CENTRE FOR NEWFOUNDLAND STUDIES

TOTAL OF 10 PAGES ONLY
MAY BE XEROXED

(Without Author’s Permission)

11 WANG













DETERMINATION OF PERMANENT MAGNET
SYNCHRONOUS MOTOR PARAMETERS

by

©Li Wang

A thesis submitted to School of Graduate
Studies in partial fulfillment of the
requirements for the degree of

Master of Engineering

Faculty of Engineering and Applied Science

M. ial Uni ity of Newfoundland

December 1989

St.John’s Newfoundland Canada



National Library Bibliothéque nationale
of Canada du Canada

Canadian Theses Service ~ Service des théses canadiennes

Ottawa, Canada
K1A ONA

The author has granted an irrevocable non-
exclusive ficence allowing the National Library
of Canada to reproduce, loan, distribute or sell
copies of his/her thesis by any means and in
any form or format, making this thesis available
to interested persons.

The author retains ownership of the copyright
in his/her thesis. Neither the thesis nor
substantial extracts from it may be printed or
ctherwise reproduced without histher per-
mission.

L'auteur a accordé une licence irrévocable et
non

nationale du Canada de reproduire, préter,
distribuer ou vendre des copies de sa thése
de quelque maniére et sous quelque forme
que ce soit pour mettre des exemplaires de
cette thése 4 la disposition des personnes
intéressées.

L'auteur conserve la propriété du droit d'auteur
qui protége sa thése. Nila thése ni des extraits
substantiels de celle-ci ne doivent &tre
imprimés ou autrement reproduits sans son
autorisation.

ISBN 0-315-59216-8

Canadi



Abstract

Permanent magnet (P.M.) excited synchronous machines have shown increasing pop-
ularity in recent years for industrial drive applications. However, the limitation im-
posed by permanent magnel excitation causes some difficultics in evaluating the ma-

chine parameters. This thesis presents the experi al dure of the d
P: P T T

tion of the P.M. synchronous motor parameters. The work is intended to evaluate
the d- and q-axis reactances and the permanent magnet generated voltage under load
condition.

The air gap fields of the P.M. synchronous motor are evaluated for specific rotor

and magnet confj jons. An analog 1 of the interaction of these field
quantities in the air gap is d A practical impl tion of the digital
hnique for d ining motor torque angles is realized. A number

“of different test methods are developed and applied to a 3-phase, 60 11z, 4-pole, 1
horsepower P.M. synchronous motor. Conventional test methods are modified for use
on this type of the motor. A search coil te«t is developed to locate variation of the
generated voltage with increasing load. The influence of the armature reaction is also
investigated.

A flux linkage test is developed to measure the static inductance of the machine
and the scarch coils inserted in the stator slots of the motor are used to measure air
gap flux distribution. Calculation of the d- and q-axis reactances is based on the flux
and the current measured. The measurement methods come from the transformation

of the two-axis theory.
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Chapter 1

INTRODUCTION

A significant technological change has occurred in motor drive systems in recent
years, arising from the confluence of permanent magnet materials and semiconductor
switching device technologies. One type of machine often used for these systems is
the permanent magnet (hereafter abbreviated P.M.) excited synchronous motor. The
P.M. synchronous motor offers several advantages over the d.c. excited synchronous
motor. A primary advantage is that the P.M. motor does not need an external supply
to excite the rotor field. Hence, the field winding and slip rings are eliminated. The
absence of the field winding reduces the cost and eliminates the power loss associated
with the field winding [1,2]. Moreover, the P.M. motor occupies less space than field
windings for a given size, which leads to more compact designs [3]. It also minimizes
maintenance,

Recent research has indicated that the P.M. synchronous motor has also become

d motor for high perfc licati

a serious competitor to the i Servo app

[4-7]. The P.M. synchronous motor is more efficient and has a larger torque to inertia
ratio and power density when compared with the induction motor. In addition, for
the same output capacity, the P.M. synchronous motor is smaller in size and lower in
weight which makes it preferable for certain high performance application like robotics

and aerospace actuators.



Hovever, the P.M.synchronous motor has some disadvantages like other type of
motors. One of these is the existence of a braking torque generated by the magnets
during the starting period. This decreasesthe motor's ability to synchronizeaload [8-
9]. The problem can be reduced by designing a cage winding havinga high resistance

to provide sufficient accelerating lorque.

Inorder to und d the basicch isticolthe P.M.synch motor, it is
necessary first toappreciate the distinguishing configurationof the interior P.M. motor
itself. The following description is appropriate only to interior P.M. motor where
magnets are mounted inside the rotor. By using the sample four-pole rotor geometry
shown in Fig.1.!,the magnetic flux produced by magnets defines a direct-axis radially
through the centerline of the magnets. An orthogonal quadrature-axis is defined
through the interpolar region separated from the d-axis by 45 mechanical degrees
(i.e. 90electrical degrees for a four-pole design). As sketched in Fig.1.1, the magnetic
flux passing through the d-axis magnetic circuit must cross two magnet. thicknesses.
Since the incremental permeability of P.M. materials (ceramic, rare-earth, etc) is
nearly that of free space, the magnet thickness appear as large series air gaps in the
d-axis magnetic flux paths. Since the q-axis magnetic flux can pass through the steel
pole picces without crossing the magnet air gap, the q-axis reactance is noticeably
higher than that of the d-axis. This introduces a saliency into the rotor magnetic
circuit in which the q-axis reactance is larger than the d-axis reactance. In contrast,
the conventional wire-wound synchronous motor has a value of X, which is normally
60 - 70% of the value of X4 for thesalient pole rotor machine. Different design of rotor
configuration and geometry provides different values for the ratio Xa/ X, which will
alter the torque production and performance of the P.M. synchronous motor during
both steady state operation and the run-up period [10-13].

The values of Xz and X, for the conventional synchronous motorcan be measured
by standard test procedures [14], Hlowever, these procedures are not suitable for P.M.

synchronous motor because of its permanent excitation. Thus, available experimental



Figure 1.1: Principal magnetic flux paths: a) d-axis, b) q-axis



methods by which the P.M. machine parameters can be evaluated accurately have

heen a subject of many investigators. This research is intended to determine the d-

h

and q- axis t, and magnet 4 voltage of P.M. sy
motor.

An outline of the remaining chapters of this thesis is given as follows:

Chapter 2 presents conventional tests for synchronous motors and introduces the
basic characteristics of the P.M. synchronous motorsand three of the important motor
parameters. A literature review dealing with the measurement of these parameters is
also presented.

An cvaluation of the air gap fields of the P.M. synchronous motor follows in
Chapter 3. An analog simulation of the interaction between these field quantities in
the air gap is shown and a digital measurement technique for determining the motor
torque angle is also developed.

The measurement of the machine reactance parameters is presented in Chapter 4
and 5. A number of differcnt test methods are shown and the analysis for each method
is given, Con\'cntional test methods are modified for use on the P.M. synchronous
motor.

Finally, Chapter 6 presents the conclusions of this research work. Suggestions for

further study are also given.



Chapter 2

BASIC CHARACTERISTICS OF
P.M. SYNCHRONOUS MOTORS

2.1 Introduction

A general introduction to the P.M. synchronous motor was prescnted in the last
chapter. It was shown that permanent excitation of the P.M. synchronous motor

results in some differences when compared with d.c. excited synchronous motors.

C ly, jonal tests for the synch motor cannot be applied to the
P.M. synchronous motor and alternate test methods must be devised to determine
its characteristics and parameters.

In order to understand the difference in test methods between the conventional
and the P.M. machines, the iests for conventional synchronous motor are introduced
first. Then the reasons of why these tests cannot be applied to the P.M. machines
are presented. Finally the literature covering the determination of P.M. synchronous

motor parameters is reviewed.

o



2.2 Conventional Test for Synchronous Motors

There are two different types of synchronous machine due to different rotor structures,
one being a cylindrical- and the other being a salient-pole synchronous machine. A
typical salient-pole rotor structure is shown in Fig.2.1. It is clear that the air gap is

i lat

is (i.e. in the interp pace) than on the direct-

much larger on the
axis. Since the air gap is of minimum length in the direct-axis, a given armature mmf
directed along that axis produces a maximum value of flux. The same armature mmf
directed along the quadrature-axis, where the air gap has its greatest length, produces
a minimum value of flux. The synchronous reactance associated with the direct- axis
is therefore a maximum and is known as the d-axis synchronous reactance Xy, the
minimum synchronous reactance is called the q-axis synchronous reactance X,.

The ¢ jonal way of d ining machine is defined by ”Test

Procedures of Synchronous Machines” [14], which includes the open-circuit and short-

circuit test, slip test, etc and will be introduced as follows.

2.2.1 Open-Circuit and Short-Circuit Test

This is a way of d

Xj from the of the steady-stat t

open-circuit voltage and short-circuit. current {15-16]. The rotor of the machine is
driven at rated speed with the fieid winding excited, and the open circuit armature
voltage measured. A three-phase short circuit, is applicd to the armature terminals
and the sustained armature current is measured, keeping the field current constant.
The dircct-axis reactance may be found from the ratio of the open-circuit voltage
to the short-circuit current. If the machine is saturated, the voltage read from the
open-circuit line should be used instead of the air gap line. The result is the saturated

value of Xy, sce Fig.2.2,
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Figure 2.1: Rotor structure of the salient-pole machine
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Figure 2.2: Open-circuit and short-circuit test



Xi=—2

(unsaturated) 21

V3d'd

or

(saturated) (2.2)

2.2.2 Slip Test

The slip test is carried out by applying a reduced, balanced, three-phase voltage at
rated frequency to the stator, while the rotor is driven at a speed veryslightly different
from synchronous speed with the field circuit open [14-15]. The phase sequence of the
applied voltage must be such that the armature mmfand the rotor travel in the same
direction. The d-axis and g-axis of the rotor thus alternately slips past the axis of the
armature mmf, causing the armature mmf to react alternately along the direct and
quadrature axes. The armature current, and voltage, as well as the voltage across
the open circuit field winding are observed The measurement method and a typical

oscillogram are shown in Fig.2.3. The mini and i ratio of the

voltage to the armature current are obtained when the slip is very small. For these,
approximate values of d-axis and g-axis synchronous reactance can be obtained by

the following equations:

En

X = B e umit (2.3)
I'min

X w Babn o it (2.4)
Inaz

The reactance X is less than the reactance .\ because of the greater reluctance

of the air gap on the quadrature axis. Usually X, is between 0.6.X, and 0.7.X,.
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2.3 Basic Characteristics of The P.M. Synchronous
Motor and Its Parameters

There are three critical parameters for P.M. synchronous motor from which the

steady-state performance of the machine can be determined [11,17-18].

By Vi,
- — (= = =) sin2
L= flgsing = (5 - )sind]
= Tysind—T,sin28 (2.5)

In equation (2.5), Eo is the permanent magnet generated voltage and is equal to
the product Xpg % Ifm, where Xy is the direct axis magnetizing reactance and Iy
is the field current induced by magnet flux, while Xy and X, are the synchronous
reaclance in the d-axis and the q-axis which are similar to those of conventional

h

synchronous motors. Testing and characterization of the P.M. sy motor are

in principle similar to the procedures applied to the conventional synchronous motor.
However, there are three characteristic features of the P.M. motor which result in some
difficulties in using conventional test procedures on the P.M. synchronous motor [19].
The tests which are particularly affected are those from which Xy and X, can be

obtained. These relevant features of the P.M. synchronous motor are:
o The motor is permanently excited;
o X is generally appreciably less than X,;

o The reactance parameters are more sensitive to saturation effects than those of

the conventional machine.

Firstly, permanent excitation makes it difficult to employ the conventional slip
test as a means for determining X,. Open-circuit and short-circuit tests have to

be modified as well to be applied to the P.M. synchronous motor (hereafter calied

10



"modified conventional test”). Secondly, since Xy is less than .X,, the second term in
equation (2.5) is opposite in sign to that obtained in the conventional synchronous
motor. Because of this, the peak torque for the P.M. motor occurs at an angle larger
than 90°. If the difference between d- and g-axis reactances is large enough, the
torque at small torque angles becomes negative. This means that the torque angle
at no load is larger than zero (This will be verified practically during the no-load
test). Finally, the effects of saturation cause the machine paramcters to vary with
load. Subsequently, alternate test methods must be devised to locate the machine
parameters,

Simply X, and X, can be found from the steady state voltage equations of the

P.M. synchronous motor [18], which arc given as follows:

Vecos§ — Eo Ry Lcos(¢ - 8)

Tosin( — 6)  Lsin(é—96)
V siné Ry Ipsin(g — 8)

locos(¢ — &) Tcos(é — §)

X o=

where:
V: applied voltage
Ejy: open circuit voltage
I: phase current
Ry: stator resistance
¢: power factor

§: torque angle

1t should be noted here that the determination of X4 involves internal generated volt-
age which is assumed to be equal to the open circuit value Eo and remains constant.

However, Eo in practice, is a quantity which varies with the load. The open circuit



voltage may be found from the expression [20]:

& N K, x 107° (28)
or
Eo= 2 f KB A N Ko x 10°% (29)
The following expression can he obtained by substituting By = £ld=/ds) inio
Eq.(2.9):
, 5 BiAWIAL _ ooy n
Ko Ay N Ko 2508 x 0 (2.10)

Since the open circnit voltage Eg involves the leakage factor K'=1+AK; which

varies with the stator current under load condition, Thus Ep is a machine-saturable

parameter which depends on the saturation of the steel leakage bridges. Consequently,

Xyis also a quantity affected by ion. To d ine Eo, it may be lonly
as an open circuit quantity. It is impossible to measure the open- and short-circuit
characteristic in the nsual way because the excitation cannot bhe varied. Neither can
X and X, be measured by the slip test, becanse this requires the excitation to be

removed.

2.4 Review of Literature

With regard to the d ination of P.M. syncl machine the lit-

erature of the recent years has been divided into two different types. The first and

largest, group has been d witl computational methods for ds the

significant parameters of the machine. The second group, which has a much smaller
following has dealt with the test aspect of being able to measure the machine param-

eters.



The cornputational methods use some numerical iterative procedure to solve the
magnetic field of the machine given some specific geometry. Of the various methods
available the finite-element method is the most commonly reported, sce references
(22-27). Other methods for solving the nonlinear magnetic field equations by iter-
ative methods have been presented, see references (3,17.21,28]. Among them, V.B.
Ionsinger [21] has presented a critical work. The method presented allows the de-
termination of the saturated values of the machine parameters and the work is quite
well for predicating motor performance at entire range of loads. These methods which
provide relatively accurate models at the expense of significant computational effort,
are primarily aimed at design work and are less concerned with the actual measure-
ment of parameters. Moreover, for these kind of methods complete knowledge values
of internal construction of the machine is required and is usually not available.

Without the ability to remove field excitation from P.M. synchronous machine, the
conventional methods of clectrical parameters identification cannot be utilized. Con-
sequently, a quite limited reporting of measurement of machine parametersis available
in the literature. The most significant works dealing with the actnal measurement of
parameters have come from General Electrics motor development laboratories and of
whom T.J.E. Miller and V.B. Honsinger [19.21] have been the principle characters.
Honsinger has presented several modified conventional tests which can be used to
measure motor parameters. This method allows the measurement of both unsatu-
rated and saturated values of machine parameters and work is suitable for predicting
motor performance at no-load and heavy load conditions. Miller has presented a
method for static determination of the machine axis inductances. His methods are
based on an carlier work by C.V. Jones [29] and incorporate the interaction of d-q axis
flux. Miller also presented a load test to measure the Xy and .X,. His results clearly
show that there is a region near zero d-axis current where the d-axis inductance varies
significantly.

In load test provided by Miller [19], a set of data has to be measured including

13



machine torque angle. Most existing measurement devices for measuring torque angle

use a stroboscope and a graduated disc affixed on the stator frame. This kind of
measurement has poor resolution and is not convenient to use in practical tests.
Moreover, it cannot meet the requirement of the machine drive system where all the
parameters have to acquired clectronically and digitally, references [30-31).

In end of the references cited above, although mention was made of the variation

of the generated voltage, Ey, all of the caleulation were done under the assumption of
constant. [z, Consequently, saturared value of .\ presented by Honsinger [21] must

be considered as a

pproxi value. The between load test and static
inductance measurement presented by Miller [19] s also less than satisfactory. It is
the objective of this work to investigate this variation more thoronghly, to validate
the varions test methods and to incorporate a digital technique for measuring torque

angle.



Chapter 3

FIELDS OF P.M.
SYNCHRONGUS MOTORS

3.1 Introduction

In order to determine the machine parameters, the air gap fields of the machine must
be known. The objectives of this chapter is to develop air gap field descriptions
based on the configuration of the motor with radially oriented and insct magnets.
Motcover, the interaction of the field quantities in the air gap is verified by analog
circuit simulation. The results of this simulation is employed to measure the motor

torque angle by digital techniques.

3.2 Air Gap Fields

Air gap field of the P.M. synchronous machine can be described by a consideration
of the configuration of the rotor and magnetic circuit of the machine. There are
two flux sources contributing to the air gap field in the P.A. synchronous machine.
One is produced by the magnets in the rotor. The other is generated by the stator

current. The flux density distribution in the air gap is the resultant of these two flux

15



components, each of which will be discussed separately in the following sections. The
field models and analy »is based on Honsinger's research [21] are given first. The work
is extended to develop an analog circuit to simulate the field models and a digital
cirenit to measure the motor torque angles, Figure 3.1 and figure 3.2 show rotor and

magnet configuration used in this study and the various paths available to the magnet

flux. Since the magnets in the rotor lie in the direct-axis of the machine, the magnets

will influence the d-

s field, withont affecting the g-axis field.

3.2.1 Magnet Fields

Six cquations are nsed to describe the magnet fields due to the P acting alone:

Bio= =i Il + B (3.1)

By = =yl + By

Gn = by 4+
My =2 L = 0

290l = MLy = 0

o R
=240
=R

Equations (3.1) Lo (3.6) are based on the rotor confignration shown in fignre 3.1

and flux paths shown in Figure 3.2 as well the magnet characteristic as shown by

figure 3.3. In this work. the analysis is applicable for varions magnet materials and

requires a rotor construction with radially oriented and inset magnets. This is the

most common design of P.l. synchronous motors. The derivation of this sct equation
is shown as follows.
1. Model of The Magnetic Materials

Considering the rolor construction shown in Fig.3.1, it is clear that there are

two magnet sections in Lhe rotor contributing to the total air gap flux. The basic



t

2 <
% 4F 1
2 N 1 oe2 magnet
o Section g1
Y —n — T
magnet section §2
b)

Figure 3.1: Rotor and magnet geometry: a) rotor and magnet configuration b) di-
mensions
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Figure 3.3: BII characteristic of the magnet materials



demagnetization curve of the permanent magnet material in these sections may be
modeled as:

B=—p' Il +B, (3.7)

wheve slope 4’ is equal to: +B, / He. Therefore, the recoil BIT charactoristic of

the magnet is written as (ollows for magnetic section | and section 2:
By = -l + By (3.8)
By = —pylhy+ B (1.9)

2. Flux Balance Equation
The flux ®p, created by the two magnets is equal to the sum of the magnet air

gap flux y and the steel hridges leakage flux ®;, and may be written as:
O =y + by (:.10)

or

by = b, - (.11)
where

P = Py + Du

Byt + B2
24 (hy By + ha By) (3.12)

and @ will be given later.

3. Applying Ampere’s circuital law to the two flux paths: path rys crosses the
air gap into the stator to link the stator winding. while path ahe is located entirely
in the rotor and links only the rotor magnets. Thus. the equation based on Ampere’s

circuital law may be written as (for paths abe and ryz respectively):

WL =21 = 0 (3.13)
2gHy—H Iy

[l
=

(3.11)

19



The vector direction for the If and B fields is opposite in sign for the magnet
material but is of the same sign in the air gap.

1. Leakage Flux in The Steel Bridges

The leakage flux in the steel bridges is dependent upon the combination of the
magnet mmf and the armature mmf. In order to calenlate the leakage flux. the

following is assumed.

o stator winding is open-cireuited, in which case stator current is zero. thus there

is no armature reaction;

o permeability in the iron is infinite everywhere exeept in the steel bridges sur-

ronnding the magnets,
By considering the outer bridge, Ampere’s Law resnlts in:

Miy=llaly = 0 (3.15)
20l I L =0 (1.16)

Combining the above equations. gi

Iy = (3.17)
Thus. the bridge i dens
By =
(3.18)
“The leakage flux for two such bridges (per pole) is:
& = Bu2hl,
= % (3.19)



where @7 = By,
R, =
Ry

A
V= T

The total leakage flus per pole is :

b o= by + b

= 20, %’ (3.20)

\
where = ;
hee By )

5. The Flux Density in The Air Gap
A set of equations Eq.(3.1) + Eq.(3.6) has been set up to give a description for

the magnet fields. The fux density in the air gap produced by the magnets will be

derived from these equations. The derivation is as follows. Substituting Eq.(3.1) and

Eq.(3.2) into Eq.(3.3) and rearranging. gives,
By =20 (hy gty Iy by gy 1) = @ 4 By (3.21)

where @, =20, (hy Bey + hy Byy ) is the remanent. flux

From Ee.(3.4) and Eq.(3.5). gives,

2q 11
mn = ”l./

)
n, “.i’,]:’

Substitnting £q.(3.6). Ba.(:

3.23) in Fa.(3.21), vields,

2 L2 i
4»,—2y//,(—"’,’""‘ +—";';”" = dx,(uz%’) (3.21)
L 2L,
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Letting

I

k= st
L

it & I

and substituting them into Eq.(3.21), the following is obtained:

1 1 R.
=2 —+—) = 28
. .4',/?7(R‘+._,”7] ¢,(1+.H,)
where @ R, =15y
Solving Eq.(3.27) for the air gap flux @, gives,
R, 1 1
= 2LV 2R, (4
o, (14 m)+ ”_,(,f’+2,,!)]
Thus,
;= P -74.; TR
L2324+ 20, (5 + 5 )
@,
1+3K;
where
Ru=
3=3h
Ki=1+4a

By air gap flnx

®,: remanent flux

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

The cquation (3.29) states that the total residual llux of the magnet @, is vedueed

by the machine geometry 3 and the leakage flux Ky, Rearranging of Eq.(

20) with



b = B, A vields

(3.30)

_ B(An/4y) 0
= TN @A)

This is the finx density caused by the magnets acting alone. The flnx density

waveform described by Eq.(3.31) is a trapezoidal waveform and shown in Fig.3. 1.

3.2.2 Armature Fields

The air gap field caused by the armature current acting alone has a d-axis component
and a q-axis component. As stated at the beginning of this section. the magnets in
the rotor are located on the d-asis of the machine. therefore hoth the magnets and

the armature winding contribute to the d-axis llnx. The stator enrrents are the sole

source of flux on the «axis. This special featnre will be considered in the following

s of the armature field.

analy
1). Direct-Axis Ficld Caused by Stator Currents

A set of equation are defined to describe direct axis armatnre fields:

iy =20y L, = 0 (3.32)
Wllaa+ Ly = o.sﬂ%,mrm(f—,')ﬂ (3.33)
B = B, ’ (3.34)

By =p'l (3.35)
By=y Il (14.36)



Be
Bel— o,
2
Figure 3.4: Flux density due to the magnets
| Ba
one
- pole ——
| pitch

Figure 3.5: Direct-axis field due to the armature current



Ea.(3.32) to Eq.(3.36) are obtained from Eq.(3.1) to Eq.(3.6) with some exceptions
as follows:
o The circuit equation for path zy= encloses an amount of the stator current given
by (2 Fym cos(p/2)0) which is sole source of the flus.
o The magnets are unmagnetized. in which case the magnet has zoro remanent

magnetism.

o The flux balance equation changes its form to: b,y = @, + d}.

[u the above equations. ®,; is the flux which crosses the air gap and can he

determined by integrating the d-axis flux field B, over one pole pitch:

=lp
Py = / Bardo
~=lp

i
= DI, /) Bua d0

Hence, the flus balance equation is rewrition as:

o .
DL [ Budo = o, +;
= Lk (3.38)

where K= 1+ 0%

The flus generated by the (wo magnet soctions is given previously by:

b, = 2L, (hy By + by By)

Substituting Equations

) and (3.36) into Fa.(3.39). gives.
M= 2Ly (' T+ oy 1)
—_—
= Mg
I Ly

= I (3.40)




where Ry, Ry and B have heen given previously. The integration of equation
(3:37) is performed by substituting the value of By from equation (3.33) where B

= pollag.

’ )
iy [ Bard0 = Do [ s d0

I 0.3 P T
& DL.,,,,./B (3, Fmcos 5 0= =) d0
1 B
= g (16Fim— 1 11) [EXD)
2R,

where:
Ry=4:  air gap reluctance

Ay = Bf: aron of air gap

ting equation (3.11) and (3.10) in equation (3.33), gives,

1.6pt0 Fim
Li(1+3K;)

i (3.42)

where: A=2J2, given previously.

ir gap flux density 13, can now be found from Eq.(3.33) by climinating /)

which is given in Fq.(3.42), and results in:

-
jria Lo 2o lxy

B, -
v EREY T

0.Apry 7 Fim
9

It is observed that the d-axis field described by Eq.(3.13) includes t wo components.
one heing a sinusoidal term and the other being a trapezoidal term, and the composite
waveform is shown in Fig.3.5.

2). Quadratnre-Asis Field Cansed by Armature Currents
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The -axis s density

Buy is similar to the d-axis lux density By

ept for
components telatec to the magnets and is given by the expression:

= Gt P
g

3.2.3 Air Gap Fields

Up to now, three primary equations have been obtained which now ean be nsed to

deseribe the air gap fields of the P.M. synchronous motor. The the

equations are

repeated hete for convenience:

B(Am/dy)

b= S5
i y
B = MbomBimr Lo (3.10)
B O prom Fom
g

Based on the analysis given ahove. it is clear that. the flux density in the air gap
is camposed of a magnet field and an armature cueent fidld which may be written
as:

By = J(By. ButBay) (3.48)

1t has been stated that of these components the magnel. component is constant

overune pole piteh and has a trapezoidal waveform. The waveformof d-axis armatue

current component is the resultant of sinsoidal and trapezoidal terms; while the g-

axi;

irmature cureent component may be deseribed by a purely sinusoidal waveform,

The analysis of the air gap fields as described aho

s resilts in following comments.

an analog simulation can be implemented to sinulate varions components in

the air gap and their interaction rom which it will be shown whether this field model

givesa reasonable description to actnal feld of the machine. Secondly.

t provicles an

analytical expressions to investigale inflience of the armature reaction on gencrated



voltageat. load conditions which will be of significant. meaning as predicating steady-

state performance of the machine by useof the load test. Both of these will be rea

in this vork,

3.3 Analog Simulation of The Fields

Based on the results of the preceding analy

is.a simulation eirenil may be developed

10 help nnderstand the aie gap field doseribed o the last seetion. The simulation

it is composed of a signal source, waveformshaping circuit and phase shifter, A

block dingram of the circuit is shown in Pig.3.6 and the eireuit is shown in Appendis

1. Tl signal generator provides (wo types of signals. sinnsoicdal and trianglar where
the the triangular is used (o form a trapezoidal signal which reprosents the magnet

genented vollage by we of a wavefor sha ping ircuit. The output. of the subiract

cireuitin which inputs are 1 he sinisoidal and trapezoidal signals, is used (o reprosent

the flux in the d

The aitput of the phase shif

nsed o represent the

flus in the qasis, These three signals, representing B, By and B, espectively,

ave synthesized in (he summation cirenit to simulate the aie gap fux B, in which

aperation is hased on the assumptions given hy:

By = By+ Bug+ Bay (49)

With different angular displacement between B,y and By, the results of simulation
|

by alincar synthesis of the thee components, The ceason for this is that the rotor

are shown in |

. Strictly speaking, the fields in the air gap cannot be obtai

ivon is magnetically nonlinear and the leakage fhux in the steel bridges s

o rronnding
the magnets is nonlinearly dependent on the loading condition.
However upon comparing the results of the simulationanel the actnalair gap flux

waveform of figure 3.8, it is clear that:

&



/\/\ Waveform

Shaping

NN

Phase
Shifter

i}

Figure 3.6: Block diagram of analog simulation
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Figure 3.7: Results of air gap field simulation: a) light loading, b) medium loacing,
¢) high loading



o thethree airgap componenisused in the analysis sulficient 1y deseribe the actual

conditions,

superposition is valid for general operation and the nonlinear effects are only

seen at high loadling.

3.4 Digital Measurement of The Motor Torque
Angle

Inorderto caleulate the nachine parameters from load test itis necessary to measure
the torque angle 8, at. cach load step. The conventional method for measuring this

quantity is by use of a stioboscope and graduated disk affised to the motor fratne,

The stroboscopic method provides only approximate angula quantitis since shafy

oscillations and flash vregularities result ina relatively poor measurement acenracy.
An altemate digital techique which is both simple ane practical for electronic im-

plementition has been devdoped and s presented in this section.

The torque angle of the AT synchronons motoris defined as a angular displace:
ment. hetween the s components generated by the magnet and applied voltage.
Therefore, the torque angle measurement requires the air gap flux waveform asan in-
put and relies upon the fact that. the flux componentdne to the magnet is trapezoidal

inshape and that the applied voltage component. is sinusoidal. A simulation by nse

of an analog circuit is carriol ont Lo inve

I

igate the relationship and is deseribed in

3.0 where By is the signal derived from the analog

dnmulation outpat, see Fig.3.6.
The simuilation is performed by adjusting the amplitnde of the trapezoical compo-
nent. £ and the phase fy. Two statements can be drawn from simnlation results

which is

shown in Fig.3. 10 and Table 3.1, as follows,

o point P moves divectly

s the phase fy change



¢)

Figure 3.3: Flux waveform dlistribution obtained from search coil: a) light loading,
b) medium loading, <) high loading




o amplitude H varies directly as the amplitude of the trapezoidal component is

varied.

The former is useful to measure the torque angle which is given below and the
later is helpful to analyze variation of the generated voltage which will be given in
the next chapter. The block diagram of the measurement is shown in Figd.11 and

the circuit is shown in Appendix 1. The circuit consists of a fip-flop and a phase

e shifter:

detector as well several schmitt t

ggers and pha Input of this flip-flop

comes from the trapezoidal component in the ait gap measured by search coil and the
sinusoidal component measured by a voltage trausformer. A clipper is used in this
measurement circuit Lo shape the wavelorm and a voltage follower is used to buffer
the ontput. The schmitt trigger converts a sinusoidal waveform into a. rectangular

t the

one. Al the beginning of the measurement the phase shifter is used to adjus
initial phase angle 1o zero. As the motor is loaded, the flip-flop produces a signal
measnred by the phase detector using terminal voltage of the machine as a roference

signal. This angular displacement between ontput of the flip-fop and the referetce

is a reflection of the motor torque angle. Fig.3.12 presents a comparative results

between measuted phase dy, and the torque angle § measured by the stroboscope. It
is clearly shown that they have a good agreement. This technique provides better
resolution and is more convenient than the stroboscope method. Furthermore, it can
be applied in machine dive systems which require a fast-response digital measnrement
of the torque angle.

The test methods for determining machine parameters will be given in the next

two chapters.
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Figure 3.9: Simulation circuit
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Figure 3.
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: Results of simulation : comparison of different amplitude of trapezoidal

componeits - a) smaller amplitude, and b) larger amplitude
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Figure 3.11: Block diagram for torqie angle measurement
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Figure 3.12: Results of the torque angle measurement: line-0,, symbol-§
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‘Table 3.1: Results of analog simulation
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Chapter 4

DETERMINATION OF P.M.
SYNCHRONOUS MOTOR
PARAMETERS - PART ONE

4.1 Introduction

Three AL synchronons motor parameters were deseribed in the first Lwo chapters
and it was shown that the parameters of the machine can be determined by use
of computational methods or test methods of which the former is primarily aimed
at design work. The work presented here is coneerned with the actual measurement.
Therelore, a number of different test methods are developed to determine the machine
parameters. The machine used in this study is a 3-phase.d-pole. 60 11z, Y-connected
permanent magnet synchronous motor. Its rated speed. voltage and current are 1800

rpm. 208V and 3.04 respectiv In this chapter. the modified conventional tests

and search coil test are presented. The main objective of this chapter is to determine

cunder loading which will be used 1o compite:

the variation of generated vol

and «-asis reactances of the machine,
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4.2 Modified Conventional Test

Since the special characteristic features of the P.M. synchronous motor are different

from the conventional synchronous motor. this results in some difficultics in using
conventional test procedures on the P.M. motor. Therclore, the tests including open-
circuit and short-circuit tests have to be modified. These tests will be referred to as

the "modified conventional test” and are carried out as follows.

4.2.1 Open-Circuit and Short-Circuit Tests

The tests performed on the P.M. synchronous motor are similar to those normally
performed on a conventional wonnd rotor synchronous motor, with the exception that
the field excitation cannot be varied. Both open- and short-circuit characteristics are
measured while the machine is operating as a gencrator driven at rated speed. During
the open-circuit test, the flux in the the air gap is produced solely by the magnets

which induce a voltage in the stator winding called the open-circuit voltage Eo. The

short circuit current /.

s used 1o determine the motor's saturated d-axis reaclance
Xy, which is approximated by the ratio £o//,.. Voltage waveforms measured from
the air gap of the machine wnder both the open- and short-circuit conditions are
presented in Fig.1.1 and Fig.1.2 which are recorded by using sensing coils as machine

is driven at rated speed and also con

ent with that of the air gap field described

in preceding chapter. 1t is clea

v shown that the short-circuit current contains sig-
nificant. harmonic component i which the third harmonic is dominate. Therefore,

the influence of the third harmonic must he considered when calenlating reactance

parameters of the machine by nse of open-civenit. and short-cirenit tests. The test

data is listed in Table 4.1,

10
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