller depend on the motor speed. Since the loop gain of the P-I controller decreases

with increasing frequency, higher speed operation gives a larger steady state error. In
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terms of stator currents, this means that the sinusoidal currents in the motor have a gain
and phase error that depend on speed. On the other hand, the P-I controller results in
zero steady state error when implemented directly in the d-q frame. This is due to the
fact that steady state motor currents appear as dc quantities in the d-q frame. Thus, the

d-q controller is attractive because it gives zero steady state error with a simple P-I

controller. Also, it is i with the phi of ing and ing as

much of the system as possible in the d-q frame. The next several sections will detail the

development of a d-q frame current controller for the PMHS motor.

4.4 Quadrature Axis Current Control

For the PMHS motor vector control system, the electrical dynamics are much
faster than the mechanical dynamics so that the electrical state variables appear to have
reached their equilibrium values when viewed by the slower mechanical states. On the
other hand, the mechanical states seem essentially constant at their initial values when
viewed by the electrical subsystem. Assuming that the electrical dynamics are uniformly
stable and that all initial conditions are within the domain of attraction of the equilibrium
point, the time required for the electrical states to reach their equilibrium values can be
made arbitrarily small by choosing small enough input. This can be accomplished by
increasing the speed of the electrical system via control action.

This gives formal justification for arranging the control system into the multiloop
structure shown in Fig. 4.2. The inner control loop is used to regulate the electrical

dynamics. The current controller is able to quickly force the motor currents to their
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commanded values. Thus, under control action, the equilibrium currents are actually
equal to the commanded values. The current commands now become the control inputs
for the speed equation. Thus, the outer control loop regulates the speed of the motor by
issuing current commands to the inner control loop. The inner current loop assures a fast
current response and the limiter also maintains the current to a safe level. The outer
speed loop ensures that the actual speed is always equal to the commanded speed and any
transient will be overcomed within the shortest time without exceeding the motor and
converter capabilities.

Static state linearization has been used to linearize and decouple the direct and
quadrature axis current dynamics. This allows the development of each current controller
separately. Valuable insight is gained by analyzing the block diagram of the system
shown in Fig. 4.3. P(s) is the discrete time compensator to be implemented in the DSP
board. D(s) is the PWM inverter transfer function. The sample and hold operations are
modeled as Z(s), and the PMHS motor is modeled by M(s). The currents are sensed by
Hall effect sensors with calibration K. The dynamics of the noisc filter are represented
by the continuous time transfer function F(s). From the block diagram, one can obtain

the relationship

P(s)D(s) Z(s)M(s)

(s) T+ P(s)D(sIZ()M(s) KyZ (ST F(s]

(4.20)

where i, is the output current of the motor, iy is the filtered motor output current and the

is the current command. The transfer functions of the various subsystems will be

described in the following subsections.



Fig. 4.2 Multi-loop control structure

1 Pl controller DA PWM PMHS molor 1

1IR filter

F(s) I

Fig. 4.3 Block diagram of current control
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PI controller
Since the controller is in the d-q frame, steady state current commands are

constant. Even if it

desired to vary the motor speed. the slower response time of the

mechanical system means that the current commands will vary relatively slowly and still

appear constant over many samples of the inser loop sampling period. Thus, the control

topology should give zero steady state error to constant command inputs. [n addition, the

controller should be robust to modelling errors. Finally, a simple algorithm is desirable.

‘This minimizes the computational burden on the DSP board and allows a higher sampling
rate for the inner control loop.
aints while

The proportional plus integral (PI) controller s es these const

giving acceptable dynamic performance. The transfer function of the PI controller is

P(s) = K a2l

where K, and K, are the proportional and inte

al gain constants, respectively. ‘The time

constant is given as T, = Ky/K;. Clearly, the PI controller adds a zero at s = - K/K, and
a pole at s=0 to the open loop transter function. One obvious effect of the integral
control is that it increases the order of the system by one. More important is that the type
of the system is increased by one. Therefore, the steady state error of the original system

without integral control is improved by one order; that is, if the steady state error (o a

given input is constant, the integral control reduces it 1o zero. However, hecause the

system is increased by one order, it may be less stable than the original system or even

become unstable if the parameters K, and K, are not properly chosen.
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The state space model of a digital PI controller can be derived by sampling its
continuous time counterpart. A block diagram of the resulting structure is shown in Fig.
4.4 The input e(k) is the error between the commanded and the measured currents while
the output y(k) is the voltage command for the inverter. applied to the augmented

sampled data model of the PMHS motor. The state space equations are

x(k -1) = x(k) = T,e(k)
(4.22)
y(R) = Kx(k) ~ Kelk)

where x(k) is the integrator state, and T, is the sampling time of DSP. and K; and K; are

the proportional and integral gains, respectively.

Fig. 4.4 Digital PI controller



PWM inverter

In this thesis, PWM si:

nals are generated digitally using the DS1102 DSP board

The voltage source inverter used in this thesis requires the shoot through delay time of

40ps. It can be noted from the block

ram that the input of the PWM signal is the
output of the PI controller, and the output of the PWM signal is the ¢ axis stator voltage
ii. the synchronously rotating reference frame. The inverter gain can be represented as

a function of the peak voltage capability corresponding to the available control volt

Hence its transfer function is given as

K
Dlg) = s 280 (h.na)
1= SThy

Zero-order hold

A digitai to analog (D/A) converter is necessary 1o couple the digital PWM
components to the analog interface circuit. The output of the digital PWM is « train of
impulses. The data hold acts as an interface, or filter, that converts the impulses into an

analog signal. One of the most commonly used data holds in practice is the zero-order

hold {z.0.h.). Functionally, the

2.0.h. simply holds the magnitude of the signal carried
by the impulse at a given time instant, say, A7;, for the entire sampling period 77, until
the next impulse arrives at + = (k + /)T,. Analytically, the z.0.h. is also used 10 model

the operations of a A/D converter. The transfer function of the z.0.h. is given as
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Zls) = (4.24)

There are many ways of approximating ¢*™ by a rational function. A better
approximaiion is to use the Padé approximation [45], which is given in the following for

a two-term approximation:

(a.25)

The characteristic of the approximation is that the transfet function contains a zero in the
right-half s-plane so that the step response of the approximating system may exhibit a
small negative undershoot near 1=0.

If the z.0.h. is connected in cascade with a linear process with transfer function
G,(s). by using the time-delay property of z-transforms, the z-transform of the
combination is written

Glz) = (1- z")ZI:G”#} (4.26)

PMHS motor
On the basis of the analysis in Chapter 2, the PMHS motor currents and voltages

in the rotor frame are represented as

; d ; "
(7% PR EE‘L“J” W) - wlLd, U5

v, = nd, S e, ¢ L)

where ,, is the flux produced by the permanent magnet and residue hysteresis. In steady



87

state dy,/dt = 0. For the convenience of analysis equation (4.27) is written in state

variable form

o L,
: E g o o -ir. o
q | _ | B Ve Ly Du[| P i |t
qE |4, | 1|, P i evn | L
0 o =|M o & 2 i ;
L, L, T, .

Currents i, and i, are take slate variables. In order to design the controller, the state

n that

equations must not depend on speed. Examining equation (4.28), however, it

w, is coupled to the electrical dynamics in two places. The [irst one is a nonlinear term

proportional 1o w,i and the second one is due to the back emf w.,. 1is also desirable

to linearize the state equation so that linear system theory can be applied o the design

of the contraller. For the electrical dynamics, the unwaated nontinearity is ed by the

w,i and w,, terms. Using the continuous-time global lincarization techniques [45], the
control inputs can be used to cancel the unwanted dynamics and achieve the decoupling

and linearization goals. For the electrical dynamics, define

1
= D 0 -t 0
V| | T I, v, L, ||,
al , |t ' “|\ o, 1 PR Y| ZREE)
Vol |0 E| [0 E|lw Loy |l T,
L, Ly, Ly
and substitute equation (4.29) into equation (4.28) to get
Lo = oolf,
a |te| _ B Vir| _ | La e (4.20)
T, o L] |o B[l
L, T,
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‘The clectrical dynamics are now totally decoupled and linear in terms of the new input
V.

Take the continuous-time linear dynamics of i, from equation (4.30) to get the

continuous-time transfer function

M(s) = ——— (4.31)

Hall Effect Seasor
The gain of the Hall effect current sensor is 85 and its time constant is so small

that it can be onably neglected. Therefore, the transfer function of the Hall effect

current sensor is

Ky =85.0 (4.32)
g Hall sensor
1 B —— PWM L
I By~ T voltage b o PMHS
| By —— source ' 7\ motor
! ‘Es T inverter
H
by current )
! - vector
: fotator
Py abe - aff
R P

DS1102 DSP Board

Fig. 4.5 Current sensing system



Noise Filter

In this proposed control system, there are two identical digital filter channe

each of which is placed on a line current, i, and i,. Upon tra

forming their dynamics
into the d-q frame, it is seen that they introduce speed dependent coupling between i, and

i, The significance of the coupling is analyzed using the relative gain an

ay and a state
space model is developed.

A block diagram of the motor current sensing

assumed that the dynamics of the Hall effect current sensors can be ignored

current signals are passed through noise filters. It is desired to model this entire process

with an equivalent d-q frame filter whose inputs are iy and i, and whose outputs are the

filtered signals iy and i,.
The state space representation of the noise filters are
L . i q
d o] P, (4.33)
at |i i i,
where a and b are parameters which correspond to a cutoff frequency. This system is
transformed into the d-q frame in the same way that the stator currents are transformed
into the d-q frame.
i, i

1= Cutul; (-2
2. Ly

Differentiation of equation (4.34) leads to the following equation
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a fll a0 fsind -cos0], =
e |i,| T T dElcosl sind [™|i, CuC d
__dof -1 ol (4.35)
ol el cesl
0 Po, i i,
_ ", al a [t
[ Skl ELJ
Multiplying both sides of the stator frame equation (4.33) by C,C,,
a o 1,
oo TR R -
g el sl
(4.36)
[ ! 2
b
. |+ b,
o] 2l

and applying cquations (+.34) and (4.35) yields the state space equations for the d-q

frame where the speed dependent cross coupling is apparent.

dffe | |2 Pafiiy| M (4.37)
FE iy | Ry a iy 2,

The general coupled filter is described by its transfer function as

i,(5) y(s,0) hyis,w) ||i(s) (4.38)
ig(s) |7 s, w) hts, @) [, ()

‘The closer that the diagonal elements are to one, the smaller the cross coupling. If the
diagonal elements are near zero then there is strong coupling. For the proposed system,

the magnitude of the diagonal elements is more than three orders of magnitude greater
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than the off-diagonal elements. Thus. there is no significant coupling due 1o the noise

filter. Therefore. the transfer function of the filter is

F{s) = — [BIET)

Transfer Functions
Because the gain of Hall effect current sensor Ky, is considered in the DSP control

software, it will be equal to one in the transfer function. Also, hecause the sampling

frequency of this system is as high as 6.25kHz. the zero-order hold effect is very small
and can be reasonably neglected.

sfer function i

iven as

Thus the current control system open loop tra

bK, K, (T,s-1)

G le) = - Dlunty :
LyTpun T8 + T, (2 Ty~ = AL, T, ) 81+

(4.40)

Tlr,-alrT,,+L)]s

Tpum

and the current control system closed lovp transfer function is given as

G () Kpunk, [T,5%+ (1~aT)) s-a]
" LT T T D ¥ Ty AL Ty) BT, T m a1

Ty “Toum y Ty

it > i) Tsty

T,(BK,..K,-ar,) s+bK K,
KoK, =3r) s+bK, K, (4.41)

The Bode plot of a transfer function is a very useful graphical tool for any control
system analysis and design. The Bode plot corresponds to the positive portion of the jo-
axis from w=c0 t0 w=0 in the s-plane, so it is used to determine the gain and phase

crossover points and the corresponding gain and phase margins. The determination of (he
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gain margin and the phase margin of 4 minimum-phase system from the Bode plot of
GljwH(jw) is as follows:

The gain margin G.M. is measured at the phase-crossover frequency w.:
G.M. = -|Gljw)Hljw,) |dB (4.42)
“The phase margin Pha.M. is measured at the gain-crossover frequency w,:
Pha.M. = -180° - LG(jw,) H{jw,) (4.43)
The gain and phase margins are based on open-loop systems, and indicate the
relative stebility of the system when the loop is closed. The gain margin is the amount

of gain increase required to make the loop gain unity at the frequency where the phase

angle is -180°. Similarly, the phase margin is the difference between the phase angle of
the response and -180° when the loop gain is 1.0. It is generally found that gain margins
of three or more combined with phase margins between 30 and 60 degrees result in
reasonable tradeoffs between the bandwidth and stability.

An effective design of PI controller is to place the zero at s = -K/K,, very close
to the origin in the s-plane, and the values of K; and K; should both be relatively small.

To bring the i curve of the transfer function down to 0 dB at

the new gain-crossover frequency w'. the PI controller must provide the amount of
attenuation equal to the gain of the magnitude curve at the new gain-crossover frequency.
In other words, set

1G,(jw;) |dB = -2010g,,K, dB (4.44)

from which
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Usually. as a general guideline, it is recommended that K/Ky be placed at i frequency

that is at least one decade below w',. Thus,

)

The current controller parameters are selected in accordance with the symmetry criterion:

T,

4T K, = (L/r)/QK,T,y). where T, is the sum of time constants of PWM
inverter, z.0.h., Hall sensor and filter.

F

4.6 is the Bode plot of the proposed current contral system, P controller,
and the loop transmission as the frequency is varied up o 10" rad./sec. The parameters

=0.000332, 0.0290,

are given as follows: K,,=1.

-419.96,

T

b=439.96.

The location of the zero below that of the pole constitutes a pl

compensator. As illustrated in the plots, it has the effect of increas

ng stability margins

by slightly i ing the crossover freq while si adding positive phase
angle to the system. By maintaining a high band width, this type of compensation results
in the rapid speed of response desired for the inner current loop. The location of the zero
also results in overshoot to a step command. Since this transient dies out quickly, it docs
not have a great effect on the slower mechanical system and is thus tolerable.

Fig. 4.7 is the Bode plot of the closed loop transfer function. The system
bandwidth rolls off rapidly at higher frequencies. Notice that extending the system

bandwidth to suppress input disturbances has the accompanying cffect of making the
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system responsive to high frequency noise in the command input. It is thus desirable to
make the bandwidth of the proposed system as small as can be tolerated for acceptable
performance.

Now that the lincar discrete-time PI controller has heen specified. it must be
combined with the static state linearization equations to form the complete control

system. The caleulation of the linear states is the same as in equation (4.22).

x,(k+1) = x,(K) + T,e, (k)
(4.47)

L (k+1) = K, x(k) +Ke, (k)
The linear voltage is then combined with speed and direct axis current measurement to

determine the complete nonlinear output voltage as

v, (k+1) = Lyw, (k+1) i, (k) ~¥,0, (k+1) +v, (k+1) (4.48)
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4.5 Direct Axis Current Control

Generally speaking, the ability

o optimize the PMHS motor operations arises
from the flexibility afforded by having two control inputs, one for iy and the other for

i, From the previous analysis, it is

apparent that i, is the primary source of the motor

developed torque. More detailed torque anal will be given in next chapter. A high

value for i, will result in a higher developed torque. The influence of i is more suble.

To see it more clearly, rewrite the i, dynamic equation (4.27) as

R A

Assuming a limited power supply. there exists a maximum v, that can be applied to the

motor. For low speed operation, the back emf term w,, is casily overcome by v, thus
allowing a larger value for i,. However, as the speed increases. w,y,, eventually becomes

large enough to cancel v, with the result that no current can be drawn and thus no

electrical torque. Notice that negative iy can now be used in an effort to cancel ¢,

thereby weakening the effective flux linkage due to the permanent magnet and hysteresis
effects and allowing the motor to continue developing electrical rque over an extended

range of speeds. This is termed as flux weakening operation. Of course, there is a

tradeoff. The current capability of the inverter is also fi herefore, current applicd
to iy reduces the available current for i, This fact, along with the coupling in the i
dynamic equation makes the choice of optimum i, and i, difficult to determine. In

addition, the specific voltage and current limitations of the inverter will influcnce the
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More specifically, a similar argument illustrates that the inverter voltage can be

the limiting factor in achieving the desired level of iy and i,. In order to develop a large
electric torque, a large i, is needed. From equation (4.49) this requires a large v, and a

large negative iy, From equation (4.27), a large negative iy is attained with a large

negative v,. By expressing the inverter voltage limitation as

v (4.50)

where V is the maximum inverter voltage, it is seen that a large v, and a large negative
v, cannot be delivered simultaneously. Thus, when choosing the optimum iy and i, the
inverter voltage limitation must b. considered as well as the inverter current limitation.
In this thesis, the control algorithm is designed to keep i, at zero and vary i, to adjust the
electromagnetic torque.

The model of the direct axis current channel differs from that of the quadrature
axis current channel in that Ly # L,. The two inductances are. however, close enough
in value that the same PI controller will suffice for both the quadrature and the direct
axis current dynamics. Therefore, the detailed development of the direct axis current
controller, being essentially the same as that for the quadrature axis current controller,
will not be repeated here.

Based on the quantities measured at time k and those saved from the previous

mpling period, the discrete-time linear states are calculated from
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x;(k«1) = x; (k) =T, e, (k)

xg (k=1) = Ky 3,06 ~Kpd, (K)
The linear voltage is then combined with measured speed and the quadrature asis current

measurement to determine the complete nonlinear voltage

vy (k+1) = =@, (ks1) L 3, (K) * v (k+1) [P

4.6 Digital Filter Design and Application

A block diagram of the PMHS motor current sensing system is shown in Fig. 4.5
It is assumed that the dynamics of the Hall effect current sensors can be ignored. In
practice, some unwanted noise exists in the sensed line currents i, and i,. Thus. two
digital filters are used to filter the noise before the line currents i, and i, are transformed
into rotor frame currents i, and i,.

Digital filters are broadly divided into (wo classes, iminedy infinite. infpulse
response (IIR) and finite impulse response (FIR) filters. The input and output signals 1o
the filter are related by the convolution sum, which is given in Equations (4.53) for the

IR and in (4.54) for the FIR filter.

y(n) = Y hik)x(n-k) (4.53)
&
1

y(n) = ¥ hik) x(n-k) (4.54)
&

where x(n) is the input sequence, h(k), k=0,1,... is the impulse r

ponse and y(n) is the
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output sequence. It is evident from these equations that, for IIR filters, the impulse
response is of infinite duration whereas for FIR itis of finite duration, since h(k) for the
FIR has only N values. In practice, it is not feasible to compute the output of the IIR
filter using equation (4.53) because the length of its impulse response is too long (infinite

in theory). Instead, the IR filtering equation is expressed in a recursive form:

- ¥ i
y(n) =Y hikix(n-k) = ¥ ax(n-k)-Y by(n-k) (4.55)
I & &

where the a, and b, are the coefficients of the filter. We note that, in Equation (4.55),
the current output sample y(n) is a function of past outputs as well as present and past
input samples, that is the IIR is a feedback system of some sort. This should be
compared with the FIR equation in which the current output sample y(n) is a function
only of past and present values of the input.

Alternative representations for the FIR and IIR filters are given in Equations
(4.76) and (4.57), respectively. These are the transfer functions for these filters and are

very useful in evaluating their frequency responses.
w1
Hlz) =Y h(kz! (4.56)
&

N
Y az
H{Z) » et (4.57)

5
1‘21742"]
=

*

The choice between FIR and IIR filters depends largely on the relative advantages

of the two filter types. FIR filter requires more coefficients for sharp cutoff filters than
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TIR filter. Thus for a given amplitude response specification. more proc time and

storage will be required for FIR implementation. FIR filter can have an exactly linear
phase response. The implication of this is that no phase distortion is intreduced into the
signal by the filter. In this thesis, because the generation of six channel digital PWM
signals takes DSP about 80 us already. the processing time of filter is mainly concerned.
Thus the first order IIR filter is chosen.

A Butterworth filter is designed for this thesis to have a maximally (lat amplitude
response in the passband. The edge of the passband is ;Jsually defined to be the frequency
where the amplitude response is 0.707 times the maximum value. The amplitude response
of a Butterworth filter decreases monotonically in the transition band and in the stop
band. The lowpass Butterworth filter is characterized by the following magnitude

frequency response

i
|H(w) | = |:1,(w1w~i[‘» (4.58)
n

where N is the order of the filter and w, is the 3 dB cutoff frequency.
An important class of IIR digital filter design is based on converting a classic
analog Butterworth filter to its digital equivalent. The function in the "Signal Processing

Toolbox [47]" for designing the lowpass version of this filter is
[a,bl = butter(N, Wn) (4.59)

This function designs an N order lowpass filter with cutoff frequency Wn, where W is
a number between O and 1, with 1.0 corresponding to hatf the sample frequency

according to the Nyquist criterion. This function returns the filter coeffici

nts in length
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N+1 row vectors a and b. The filter ici are ordered in ing powers of

a(l)~a(2)z'~...+aln*1)z™" (4.60)
1-b(2)z'+...+b(n+1)z™"

H(z) =

In this thesis. the sampling frequency f, = 6250 Hz. and the maximum line

frequency is 60 Hz. Thus

2f,
wn = 270 = 2X70 = g 0224 (4.61)

Finally, the first order IIR Butterworth digital filter in the time domain is characterized
by the difference equation

y(n) =0.034(n) +0.034x(n-i) +0.932y(n-1)  (4.62)

The block diagram representation of the filter is given in Fig. 4.8. Fig. 4.9 is the
comparison of the experimental PMHS motor line currents before and after being

4.9 (a). (c) and (e) show the line currents before being filtered at

filtered. Fig
frequency of 12 Hz, 36 Hz and 60 Hz, respectively. Figs. 4.9 (b). (d) and (f) show the
line currents after being filtered. It shows that the designed filter is very effective to

remove the high frequency noise contained in line currents.

Fig. 4.8 Block diagram of first order IIR filter
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4.7 Current Control Inplementation and Experimental
Results

The necessary parts to construct the inner loop current controller have been

developed. Fig. 4.10 shows the functional block diagram of the current control loop.

The direct and g axis current are P against the
measured currenis o generate the error signals e, and e, The errors are fed into

that is of the d and q axis PI coiswoller and emf due

to the cross axis flux. Its outputs are the voltages vy and v. The transformation from d-q
axis voltages to line quantities is taken first. The output voltages from the controller, v,
and v, must ultimatcly be applied to the motor as the line voltages v, v, and v,. The first
step is to translate the rotor frame voltages v, and v, to stator frame voltages v, and v,,
and then transferred to the reference line voltage quantities v,', v," and v,". Since the
digital PWM s used to actually generate the line voltages. the quantities used here are
the PWM commands rather than the voltages themselves. The PWM command simply
specifies the voltage pulse width over one PWM sampling period that is needed o apply
the desired voltage, on average, to the motor stator terminals. Finally, the PWM voltage
source inverter gate signals are generated by the digital PWM system. As described in
Section 3.4, the digital PWM system for each channel generates a centred voltage pulse
by correctly programming the two action registers. The PWM signals are sent to shoot
through delay circuits. then to amplifiers. Finally, the line voltages v,, v, and v, are

generated by the voltage source inverter.



Fig. 4.10 Current control function overview
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The line currents are measured by Hall effect sensors and then filtered by low
pass 1R digital filter. The outputs of the filter iy, i, and i are transformed into the d-q
axis currents iy and i, by the current vector rotator. In a separately excited de motor, the
armature current and the field current are orthogonal to each other. This gives the best
dynamic performance of a dc motor because the armature current is decoupled from the
field current. In the vector control of ac motors, the reference frame d-q is fixed in the
rotor frame, thus the control variables can be treated as constants in the d-q frame, and
the currents i, and i, appear as dc quantities in the steady state condition. In the PMHS
motor, the dominant airgap flux is produced by the permanent magnets and the hysteresis
material in the rotor. The permanent magnets and hysteresis material will provide enough
flux so that the magnetizing stator current can be zero in the PMHS motor vector
control. As discussed in Section 4.5, iy is commanded to zero also, because flux
weakening control is not needed over the range of mechanical operation in thi: thesis.
With iy = 0, the quadrature current i, adjusts the motor torque. Therefore, the motor
pu}l'nrmance is just like a separately excited dc motor. If the motor field control is
required, the current iy can be positive for aiding the airgap flux along the d-axis. It can
also he negative for demagnetising the airgap flux, resulting in a decrease of the total
Mux.
The rotor position 6, and speed w, signals are generated by the digital incremental
encoder. The rotor position 6, is required for the current and voltage vector rotators, and
the rotor speed «, is required to calculate emf generated by cross flux in the d-q axes.

respectively.
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This is a completely digital control s

. All of the calculations such as d-q axis

controllers, voltage and current frame transformations. digital PWM signal generation
and low pass IR digital filter are completed by the DS1102 DSP hoard.

Fig. 4.11 shows the experimental currents having the frequency of =12 Hz,
f=36 Hz and f=60 Hz. Fig. 4.11(a) shows the PMHS motor line current ijat 12 ez
The motor line currents are measured by Hall effect sensors, then fed into the DSP board
through an A/D interface. After filtering, the three phase line currents are [first
transformed into the two phase -8 stator frame. and then transformed into the d-q rotor
frame. Figs. 4.11 (b) and (c) show the rotor frame d-q axis currents i, and i, at 12 [z
Similarly. Figs. 4.11 (d), (e) and (f) show the line current i,, rotor frame current i, and

i, at 36 Hz, respectively. Figs. 4.11 (g), (h) and (i) show the line current i, and rotor

frame d-q axis currents i, and iy at 60 Hz, respectively. Itis to be noted that the currents
iy and i, appear as dc quantities in the steady state condition, and the direct axis current

iy is ideally controlled to zero.

4.8 Summary

A fuliy digital current control system for the PMHS motor has been developed
in this chapter. The electrical dynamics are regulated through the independent control of
the direct and quadrature axis currents.

First, the fluxes, voltages, and currents in the three phase sysiem are conveniently

expressed as vectors in an orthogonal coordinate system. The output of the current

controllers is a voltage space vector in the rotor frame. This space vector has been

retransformed to a space vector in stator coordinates.
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Fig. 4.11 Experimental line and rotor frame currents
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It was shown that the conventional stator frame line current connofler cait be
transformed into a set of d-q current commands. However, the Pl line current controllers
are unable to directly regulate the d-q axis currents without introducing speed dependent
coupling between i, and i . In addition. the PI line current controllers do not give zera

steady state error since the steady state current commands in the stator frame are sinusoid

rather than constants. Without further compensation. the direct application of the PI
stator frame current controller for the purpose of regulating d-q currents is not

satisfactory. Instead, a rotor frame PI current controller was developed. Because it sees

constant commands, it gives zero steady state error.
Using the frequency domain approach, the quadrature axis current controller was
developed. The sampled data system was modeled. Based on the current and speed loop

transfer functions, the Bode plot designs were given. The developed control algorithms

have then been put into a form that could be implemented directly on the real-time digital

system.

The advantages and disadvantages of both FIR and HR digital filiers were
discussed. Because the processing time of filters is the main concern, the first order IR
filter was chosen.

Finally, the performance of the controller was examined. An experimental
verification of the algorithm was carried out by measuring the stator line current at
different frequencies. The line currents were transferred into d-q axis to get the constant
control variables in steady state, and the direct axis current i, is ideally controlled to

zero. This makes the inner control loop operational.
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Chapter 5
Torque and Speed Control of the PMHS

Motor

5.1 Introduction

The objective of this chapter is to derive the PMHS motor torque equation and
design the digital speed controller for the vector control system. The torque control that

regulates the speed of the PMHS motor, is provided by a quadrature axis current

ped by the speed . The digital speed controller design is
carried out by the symmetry optimum condition based on the speed loop transfer
function.

Determination of the PMHS motor torque is much more complicated than that

for the ional induction or sy motor because of the nonlinear hysteresis
and eddy current properties. Based on the model presented in Chapter 2, the torque
equation is derived and analyzed for the control purpose. The non-linear equations of the

rotor hysteresis and eddy currents which are difficult to access by means of outside



control are also derived.

The proportional plus integral (PI) controller is normally employed to limit the
error between the commanded and actual values of the rotor speed. The design of the
gain and time constants of the speed controller is of critical importance in meeting the
specifications for dynamic performance of the PMHS motor. Using the Bode plot

method, the speed controller is designed around the nominal parameter values.

Performance goals are specified in terms of rise time, overshoot, and steady state error.
It is also important that the closed loop pole locations can be used to specify the dynamic
response of the drive system.

Finally, the experimental veritication obtained by using the DSP based vector
control is presented.

5.2 PMHS motor torque equation
The general expression of the developed torque in the 3-phase 2P-pole ac motor
is given as:
T, = 2P Wiy = Vpda) (5.1)
o= 5P Wudy = Yy dn .
If the stator and rotor leakage inductances L., and L,, are neglected, the flux equation for
the permanent magnet hysteresis synchronous motor may be written as:
Vao = Lo U * Ly = 2y = dp) (5.2)

Vo = Bty % By + 5,0 (5.3)

e

where iy, and iy, are the d-axis rotor hysteresis current and eddy current respectively, iy,
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and i, are the g-axis rotor hysteresis current and eddy current respectively and i,y is the
equivalent permanent magnet source current in the d-axis. Substituting the flux linkage
Y, and ¥, of equations (5.2) and (5.3) into equation (5.1) the electromagnetic developed

torque T, of the PMHS motor is given as

2 ; : : : ; . ¥ S
T, = 2 0Ly~ D) fu g i U 3= ) =Dy (g L) 3]

(5.4)
The first term of the developed torque equation (5.4) is the reluctance torque component

which is the product of the d. q axis stator currents i, and iy, as well as the difference

of the d and q axis mutual inductance Ly, and Ly,,. For the PMHS motor, the difference

of these two inductances is small, so this torque is not
The sccond term of equation (5.4) is the rotor d axis flux interacting with the stator q
axis current iy, The rotor d axis flux is generated by the rotor d axis hysteresis current
ig, the rotor d axis eddy current iy, and the rotor d axis equivalent permanent magnet
source current iy,,. This is the main part of the developed torque of a PMHS motor. The
last term of the torque equation (5.4) is a negative component which is related to the flux
weakening mode of operation. It is the q axis rotor flux which is generated by the q axis
hysteresis current i, and eddy current i, reacting with the d axis stator current i.

It can be seen from the above analysis that the prediction of the developed torque
of the PMHS motor is quite complicated for the following two reasons. Firstly, the
developed torque varies with the amplitude of the stator currents iy, and i,. Secondly, the
variables in the rotor are not easily accessible by means of outside control. The

calculation of the rotor currents is complicated due to the nonlinear hysteresis and eddy



current effects.

The derivation of the stator current, rotor hysteresis current. eddy current and the
equivalent permanent magnet source current can be given as follows.

The measured stator frame line currents i, and i, can be transformed into rotor
d-q axis current by using the transfer matrix C,, and C,,. which are given by

o (5.5)
] i;( 5.5

i;k

i | =[G

| e
The d-q axis voltage equations for an ac motor are

d
Lt -y
(5.6)

d
e 0

Substituting the flux linkage y,, and ¥, of equations (5.2) and (5.3) into equation (5.6),

the PMHS motor voltage equations become

Vi = E g Ly g Ut iy 2y ) 0, Dy U )
(5.7)
Vip = iy Dy S iy 3 2D +0, Dy G g L )
Referring to the PMHS motor equivalent circuit which is given is Fig. 2.6, and

transferring the voltage equation from time domain to (requency domain, the d-axis

voltage equations in phasor form are obtained as

Vie = 2 T * 30, Ly (Lo * Ly Tge* L) = 300, Loy ( Lo+ Ly 1)
0 = (SRy* 30 Ly ) T+ 36, Ly (Lpo * Ty * L) 15.8)
0 = ( Ry 30, L) Iy 360, Ly (L gy * L= L)



By solving the equation (5.8), the rotor d-axis eddy current is given as

60, Ly SRip { Ly L)
I, =- 39, L n L * Ls 5.8
Ry SRy * 70, Ly (R~ SRy)

and the rotor d-axis hysteresis current is given as

L - O LRy = 30 B SR ) e Ta) —
Ry, SRy~ Ly (Rye~ 5Ryy) + 36, Ly 3R, (2R, SR)

In the same way as obtaining the d-axis voltage equation (5.8), the g-axis voltage

cequations in phasor form are obtained as

Vi = 21,030, Ly (L # T+ I,,) + 0, Ly (I * Ty~ L= I,,)
0 = (8Ryy* 36, Lyy) Iy* 30, Ly (I,+ I,,) (5.11)
0 = ( Ry*jo,Ly,) I+ jo, Ly, (I+ 1,0

By solving the cquation (5.11), the rotor g-axis eddy current is given as

j, Ly SR T,
iy ST (s.12)
R, SR, *+Jjw,L,, (R, + SR,M)

and the rotor g-axis hysteresis current is given as

(7 iRy~ 3, g Ry SRy ) I,y {5238
Ry, SR}y =} Ling (R + SRyy) + 6, Ly SRy (2R, + SRy, )

'y

I =

The equivalent source current i, of the permanent magnet is determined by

Ampere's law. This law is stated as the line integral
F=fﬂ<dl=):i (5.14)
<

where ¢ is any closed path or contour, H is the magnetic field intensity, and d! is the



115

differential line segment on the contour ¢. In the PMHS motor, the operating point of the
permanent magnet lies in the second quadrant. When the motor windings are energized,
the operating point dynamically varies following the straight line demagnetization

characteristic as described by
B, = B, = wumH, (5.15)

where B, is the remanence as shown in Fig. 2.2 (b). This equation assumes that the
‘magnet remains in a linear operating region during normal operating conditions.

In a PMHS motor with a radial annular air gap. the permanent magnet has the

shape of an arc, as shown in Fig. 2.2 (a). During magnetization it is assumed that the
same amount of flux magnetizes each differential length. Therefore, integration of these

differential elements gives a permanent magnet reluctance

= [ dr = 1
L HH,r20L 2 p,al

where B, is the remanence achieved at r,, and L is the axial length of the permanent

magnet. The flux generated by the magnet, which on rema

B,, is given as
¢, = 2B, Lor, 15.17)

Since the flux leaving the permanent magnet is assumed equal to that crossing the

air gap, the magnet and air gap flux densities are related by
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B =B, (5.18)

where A, and A, are the cross-sectional arcas of the permanent magnet and air gap.
respectively.

The permanent magnet flux is easily found by flux division as

R,
= A

(5.19)

where the air gap reluctance is modeled simply as 9, =g/p,A,. Knowing 6, the mmf

across the air gap is

Fpy = RyBp = (5.20)

o

1
InfLl+ 2+
HAln [ o M
Thus, the current source equivalent i, of the permanent magnet is determined by

; 1
dpy = —=F, (5.21)
R

The equivalent current i, can also be defined by

B, W, Ly L, (5.22)

V3
where E, is the phase voltage induced by the permanent magnet only under synchronous
speed.

In the PMHS motor the dominant air gap flux is produced by the permanent

magnet and residual hysteresis in the rotor. Because the stator currents i, and ig in the
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rotor frame can be controlled independently, the control of the stator current i, (o zero

is applied. In this case there is no magnetizing or demagnetizing along the d-axis and the

flux is produced by the 2 magnet and materials, M

can avoid demagnetizing the permanent magnet material. Because of the d.

current
iy = 0, the first term of the developed torque which is called the reluctance torque
component and the last part of the torque which is a negative component related to flux
weakening operation, will disappear from the torque equation. Only the main term of the
torque, the rotor d axis flux acted with the stator g axis current i, remains in the torque

equation. Thus the torque expression of equation (5.4) can be simplified as

um (L * Lt Ay ) 1] (5.23)

(5.24)

Kb iy

where constant K, = 3P/2 and ¢, = Ly, (iyy + ig + ipn). It is obvious that equation
(5.24) is similar to the classical expression of torque in any d¢ motor. In equation (5.23)
igs is the only controllable variable. If the control of iy, # 0 is required, the current i,
can be positive, and hence it aids the air gap flux along the d-axis. It can also be
negative, and then it demagnetises the air gap flux, resulting in a decrease of the total

mutual flux. The latter technique can be used in the flux weakening mode of operation.



5.3 Speed control loop transfer function

In the PMHS motor vector control system, the variables such as current, voltage,
clectromagnetic torque and speed are controlled. Consequently, the multiple control
structures which can operate in different internal configurations are used. A series
connection control structure is chosen for PMHS motor control as shown in Fig. 5.1.
Each variable is subject to continuous control and the various regulator outputs constitute
reference values for the subordinated regulators. At each stage, the control signal
depends on the actual values of all variables, and regulators Rx,,...,Rx, compensate for
the disturbances and internal time constants of the various control plant units. The

different variables x; ,, can be easily limited by constraining the output signals of

regulators Rx,,...,Rx,,.

The synthesis of closed-loop control systems in electrical drives consists of
constructing simple loops that are easy to optimize by selecting an appropriate type of
controller. In most cases, it is possible to obtain control loops which involve one or two
dominant time constants as well as the sum of small time constants. Within such loops
it is relatively easy to select a controller type satisfying the desired performance index.

Symmetry optimum is employed for parameter selection of the speed controller.

One of the most widesp! control ployed in an ac drive is the
series speed control system. The block diagram of the system is shown in Fig. 5.2. The
PMHS motor has an incremental encoder whose output is utilized for closing the speed
loop. The output of the encoder is filtered to remove the ripples to provide the rotor

position 6, and speed w,. The speed command ', is compared with the actual speed w,,
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Fig. 5.1 Controt structure with series connection

speed curment current torque fricion &
contrller limiter foop prameter | Ty inertia

Fig. 5.2 block diagram of speed control system
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to produce a speed error signal. This error signal is processed thrcugh a speed controller
1o determine the torque current i, The product of torque current iy times d-axis flux
¥y, Benerates electromagnetic torque command. The torque command is limited so as to
keep it within safe allowable limits and the current command is obtained by proper
scaling. Since the d-axis flux is maintained constant, the control of the stator g-axis
current is equivalent to control of the torque current in the vector controller. The torque
current i, is obtained from the inner current control feedback loop. The inner current
loop assures a fast current response and the current limiter also maintains the current to
a safe preset level. This inner current loop makes the converter a linear current
amplifier. The outer speed loop ensures that the actual speed is always equal to the
commanded speed and any transient is overcome within the shortest time without
exceeding the motor and converter capabilities. The transfer functions of the various

subsystems will be described in detail in the following subsections.

Speed Controller
The proportional plus integral (PI) control technique is used for the speed
controller. It consists of proportional and integral gain constants. The expression for the

torque current command i, is given as

’;‘i (@ ~w,) dt (5.25)

i) = k(0] ~w,) +

where, K, and K,/T, are the proportional, and integrai gain constants, respectively. The

transfer function of the speed controller is given as
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I
a

where T, is the time constant of the controller.

Torque Constant

Rewriting the torque equation (5.23) in which the rotor d axis flux reacts with the

stator g axis current i,,. One can obtain the simplified torque expression as

a1+ ) i) = Ky (5.27)

) (5.28)

X . : §
K= 2Ly iy

It is worth noting that equation (5.27) is similar to the torque expression in a separately

excited dc motor.

Mechanical Inertia and Load

The load is modeled as a function of moment of inertia J with a viscous [riction
coefficient of B. Then the acceleration torque drives the load. The torque balance
equation is given by

dw, .
T+ By ¢ T, (5.29)

where T, is the load torque. The transfer function for the load is given as
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2 = = _ 5.30
G {8), Sy ® gy (3.201

where the gain K, = P/B, and the time constant T,, = J/B.

Incremental Encoder
The rotor position and speed signal are generated by an optical incremental
cencoder. The output of the encoder is filtered to remove the ripples to provide the rotor

position , and speed w,. The transfer function of the speed feedback path is given as

K
T 87,

G, (s) = (5.31)

Synthesis of Current Control Loop

For the sake of subsequent discussion, the current control loop will be
approximated by an inertia element with equivalent time constant T,,. This approximation
is based on the current controller integration time 7,. The selection of the current
controller integration time 7; is made on the basis of the ratio of motor time constant to
the sum of small time constants of the current control loop Ty,. When the motor is
supplied through a PI controller and PWM inverter, it is assumed that current loop time

constant is
N S (5.32)

for optimization by the symmetry criterion.

It is to be emphasized here that this discussion is correct in terms of the
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assumptions made and that it is to be seen as defining certain theoretical guidelines. In
practice, the converter dead time, for example. depends on the point of drive operation

and the real cteristics may differ s hat from the

predictions.
As discussed above and refered to in Fig. 5.2, the open loop transfer function ol

the speed control system is given as

i KK P{(1+T,s)
L ST, (1+5T,) (B+sJ) (1+sT,)
KK P (T, s+1)

JT, T,T,* + T, [J(T, +T,) +BT, 1,1 s+ T, [B(T,+T,) +Jl s*+BT,5

(5.33)
and the closed loop transfer function is given as
6.(s) = KK PI[T,T,s*+(T,+T,) s+1]
JT,,T,T,8'+T,[J(T,+T,) +BT, T,1s'
(5.34)

+T,[B(T, +T,) +J) s*+ T, [B+K,KPls+KKP
v ot T v WK WK,

For optimizing and simplifying the speed control system, the symmetry criterion

is used. The basic assumptions are as follows.

1. The PMHS drive has n large time constants T, (x ...n), each of which is

much larger than the sum of small time constants £T,. The drive transfer function is

given by

(5.25)

. N——
(1+sT) ] (1+sT,)
) i
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2. The elements with large time constants can be replaced by integrating elements

11
T ~sT, ST,

(5.36)

3. The product of transfer functions for first-order inertia clements with small

time constants are simplified to

1 a 1
—— 5 .
IIa-st)  1-s51 {5
.

The current loop equivalent time constant for a six-pulse transistor inverter may
be estimated to be 7,, < 1 ms. Consider the block diagram of Fig. 5.2. The sum of

small time constants for this control loop is given by

o

.

2T +T, (5.38)

™ T,

where T, is the equivalent time constant of the current control loop, and T, is the speed
feedback loop time constant. The transfer function should be further simplified by
neglecting the viscous friction parameter B. Thus the open loop transfer function can be

obtained as

P K

£ (5.39)
1787, 50

G, (s) =

5.4 Speed controller structure and design

The controller is designed as though the speed can be measured directly. In

addition, the controller output is allowed to depend upon the speed input, meaning that
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no additional state augmentation is necessary. The separation of time-scales

also allows
the dynamics of the current controller (o be ignored for the purpose of speed controller
design. The actual current is assumed to reach its commanded value instantancously.
One way to produce a discrete-time PI control structure is to discretize the
continuous time PI controller structure. This results in a similar structure that was used
in the current controller.
The optimal properties are found under conditions of’ symmetry optimization. ln

this case the phase shift angle represented on the log characteri

of the open control
loop attains its peak value for the cross-over frequency wy,. Therefore, the cross-over

frequency wy is just in the middle between w, = /T, and w,, = /T, in the logarithmic

scale. The cross over frequency can be obtained from the following relations

.
logu, = logu, + 2 (logw,,-logw,) = logy, F’;’f T (5.40)
W,
wp = Ja, (5.41)
and
J "
* A2
Ty XK, (5.42)

From equations (5.41) and (5.42) the proportional part of the controller under symmetry

optimization is given as

g J

»PK  pK JT.T,

For a given time constant T,,, one obtains dynamic responses which depend solely on the

K, (5.43)
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speed controller integration constant T,. It can be easily demonstrated that the transfer
function G,(s) of the closed control loop is given by

G, (s) su,(s)
&1 .
w18 = e e 7w (e
(5.44)
18T,

T IreT e T T,-5 11,1,
while the output-disturbance transfer function Gi(s) is given as

aw,(s) _ )
G (s) = Ao G ls) s

T,(1+sT,)
(5.45)

1+sT,
+ 1+5T,+5°T,Tp +§°T, TpT,,

For optimal response, the magnitude of the frequency response is close to one

over a wide freqs range which a high idth and hence faster

response. The gain factor of the speed controller is selected from equation (5.43). It is
found that for T,/T,, = 4, one obtains the symmetry optimum condition. Then the speed

closed loop transfer G,.(s) function reduces to

1-4sT,

Er e e (5.46)
1+4sT,,+8s°T, +85°T,,

G, (s) =

‘The equation (5.46) is valid for the symmetric optimum condition. For the open
loop transfer function, the corner points are 1/4T,, and 1/T,, with the gain crossover
frequency of 1/2T,,. The slope of the magnitude response in the gain crossover frequency

is -20dB/decade which is the most desirable characteristic for good dynamic behaviour.
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Because of its symmetry at the gain crossover frequency. this transter function is known

as a symmetric optimum function. The step response of the transfer function is given by

i
gu(t) =1+e =20 Fcos ‘/—“

(5.47)

Using the first order filter T, = T, for the speed command, the transfer function will be

1
B 2N P . R— 5.48
1-4sT,+85°T,+89'T, tarte)

The step response for this modified transfer function is given as

4-

g.(s) = 1-e (5.49)

The denominator of the closed loop transfer function (5.46) can be written as

1
2T,

&l
4T,

denominator = [s+ L |[2s?7, +s+
2T, '
(5.50)

- s‘_][ _‘,_3 s L

It is clear that the real part of the poles of the equation (5.46) is negative so the system
is stable. For the symmetric optimum design, the system stability is usually guaranteed.
This approach indicates one of the possible methods to synthesize the speed
controller. The judicious choice of approximations is based on the physical parameters
of the motor, inverter, filter and transducers.
Fig. 5.3 is a Bode plot of the open loop speed control system for differcnt values

of K, where K = T,/T,,. The gain margins are about 25 dB and the phase margins vary
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from 20° to 50°. It is to be noted that the phase angle of the loop transmission starts
near -180° for low frequencies, rises toward its maximum near the gain cross over
frequency. and then falls off again at higher frequencies. Note that the function closely
follows the characteristics of the symmetric optimum function, and the controller
maintains sufficient phase margin to ensure the closed loop system stability.

Fig. 5.4 shows the unit step response of closed speed control system. Fig. 5.4 (a)
is the step response of equation (5.44). Fig. 5.4 (b)is a step change of speed command,
when an input filter with time constant T, = T, is used. The use of the input filter
signiticantly reduces the speed overshoot while the control loop retains its stability. It
should be noted that such a time domain response is achieved if there is no limit on the
torque produced by the motor, since a linear relationship between the speed error and the
torque is assumed. But in the practical PMHS motor drive system, the torque capability
of the motor and the current capability of the inverter limit the maximum allowable
torque. Thus this time domain response represents only the small signal response of the
system. Fig. 5.5 and Fig 5.6 show the Bode plot of the closed speed loop control system
with and without input filter, respectively.

The design is carried out in the frequency domain. Defining the s-plane transfer
function for the control system, the proportional and integral gains of the speed controller
are adjusted until the loop transmission has the required bandwidth and phase margin.
It should be noted that the usual design relationships between bandwidth, phase margin,
and transient response are in terms of a second order system. Even using one order to

represent the current control loop, the speed control system is still fourth order, with
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poles that are not necessarily widely separated. Thus, these design rules are used only
as guides in the design process.

Acceptable performance is obtained when K =4 is chosen. Fig. 5.3 shows that the

gain margin is about 25 dB and the phase margin is nearly 35°. The step response shows

small overshoot and rapid rise time.

5.5 Speed control implementation and experimental
results

The performance of the speed control system is demonstrated by testing the motor
at different speed. Fig. 5.7 shows the rotor position and speed vs time in the steady state
mode for different values of frequencies. Figs. 5.7 (a), (¢), (¢) and (g) show the rotor
position at 1Hz, 12Hz, 36Hz and 60Hz, respectively. Figs. 5.7 (b), (d). (1) and (h) show
the rotor speed when the frequencies are 1Hz, 12Hz, 36Hz and 60Hz, respectively. The
rotor position output is from the shaft digital incremental encoder. The rotor position is
represented by radian. For the 4-pole experimental PMHS motor, the rotating angle will
be set to zero whenever it reaches 2 radian. The rotor angular speed is represented by
radian per second (rad./sec.). For the frequency of 1Hz, 12Hz, 36Hz and 601z, the
rotor angular speed are 3.14, 37.70, 113.10 and 188.50 rad./scc., respectively, and the
rotor speed is 30, 360, 1080 and 1800 revolution per minute (rpm), respectively. The
speed curves clearly show that the PMHS motor runs quite smoothly without any

oscillation over the wide speed range, even at 30 rpm for a supply frequency of 1 Hz.
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Fig. 5.8 shows the transient performances of the speed control system. Figs. 5.8 (a) and
(b) show the rotor position and angular speed performances when the rotor runs from
standstill to 37.70 rad./sec. which represents 360 rpm. The rise time is about 1 second
and there is a small overshoot. Then, the motor runs very stably. Figs. 5.8 (c) and (d)
show the rotor position and angular speed performances when the rotor runs from
standstill to the 113.10 rad./sec. which represents the 1080 rpm. The overshoot is almost
zera in this siwation. It is to be observed that the PMHS motor obtains remarkable
steady state and dynamic stability at low frequency operation. Thus it is a distinct

advantageous feature over those conventinnal synchronous motors at low speed operation.

5.6 Summary

‘The speed controller for the PMHS motor has been developed in this chapter. The
controller operates as the outer loop of the multi-loop control system and issues
commands to the current control loop in order to adjust the electromagnetic torque of the
motor.

First, the general expression of the developed torque of the PMHS motor was
derived. Then the torque equation was analyzed for the vector control purpose. The
expression of the rotor hysteresis current, eddy current and equivalent permanent magnet
source current were also presented. Because the control of the stator current iy to zero

is applied, i is the only controllable variable. Thus the torque equation is similar to the

sical expression of torque in any dc motor.

For optimizing and simplifying the speed control system. the symmetry criterion
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is used on the basic assumptions. For the convenience of controller design, the transter

function is simplified that the current control loop is approximated by an inertia clement

with equivalent time constant T,. It may be emphasized here that this approximation is

acceptable in terms of the assumptions made. In practice. some parameters depend on
the point of drive operation and consequently the real chamacteristies may differ

from the i edic

Because the real part of the poles of the tras

er function are negative the system

stability is guaranteed for the symmetric optimum design. Then, the Bode plot of both
the open and closed loop speed control system. and the unit step responses ol closed
speed control system were given.

The performance of the speed controller was then demonstrated with several real-

s the desired characteristics

time experiments. The speed controller was shown to pos:
in terms of rise time and overshoot. The steady state rotor position and speed response

are quite smoothly in a wide speed range and without any oscillation.



Chapter 6
System Implementation and Experimental

Results

6.1 Introduction

In the previous chapters, the PMHS motor and inverter models. and the current
and speed controllers were presented. This chapter describes the hardware and software
implementation of the digital signal processor based vector control system of the
permanent magnet hysteresis synchronous motor.

In implementing this control system, the system's major functions and their
interconnections are described by means of a functional diagram. Then a brief description
of the system software is presented.

The hardware requirements of each function are discussed separately. First, the
DS1102 DSP controller board which plays the main role in the control system is
described. This includes the architectural overview, host interface description, analog to

digital and digital to analog subsystems, and slave DSP application.

Then the experimental magnet it motor and
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voltage source inverter are presented. Next, the operating principle and structure of the
optical incremental encoder, the rotor position measurement and rotor speed calculation
are described. Finally, experimental results which include steady state and starting

process of the drive system at different frequencies are presented.

6.2 General Description of the PMHS Vector Control

System

The DS1102 DSP based vector control of a PMHS motor was successfully
implemented and tested. The general hardware and software descriptions ol the control

system are included in this subsection.

6.2.1 System General Hardware Description
The following is a brief description of the experimental set-up of the whole
control system. The main equipment used in the experimental set-up are:
* DS1102 DSP board
* 386 personal computer
* Three phase full wave rectifier module
® 0-20 V dc power supply
* P111 VSI voltage source transistor inverter
* L100 AM gate signal amplifier

o Interface circuits between DSP board and inverter



* PMHS motar with dc loading machine
* H25D optical incremental encoder
* Hall effect current sensors
® Tektronix 2212 digital storage oscilloscope
* Voltage and current meters
* Resistance bank

Fig. 6.1 shows the experimental setup of DSP based vector control system of the
PMHS motor. It consists of five parts: the DS1102 DSP board, the voltage source
inverter, the interface circuits, the PMHS motor with load and rotor position and stator
current measurements, as shown in Fig. 6.2. All of the calculations and signal processing
are carried out by the DSP board. These calculations include d-q axis current controller,

speed controller, speed calculation, voltage and current vector rotators, digital filters,

reference voltage ion, digital si idal pulse width ion (SPWM) signals
generation, analog to digital and digital to analog signal transformations. The programs
are downloaded into TMS320C31 master DSP and TMS320P14 slave DSP chips. The
digital switching signals that are to be fed to the inverter to drive the PMHS motor are
determined by the DSP board. These signals are based on the comparison of the
reference currents derived and' actual currents as well as rotor position fed back. The
actual currents are measured using Hall effect current transducers and the rotor position
is obtained from the optical incremental encoder attached to the motor shaft. The dc
machine, coupled to the PMHS motor and connected to the resistance bank, acts as a

loading machine.



Fig. 6.1 Experimental setup of DSP based vector control of PMHS motor
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6.2.2 System General Software Description
Fig. 6.3 shows the block diagram of the vector control scheme for the PMHS
motor. The control system software is carried out by the DS1102 DSP board. The input
signals of the DSP board are three phase stator currents and rotor position, and the
output of the DSP board is the digital switching signals that are fed to the inverter. The
flow chart of the main program for the PMHS motor vector control system is shown in
Fig. 6.4. In the control system, rotor speed is obtained from rotor position and timing
counter. The three phase stator current signals which include both the magnitude and
phase information are obtained by the digital filter. Because the current controllers are
designed in the rotor d-q axis frame, the stator currents are transferred into the
orthogonal stator frame «-f3 axis first, then transferred into the rotor d-q axis to get
currents iy and i,. The speed signal «, abtained from the rotor position and timing counter
is fed back to compare with the reference speed w,”. The speed error is the input of the
speed controller. The output of the speed controller is the g-axis reference current i,l'.
Both the d-q axis currents i, and i, are fed back to compare with the d-q axis reference
currents i," and iq', respectively. The current errors e, and e, are the input of the d-axis
and g-axis current controliers. The rotor d-q axis voltages v, and v, are gencrated by the
combination of the current controllers output and the back emf. These rotor frame
voltages need to be transformed into the stator three phases frame again. Thus the three

phases stator frame reference voltages v,’, v," and v, are obtained by the voltage vector

rotator. Finally, 6-ch: 1 si idal pulse width ion signals are fed into the

interface circuit to control the 6-pulse transistorized voltage source inverter.



L
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Fig. 6.3 The block diagram of the vector control scheme for the PMHS motor
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6.3 DS1102 DSP Control Board

The digital signal processor is a specialized microp: whose
is optimized to perform its task efficiently. The DS1102 DSP board is specifically
designed for the development of high speed multivariable digital controliers and real time
control in motor drives and vehicle controls, as well as for general digital signal
processing tasks. The DS1102 DSP board contains two DSPs. The main processor is the
Texas Instruments TMS320C31 floating point digital signal processor which has the main
processing unit providing fast instruction cycle time for numeric intensive algorithms.
The second processor is the TMS320P14 DSP used for many different digital I/0
functions. The DSP has been supplemented by a set of on-board peripherals frequently
used in digital control systems. Analog to digital and digital to analog converters, a
digital 1/0 subsystem and incremental sensor interface make the DS1102 an excellent

DSP board solution for a broad range of digital control tasks for PMHS motor drives.

Architectural overview

The DS1102 board is built around the TMS320C31 DSP. It contains 128K Words
memory fast enough to allow zero wait state operation. Several peripheral subsystems are
implemented to support a wide range of digital signal processing applications. Fig. 6.5
presents a block diagram of the DS1102. The TMS320C31 supports the total memory
space of 16M 32-bit words including program, data and I/0 space. All off-chip memory
and I/0 can be accessed by the host, even while the DSP is running thus allowing easy

system setup and monitoring.
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Fig. 6.5 Block diagram of the DS1102 DSP board



The TMS320C31 DSP

The TMS320C31 third generation floating point DSP is a high performance
member of Tcxa‘is Instruments’ TMS320 family of VLSI digital signal processors. It
performs parallel multiply and arithmetic logic unit (ALU) operations on integers or

floating point numbers in a single cycle. It supports a large address space with various

addressing modes allowing the use of high level for

Some key features of the TMS320C31 are:
* 50 ns single cycle instruction execution time
* Two 1K*32-bit dual access on chip data RAM blocks
* 64*32-bit instruction cache
© 32-bit instruction and data words, 24-bit addresses
* 40/32-bit floating point /integer multiplier and ALU
 32-bit barrel shifter
* Eight 40-bit accumulators
* Two indepeudent address arithmetic units
® Serial port
* DMA controller for concurrent DMA and CPU operation
* Four external interrupts

* Two 32-bit timers

A/D subsystem

The DS1102 contains two types of analog to digital converters:



149
* Two 16-bit auto-calibrating sampling A/D converters with integrated
sample/holds.

* Two 12-bit sampling A/D with integ samp

The A/D register addresses are shown in Table 6.1

Table 6.1 A/D subsystem register addresses

Address Register

023000H Channel 1 16-bit ADC data register

023001H Channel 2 16-bit ADC data register

023002H Channel 3 12-bit ADC data register

023003H Channel 4 12-bit ADC data register

025000H Calibration start flag

All ADCs have single ended bipolar inputs with + 10 V input span. All return lines are
connected to system ground. To avoid ground loops, separate return lines should be used

for all connected sensors and the sensor grounds should be isolated from each other.

D/A subsystem
The DS1102 board contains four 12-bit digital to analog converters with

programmable output voltage ranges. The D/A subsystem consists of four data registers,
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four output registers, a mode register and a strobe bit register. The register addresses are

shown in Table 6.2,

Table 6.2 D/A subsystem register addresses

Address Register

022000H Channel DAC data register
022001H Channel DAC data register
022002H Channel DAC data register
022003H Channel DAC data register
026000H Mode select register
026001H Mode strobe register

The DACs have single ended voltage outputs with + 10 V span. The return lines of the
outputs are connected to system ground. Each DAC features a set of two back to back
registers, a data register connected to the data inputs and an output register connected to
D/A converter. This allows the DAC to sequentially preload new output values and then
to update the D/A outputs simultaneously by copying the contents of the data registers

to the output registers by a common transfer strobe.



Digital /O subsystem
The DS1102's digital 1/0 subsystem is based on the TMS320P14 DSP. The
Digital [/O subsystem register address is given in Table 6.3.

Table 6.3 digital I/O subsystem register addresses

Address Register

021000H Slave DSP communication port

Besides a 16-bit fixed point DSP core, it has a bit-selectable parallel 1/0 port, four
timers, six PWM circuits, four capture inputs and a serial interface. The TMS320P14
contains firmware making all on-chip peripherals accessible by the TMS320C31. After
power up the DSP executes an I/O server firmware residing in its built in program
PROM. This PROM has been augmented by an external program RAM providing a
program download feature which allows application specific DSP programs to be

executed in parallel to TMS320C31.

Incremental encoder subsystem
The DS1102 contains two incremental sensor interfaces to support optical

incremental sensors used in the PMHS motor vector control. The register addresses of

the incremental encoder are given in the Table 6.4



Table 6.4 Incremental encoder subsystem register addresses

Address Register
024000H Channel 1 incremental encoder position counter register
024001H Channel 2 incremental encoder position counter register

Each interface contains line receivers for the input signals, a digital noise pulse filter
eliminating spikes on the phase lines, a quadrature decoder which converts the sensor's
phase information to count up and count down pulses, a 24-bit counter which holds the
current position of the sensor and a 24-bit output latch. Fig. 6.6 shows the block diagram

of an incremental sensor interface. The minimum encoder state width is 120 ns resulting

in a maximum count frequency of 8.3 MHz. Noise pulses shorter than 80 ns are
eliminated by the digital noise filter.

After power up the position counters contain arbitrary data and must be
synchronized to the absolute position of the connected motor. This is accomplished by
moving the respective sensor until an index pulse is encountered. To monitor the index
lines the index pulses are fed to the TMS320C31's interrupt lines. When the DSP has
detected an index line it may reset the respective position counters by setting the flags.

The output data can be read via the corresponding position counter register. The 5 V

sensor supply voltage output is connected to the host's 5 V power supply via a multifuse.
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Fig. 6.6 Block diagram of an incremental encoder interface

6.4 Experimental PMHS Motor and Inverter

The experimental 5 hp permanent magnet hys

synchronous motor used in
this thesis is the Mawdsley’s Multiform Research Machine Set. It is a generalized
experimental machine whose stator windings can be connected to different number of
poles and phases for operation. In the experiment, the stator windings were configured
as a 4-pole, delta-connection with rated line voltage of 208 V. The permanent magnet

hysteresis rotor was inserted in the Mawdsley machine stator. The rotor hysteresis

material is made of 36% Cobalt-steel alloys and the Neodymium Iron Boron (NdFeB)
peimanent magnets are arranged within the hysteresis material. Fig. 6.7 is a picture of
the PMHS motor rotor and stator. The pertinent properties of the rotor materials, design
dimensions and the parameters of the experimental PMHS motor are given in Appendix

Al




(a) Experimental PMHS motor rotor

Fig. 6.7 Experimental PMHS motor
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In general. the 3-phase ac voltage available ina laboratory is of  variable voltage

and fixed frequency type. Such a power supply is not suitable for the variable speed
operation of a PMHS motor, the s|‘1ced of which depends on the supply frequency. Hence
the inverter. which can convert the three phase fixed frequency ac into a variable voltage
with variable frequency, is required in the PMHS motor drive. There are one ac-de
converter and one dc-ac inverter in this drive system. The first one is to convert constant

frequency utility ac supply to a de voltage source using a diode bridge rectifier. The

bridge rectifier along with the dc link capacitance performs this conversion. The second

one is a three phase inverter which converts the dc link voltage to a variable frequency
ac voltage and serves as the input to the PMHS motor. Six transistors are used to build
this three phase inverter. The six gate signals from the DSP board are fed through a gate
drive circuit and amplifier, and then switch the appropriate devices. The three outputs

of the inverter are then fed to the corresponding phases of the motor terminals.

6.5 Rotor Position and Stator Current Measurements

Only two feedback signals are needed for this vector control systeni. One is the
rotor position and the other is the stator currents. Inthe PMIS motor drive system, the

rotor position sensor is an important part of the overall system.

6.5.1 Optical Incremental Encoder
The incremental encoder has a simple structure. Besides, it can casily transmit

signals because it has fewer electrical wires for output. The output pulses of the encoder
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do not show the absolute value of the rotational position of the axis. The number of

pulses is proportional to the rotational angle of the axis. The absolute value of the

rotational position of the axis is shown by the result of accumulating the output pulses
of the encoder by using a counter.

Fig. 6.8 is a structural drawing of an incremental encoder’s relative angular
position detector of output A and B type, having signal Z of phase zero.

The light projected from the LED goes through the slits of the rotary disc and
each of the slits A, B and Z of the fixed board with slits. Then the light is detected by
the light receiving devices A, B, and Z. Slits A and B on the fixed board with slits have
a phase difference of 90 degrees. The electrical output, with its waveform shaped, is a
rectangular wave with the same 90 degree phase difference. Fig. 6.9 shows the output
waveforms of the H25 incremental optical encoder. When encoder’s shaft is rotated, it
generates two pulse signals with a 90 degree phase shift. The frequency of the encoder
output waveforms is proportional to the speed at which the encoder shaft is rotating. The
sign of the phase shift of signal B with respect to signal A determines the direction of
rotation. If signal B lags signal A, the rotation is counterclockwise viewed from the
shaft, otherwise, the opposite is true.

‘The rotor position can be obtained from the encoder output waveform by counting

the rising edges of a pulse train signal with a digital counter. For an incremental encoder

with a given number of pulse per ion, the ion of the position is

given by
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a0, = 2n (rad) (6.1)
pulses per revolution

In the PMHS vector control system implemented, the incremental optical encoder has
pulses per revolution = 1000 (6.2)

Therefore, the resolution of the position measurement is

. em -
al, = 500 (rad) 0.36 degree (6.3)

6.5.2 Speed Calculation Software

After measuring the rotor position, the rotor speed can then be calculated by

_ 0.(nT) - 6,((n-1)T,)

w, (nT,) (rad./sec.) (6.4)

where T, is the speed calculation time step, andn = 0, 1, 2, ...

The software flow chart for speed calculation is given in Fig. 6.10. First, the value of
the pulse counter and pulse index are read. If the index is not equal to one, the rotor
position is calculated by multiplying the pulse counter and the pulse resolution. If the

index is equal to one, the rotor speed is calculated using the time between two indices.
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Fig. 6.10 Speed measurement flow chart

6.5.3 Stator Currents Measurement

Hall effect sensors are used for currents measurement in the laboratory
experiments. The analog outputs of the current sensors are digitized using 12-bit analog
to digital (A/D) converters built in the DS1102 DSP board. Because the A/D ports have
single ended bipolar inputs with +10 V input span, the maximum output of the current
sensors must be limited within 10 V. This is done by adjusting the Hall effect sensor’s
load. Since the starting current of the PMHS motor is about 40 A, the Hall effect
sensor’s load is chosen to be 120 Q. Thus a 1 A input current of the Hall effect sensor

is calibrated by 0.12 V Hall effect sensor’s output, and the maximum output of the



sensor will be limited within 10 V.

‘The analog to digital conversion is performed by setting the IOCTL register. The
state of the end of conversion outputs of the ADCs can be monitored by reading the
IOCTL register bits BUSY. This enables the DSP to track the current conversion and to
read the ADC data after the conversion has been completed. For the 12-bit ADC port.

the conversion time for each converter is 3 ps.

6.6 Experimental Results of Steady State and Starting

Performances

The motor is tested with the dc loading machine coupled to the shaft. where the
correspondent angular speeds at frequency range of | Hz to 60 Hz are 3.14 rad./sec. to
188.5 rad./scc. and the rotor speeds are 30 rpm to 1800 rpm.

The stator currents are measured by Hall effect sensors and then put into analog
to digital ports of the DSP board. The stator d-q axis currents are calculated by
transforming the 3-phase a-b-c stator frame currents to 2-phase - stator frame, then
2-phase o-f stator frame currents are converted into rotor frame d-q axis. The rotor
position is obtained by an optical incremental encoder which is coupled with the PMHS
motor shaft, then it is sent to the DSP board through an incremental sensor interface. The
rotor angular speeds are calculated from the rotor position as described in section 6.5.2.

Fig. 6.11 shows the steady state performance of DSP based vector control PMHS

motor running at 36 Hz. The stator line current i, is shown in Fig 6.11 (a). It is clear
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that there are some spikes in the stator line current. The spikes must be filtered out

before the fine current is transtormed into d-g axis current. The d and g

S currents

ig and i are shown in Fig. 6.11 (b) and (¢). respectively. From theoretical analys

S n
Chapter 4, it is known that in the steady state the rotor frame current i, and iy are de
quantities. Fig. 6.11 (b) also shows that the current i, is ideally controlled 1o zero. Fig
6.11 (d) shows the rotor position vs time. To avaid the pulse counter over flow, the
counter is cleared to zero in every revolution. Thus the rotor position changes from 0 to

27 radian. The rotor angular speed is shown in Fi

6.11 (). For 36 Hz operation, the
correspondent angular speed is 113.04 rad./sec., and the rotor speed is 1080 rpm.
The starting performance of the DSP based vector control PMIS motor running

at 36 Hz is shown in Fig. 6.12. The motor line current i, is shown in 6.12 (). In

the traditional ac synchronous motor starting process. the frequency of the stator starting
current is fixed because it depends on the frequency of the power supply. ‘This means that
<curing the starting process, the speed of the rotating magnetic field is different from the
rotor speed. For the vector control drive, the frequency of the stator current depends on

the rotor speed. With the motor speed increasing, the stator current frequency incr

Thus, the speed of the magnetic field is in synchronism with the speed of the rotor. Figs

6.12 (b) and (c) clearly show the performances of the d-q axis current iy and i, during

the starting process. The rotor position and rotor angular speed responses as a function

of time are shown in Fig. 6.12 (d) and (e), respectively.
Fig. 6.13 shows the steady state performance of the DSP based vector control

PMHS motor at 1 Hz operation, with a corresponding angular speed of 3.14 rad./sec.,
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which represents a rotor speed of 30 rpm. The stator line current i,, d-q axis currents i,

and i,, rotor position and rotor angular speed are shown in Fig. 6.13 (a), (b). (c). (d),

and (e), respectively. Figs. 6.13 (d) and (e) show that the motor speed is quite smooth

without any oscillation. For the starting performance of the motor at 1 Hz. the control

system takes relatively longer time to reach steady state, and the time constant is too long
to show any meaningful transient speed response at 1 Hz operation.

The other experimental results showing both steady state and run-up performances

for the PMHS motor drive at 12 Hz and 60 Hz are given in Figs. 6.14, 6.15, 6.16 and

6.17, respectively.
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6.7 Summary

In this chapter, the complete experimental drive system has been described by
dividing it into hardware description and software description. The main hardware of the
control system, DSP1102 DSP board, PMHS motor and voltage source inverter were
presented. Specifically, a brief description of the DSP board was given by discussing the
architecture and different subsystems of the DSP board. The measurements of the rotor
position and stator currents were discussed by describing the optical incremental encoder
and Hall effect current sensors. The flow chart uf ilic rotor speed calculation was also
presented. Finally, the experimental results of DSP based PMIIS motor vector control
system were given. The motor has been successfully controlled from 1 Hz to 60 Hz.

Unlike the operation of conventional synchronous motors at low speed, the PMHS
motor drive did not exhibit noticeable instability or oscillation at 1 Hz operation. This
is mainly because of the following reasons. First, the rotor hysteresis ring is a built-in
damper of the PMHS motor. Second, because of the permanent magnets inserted inside
the hysteresis ring, the rotor position compared with the rotating magnetic field is fixed.
Third, the design of the PMHS motor drive system which includes the control scheme
and parameters chosen, seems appropriate for the selected speed range from 1 Hz to 60

Hz.



Chapter 7
Summary, Conclusion and Suggestions for

Future Research

7.1 Thesis Summary and Conclusion

The ination of magnet and hysteresis materials in the rotor of the
hybrid magnet i (PMHS) motor has many distinct
over the it magnet (PM) or hysteresis motors. The

PMHS motor torque consists of the hysteresis torque, eddy current torque and permanent
magnet torque. The negative effect of the magnet brake torque of a conventional PM
motor is ideally compensated by the high eddy current and hysteresis torques, particularly
at the initial run-up period. It also has features such as simple structure. high speed
stability and low noise. This hybrid PMHS motor has good potential for applications in
electric vehicles, robotics, gyro scopes and high performance industrial drives requiring
smooth starting and quiet operation.

Because this is a new hybrid synchronous motor, there remain many problems to
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be solved, such as to establish accurate analytical and control models of the PMHS
motor, 1o eliminate search coils from the motor stator, to improve the stability of the
motor at low speed range and to use a high speed digital signal processor for the PMHS
motor vector control.

Chapter 2 developed a PMHS motor mode] for applications of DSP based vector
control and simulation. The discussion started with the introduction of the PMHS motor
structure. Based on the features of this structure and the models of permanent magnet and
hysteresis, the magnetic equivalent circuit of the PMHS motor was developed. The
voltage and flux equations involved in developing the electrical equivalent circuits were
also developed in that chapter. The electrical equivalent circuits were presented in the
rotor frame d-q axis. An analytical model including the derivation of state variable
equations in time domain was developed. The transient current, torque, speed and flux
linkages during the starting and synchronizing process have been calculated by solving
the state variable equations numerically. Reasonably good agreements between the
computed and experimental results of a 5 hp PMHS laboratory motor confirm the validity

of the proposed analysis.

Chapter 3 was devoted to the i idal pulse width
which was used for PMHS motor vector control. After briefly reviewing the theory of
pulse width modulaticn, the interpretation of the operation of the inverter was gained
through a voltage space vector analysis. Next, a detailed analysis of the logic relations
of a switching sequence in two PWM periods was discussed. Using TMS320P14 DSP

microcontroller, six channel PWM signals were generated. The gate signals of the
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inverter with shoot through delay were achieved through hardware logic operation.
Finally, programmed three-phase sinusoidal PWM voltage experimental results were
given in different modulation cases.

Chapter 4 developed the all digital current controller for the PMEIS motor drive
system. Because the conventional PI stator frame line current controllers introduce
unwanted speed dependent coupling into the system, there are magnitude and phase
errors when sinusoidal commands are applied to a PI controller. The approach of
implementing the PI current controllers directly in the rotor frame was taken here. This
results in zero steady state error. Because the independent control of the field fux and

torque is required for PMHS motor vector control application, the decoupling controller

transformed the torque and field fiux into equi current Is to
influence these variables independently. This is similar to the dc motor drive where field
flux is controlled by the field current and torque by the armature current. Using the
frequency domain approach, the direct and quadrature axis current controllers were

developed. Based on the current and speed loop tra

sfer functions, the Bode plot designs

were given. The control algorithms were then put into a form that could be implemented

directly on the real-time digital system. After that, the advantages and disadvantages of

both FIR and IR digital filters were discussed, and the first order [IR filter was chosen.

Finally, an experimental verification of the algorithm w:

rried out by measuring the
stator line currents at different frequencies.
Chapter 5 concentrated on the development of the digital speed controller for the

PMHS vector control system. First, the general expression of the developed torque of
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the PMHS motor was obtained. Because the developed torque depends on the amplitudes

of the stator currents, rotor currents. and also because of the nonlinear hysteresis and

eddy current ies, the prediction of the ped torque of the PMHS motor is
quite complicated. Because the control of stator current iy, to zero was applied. iy, was
the only controllable variable. Thus the torque equation was similar to the classical
torque expression of a separately excited dc motor.

For the convenience of controller design, the transfer function was simplified so
that the current control loop was approximated by an inertia element with equivalent time
constant T,. The speed controller design was based on the symmetry optimization. Then,
the Bode plot of both the open and closed loop speed control system, and the unit step
responses of the closed speed control system were given.

The performance of the speed controller was then derionstrated with several real-
time experiments. The speed controller was shown to possess the desired characteristics
in terms of rise time and overshoot. The steady state rotor position and speed responses
were quite smooth in a wide speed range and without any noticeable oscillation,

Chapter 6 described the complete experimental drive system by dividing it into
hardware and software descriptions. In implementing this control system, the system's
major functions and their interconnections were described by means of functional
diagram. Then, a brief description of the system software was presented. The main
hardware of the control system, DSP1102 DSP board, PMHS motor and voltage source

inverter were presented. Specifically. a detailed description of the DSP board was given

by di; ing the i and different of the DS1102 DSP board. The
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measurements of the rotor position and stator currents were discussed by describing the
optical incremental encoder and Hall effect current sensors. The flow chart of the rotor

speed calculation was also presented. Finally, the experimental results of DSP based

PMHS motor vector control system were given. The motor

controlied from 1 Hz to
60 Hz successfully.

The conclusions of this thesis are:

The transient and steady state performances of current and speed show that the

vector control of the PMHS motor has important featres for smooth and quiet operition

over a wide speed range. The experimental results verified the effectiveness of the motor

models for a high performance PMHS motor drive.

7.2 Contributions

The major contributions made in this thesis can be summarized in the following
two parts: to present PMHS motor models for analysis and control, and to build a DSP
based vector control system for the PMHS motor drive.

1) PMHS motor models for analysis and control

® Based on the analysis of the permanent magnet and hysteresis models, the
magnetic equivalent circuit of the PMHS motor was developed.

® The PMHS motor electrical equivalent circuit was presented. The rotor
hysteresis and eddy currents, which are difficult to access by means of outside control,
can be calculated by this equivalent circuit.

® The general expression of the developed torque of the PMHS motor was



derived. The torque equation was analyzed for the control purpose.

® A time domain state variable model of the PMHS motor for the steady state and
run-up period was presented. Using the state variable method, analytical expressions have
been derived. Theoretical prediction for the PMHS motor performance was done by
solving the state variable equations numerically.

2) DSP based vector control system for the PMHS motor drive

® Ap i idal pulse width ion has been ped and
successfully operated for PMHS motor vector control sysetem.

® A DSP based vector control system for the PMHS motor drive has been built
and the motor has been controlled from 1 Hz to 60 Hz successfully. Experimental results
show that the PMHS motor exhibits improved speed stability especially in the very low
speed range. This thesis is the first to develop such a control system for the PMHS

motor.

7.3 Suggestions for Future Research

Based on the experience gained from the study that was carried out for this thesis,
a few recommendations for further research are listed below:

® The motor used in this thesis is a laboratory prototype hybrid permanent
magnet hysteresis synchronous motor. The design optimization of the PMHS motor with
better efficiency and torque capabilities is required for drive applications. It should be
emphasized that the motor design is a part of the system trade off. For example, selection

of single speed or multiple speed operation would impose different constraints on motor



design. Therefore, the new motor design has to be dealt with at the system level.

® In this application. the controllers designed around nominal operating

parameters are used to meet performance specifi

However, load chan;

temperature variations and changing geometry can often disturb operating conditions

enough to compromise motor performance in terms of accuracy, speed, and efficiency.

Adaptive control is recommended for future research because it can redesign controllers

based on some type of performance index, and can potentially overcome these problems.

® The encoder used in this control system presents several di

vantages from

the standpoint of drive cost, size and noise immunity. For these reasons, a challenge
remains so as to eliminate this sensor from the motor and to realize a sensorless control
of the PMHS motor. The rotor position and speed will be estimated from on line voltage,

current and motor parameters.
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Appendix A

Design Data of the PMHS Motor

PMHS motor dimensions and design data are given in Table Al:

able Al. Design dimensions and material properties of the PMIIS Motor

stator

Rotor

184

stator inner dia. 1S1mm
core length 105mm
number of slots 48
number of poles 4
number of n/coil 27
umber of coils 48
stator coil pitch 1-13
winding factor  0.829

type of winding: double layer lap.

rotor outer diameter 150mm
length of rotor ring 105 mm
hysteresis ring thickness 16mm
air gap length 0.33 mm

PM material thickness 6.25mm

width of PM materials 40 mm




Propertics

Materials

36% Cobalt Steel

NdFeB

residual flux density (kG)
coercive force (KO,)
recoil permeability

energy product (MGO,)

9.60
0.24
18.00

1.00

11.38

10.84

31.10

Table A2, The parameters of the experimental PMHS motor

Parameters

Values

Stator leakage inductance (H)

Rotor leakage inductance (H)

Hysteresis incremental inductance (H)

Rotor hysteresis resistance (Q)

Rotor eddy current resistance ()

Permeance A, (H)
Permeance A, (H)

Permeance A, (H)

Magnetomotive force F,, (A)

0.0086
0.0070
0.0050
9.8000

18.700
0.3403*10*
0.3930%10¢
0.3134%10

0.9415*10**




Appendix B
The Flow Chart of the State Variable

Equation

Input initial value of parameters
set common block, matrix deimension, format

l

Set initial value for the matrix A(N,N), calcule Dk, Qk ...d rotoe angular speed
calculate stae varisble mateix A(N.N]

(oo o ]

I Call Runge-Kutta subroutine 0 solve the dfferential equation

l

e bq s . devopd s o pocd
output the calculation results

|

| Prepare the marix A(N,N) for the next calcultion [oop I

[= ]

Fig. B.1 The flow chart of the state variable equation



Appendix C

The Derivation of the Unit Matrix

Following is the derivation of the unitary matrix which was mentioned in the
section 4.3 for the stator frame voltage and integral equations.

From

- cosf sinf (€.1)
" " Fsin0 cos0

we obtain

c.2)
We know that
B]"'h B|Fin6 -cosf| _ Find -cosf (c.3)
D, Dlkos8 sind | kos@ sin@
Now we try to find A. B, C and D to satisfy
B|Fing -cos0] _ [cos0 sinf c.a)
D|fosf sin0 | |sind cosf
trom (C.4)
Asinf + Beos = cosl o

-Acosf + Bsinf = sinf

thus



thus

from (C.4)

a- {1-Bicost

sTh
-{1-Bicosloogg - paing =
Sing

= sinf
(B-1)cos 0 + Bsin®0 = sin(

(B-1)cos’0 « (B-1)sin’f

=0
(B-1) (cos'f - sin®f) =0
B=1
A=0
Csinf - Dcos0 = -sin¢
~Ccos@ + Dsinl = cosf
p= —(1+C)sin0
cos
-coosd - 220 8100 g5nqg - coso
T cosU

-Ccos’@ - (1+C) sinf = cos®l
(1+C) cos?0 + (1+C) sin'd = 0
c=-1

(e.8)

o)

188



Appendix D

DS1102 Data Sheet

Table D1 DS1102 Control Board Data Sheet

Processor

Texas Instruments TMS320C31 floating point DSP
running at 40 MHz clock rate and 50 ns cycle time.
Two 32-bit on-chip timers/event counters.

On-chip bidirectional 8 MBaud serial link.

On-chip DMA.

4 interrupt lines.

Memory

128K*32-bit zero wait state memory.

2K*32-bit on-chip memory.

16-bit ADCs

+10 V input range.
10 ps conversion time.
+5 mV offset voltage.
+0.25 % gain error.
4 ppm/K offset drift.
25 ppm/K gain drift.

>80 dB signal to noise ratio.
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12-bit ADCs

+10 V input range.
3 ps conversion time.
+5 mV offset voltage.
+0.5 % gain error.
4 ppm/K offset drift.
25 ppmyK gain drift.

>65 dB signal 1o noise ratio

DACs

+10 V output range.
4 ps settling time.
+5 mV offset error.
+0.5 % gain error.
5 mA output current.
13 ppm/K offset drift.

25 ppm/K gain drift.




Slave DSP

Texas Instruments TMS320P14 DSP

25 MHz clock rate. 160 ns cycle time.

32-bit arithmetic unit.

4K*16-bit on-chip PROM containing firmware
4K*16-bit external program RAM.

256*16-bit on-chip data RAM.

Bit selectable 16-bit [/O port.

6 high precision PWM outputs.

cvent manager with capture inputs and compare outputs.

Incremental

encoder interface

Fourfold pulse multiplication.

8.3 MHz maximum count frequency.
Three stage digital pulse filter.
24-bit position counter.

5V/200 mA sensor supply voltage.

Host-Interface

Four 16-bit and three 8-bit I/0 ports in the 64K host I/O space.

Memory and I/O are accessible by the host even while the DSP is

running.

DSP-host and host-DSP interrupts.

JTAG-Interface

On board test bus controller and emulator connector.




Physical size

160 mm * 107 mm * 20 mm

Requires one half length PC-slot

Power supply

+5V+10% 1.5A.

+ 12V £ 5%. 100 mA.




Appendix E
Experimental Results of Back emf of the

PMHS Motor

During the starting process. the hysteresis loop sweeps across the PMHS rotor
until it reaches synchronous speed, where the hysteresis ring acts us though it was a
permanent magnet. Once the rotor reaches synchronous speed, hysteresis poles will be
fixed on the rotor surface. The relative position between the hysteresis poles and PM

poles is important for the successful operation of the PMHS motor.

By measuring the clectromotive force (emf) at different speeds, the sweeping rotor
poles during the starting process are observed. The PMHS motor was connected with a
rated 3-phase, 60 Hz, 208 V ac power supply. The emf is sensed by a search coil which
is inserted inside of the stator slots, then the emf signals are measured by a digital
oscilloscope. The emfs are measured at different speed during the starting process. The
motor speeds at which the emf are measured are 0.2 pu, 0.4 pu, 0.6 pu, 0.8 pu, 0.9 pu
and 1.0 pu, where pu represent the per unit speed which is 1800 rpm for the 4-pole
PMHS motor. During the starting process, the emfs of the PMHS motor at different
speed are shown in Fig. E.1.

When the rotor is blocked to standstill, and the stator windings are switched on

with power supply for a short time. then the hysteresis poles will be formed on the rotor
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because of the residual flux density B, of the hyster material. A de motor which is

coupled co-axially with the experimental PMHS motor is used to drive the PMHS motor

at a certain speed. The emf waveforms are measured from the stator winding as shown

in Fig. E.2.
If the PMIS motor is run at a certain speed, then the power supply is turned off,

by the same method as mentioned above, the measured emifs are shown in I for

the speed of 0.9 pu. From Fig. E.2 and Fig. E.3 one can deduce that, during the

arting
process the rotor pole formed by the hysteresis effect is sweeping around the rotor

surface. That is to say when the power is turned off before the motor runs at

synchronous speed, the relative positions of the hyst poles to PM poles are

uncertain.
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