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Abstract

A complete procedure has been developed to predict the steady-state and dy-

£

namic of magnet synch

machines. The major fea-
ture in this study is to combine a finite element analysis with a lumped parameter
circuit model in order to provide satisfactory engineering information but at small
computational effort. To this end, two co-ordinated stages are involved. One is to
develop a unified lJumped parameter circuit model applicable for both steady-state
and transient analysis. The other stage is to extract individual lumped parameters
from finite element solutions based on corresponding equivalent circuits, each with
a predetermined topology.

In this study, static magnetic field calculation is applied to determine the load-

dependent direct and quadrature axis Xa, X, and
voltage Fo, in which the effect of the interaction between the d-axis and g-axis quan-
tities is included. Time-varying eddy-current field calculation is used to get starting
parameters which serve as the investigation of dynamic behaviour. In order to sim-
plify the time-varying field calculation, time phasor is used to separate the time

variable from the field equation based on the i

of eqi

in terms of equivalent magnetic energy. In order to cope with the voltage supply,
corresponding finite element formulae are derived with complete elimination of the
iterative process for starting current. Due to the availability of the accurate field-
based operational parameters, it has become possible to use the lumped parameter

circuit model to obtain the complete starting and synchronous performances.



As an integral part of this study, an effort has been directed to the experimen-
tal investigation on the steady-state and dynamic performances. A new load test

method is proposed to d ine the load depend Xa, X, and Eo.
In addition, 2 new microprocessor-based digital torque angle measurement system
was designed and built to pruvide improved accuracy and fast data sampling for
measuring and control purposes. At the same time, a scheme for accurately locating
the position of zero torque angle is proposed with avoiding access to the internal
construction of a machine.

The proposed techniques have been successfully applied to a 1 hp laboratory
permanent magnet motor. There exists excellent agreement between the simulated

and experimental results.
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Chapter 1

Introduction

1.1 A General Description of PM Motors

Increasing interest has been shown in using Permanent magnet(PM) syn-

;able-fi

chronous motors with inverters in adjustable-speed drives, tak-
ing advantage of the increased efficiency and power factor product to reduce volt-
ampere (V A) requirements{1]. These motors are also widely used at the fixed main
frequency source.

Depending on the location of the magnets on the rotor, typical permanent mag-
net synchronous machines can be broadly classified into three kinds: interior PM
synchronous motors which have the permanent magnets buried inside the rotor;
surface PM synchronous motors which have their permanent magnets mounted on
the surface of the rotor; and inset PM synchronous motors in which the permanent
magnets are inset or partially inset into the rotor[2, 3, 4]. Depending on the ori-
entation of the magnet magnetization, the rotor can also be classified as radially
oriented type or circumferential type. For interior and inset type configurations,
the direction of magnetization can be either radial or circumferential. For surface
type configuration, the only direction of magnetization is radial.

1
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For the line frequency start motor, which is normally fed by a fixed voltage
source, some sort of conduction or squirrel cage winding is required to develop the
starting torque. The squisrel cage also protects the magnets from demagnetization
during the startup transient and sudden increase in the stator current, and also acts
as a damper to the machine oscillation. This helps to keep the rotor in synchronism.
For a variable speed motor fed from the current source inverter, although there
is no need to develop the starting induction torque, as the motor drive can be
started synchronously from standstill, the damper windings are helpful in reducing
the distortion and spikes of line-to-line voltage[5]. The damper windings can also
reduce the commutating inductance, and thus help in reducing the commutation
overlap. Therefore, damper windings are also employed in these drives. However,
for the drive with voltage-source inverter, dampers on the rotor would provide a
path for the flow of harmonic currents induced from the non-sinusoidal voltage
inverter waveforms[6]. Therefore, it is advantagecuas not to have dampers in this
kind of drives with voltage source inverters..

Figure 1.1 shows the operation of a PM machine at different portions of the de-
magnetization curve of the B-H loop. The maxi flux density B, di

to point A’ is available initially if the magnet is short-circuited with steel keepers.
‘When the magnet is installed in the machine, operating point B will correspond
to the no-load line. With load current flowing in the stator winding, the armature
reaction effect will further reduce the flux density. A load line OD correspording
to worst-case demagnetization may be due to starting, pull-in or other transient
conditions. Once the operating point D is reached and the demagnetization effect
is removed, the magnet will recover along the recoil line, which has approximately
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Figure 1.1: PM machine operating points on B-H curve
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Figure 1.2: Permanent-magnet characteristics



the same slope as the original B-H curve near H = 0. Subsequently, the s.ble op-
erating point will be determined by the intersection of the load line and the recoil
line. If the material of the permanent magnet has a straight line demagnetization
curve, the recoil line will always trace back along the demagnetization curve with

ligible d ization effect. Ch istic d ization curves for some

PM materials are shown in Fig. 1.2. Alnico has the high remanence but the coer-
civity is low, with a nonlinear demagnetization curve. Therefore, it is now seldom

used in ac motor design. Ferrite material is low in cost and has excellent, linearity in

d ization, but the is low, making the machine somewhat bulky.
Samarium-Cobalt has substantially increased residual flux density and coercivity
as compared with ferrite, but cost is high and likely to remain so. As a result,
it is used in high performance servo drives, where a high torque to inertia ratio
is desirable. A further increase in residual flux density and coercivity has been
achieved with the introduction of Neodymium-B: Iron (NdBFe) magnet mate-
rial at 2 lower cost than the Samarium-Cobalt material. One potential limitation

of NdBFe material in comparison with other high energy magnets is its relatively
low temperature limit.

For a variable speed PM motor fed from a variable frequency source, the stator
frequency is derived from the rotor position information making use of a shaft
position sensor. The machine is therefore always in synchronism with the stator
supply irrespective of the machine speed without the help of a squirrel cage winding.
‘With a variable frequency current source power supply, below base speed, the speed
is controlled by varying the stator current, and above base speed, it is controlled
by weakening the airgap flux. The torque control can be achieved by controlling



the magnitude of the stator current and the spatial angle, 3, between the stator
magnetomotive force (mmf) this current produces and the rotor mmf produced by
magnets. For a power supply from a variable frequency voltage source, the basic
control strategy is to operate the motor at a constant flux below base speed and at
a constant terminal voltage above base speed. The constant flux operation below
base speed is achieved by operating the machine at a constant voltage/ frequency
ratio, which is increased at low speed to compensate for the stator resistance drop.

Upon energizing a PM motor on fixed frequency supply, th2 squirrel cage wind-
ing provides accelerating torque to carry the rotor to near syachronous speed. This
accelerating torque must overcome, not only the applied load torque, but also the
generated magnet braking torque due to the presence of the permanent magnet
flux. When the rotor reaches a speed close to synchronous speed, the magnets then
pull the rotor into synchronism. As the load is applied, the rotor develops torque by
increasing the torque angle § between the rotor direct axis and the axis of resultant
airgap magnetic field.

1f 2 PM motor is to have line starting capability, the interior magnet type design
with radial magnetization appears to be the most economical to manufacture for
the need of a squirrel cage. The interior magnet type also offers the advantages
of mechanical robustness and a smaller airgap, which allows for a degree of flux
weakening, when the motors are expected to operate in the constant power mode
at high speed. In order to be concise and explicit but without lack of generality,
this thesis will take the interior magnet type as a working model. An example of

the structure is shown in Fig. 1.3.



Figure 1.3: Configuration of interior-type PM motor with radial magnetization



1.2 Literature Survey

Due to the increased competition in world markets and the pressure of increased
cost of electrical energy, plus the relatively high price of permanent magnets, it is
essential to predict accurately the synchronous and dynamic performances of the
proposed design of a PM motor in order to avoid the design misjudgement that
can prove costly once the motor is manufactured. This situation has necessitated a
parallel development of more accurate and practical computation techniques. The

topic of both synchronous and dynamic performance analyses has been treated

y in the li [7,8,9,10, 11]. ivalent circuits and lumped param-
eter models have been traditionally used to calculate the performance of electrical
machines and to conduct the design with idealized and simplified physical rep-
resentation. However, it is difficult to use the traditional analytical method to
calculate their characteristics taking into account the effect of magnetic saturation,
complex configuration, eddy currents and external system impedances at the same

time. N: t

have been ized as practical and accurate method
of field computation to aid in electrical design{12]. Finite elements, amongst nu-

merical methods, have emerged as suitable techniques for electrical design and

in low fi because its elements can be

easily adapted to any shape of boundary and interface geometry. The method has
been applied with success to non-linear material[13], eddy current problems(14, 15]

and permanent magnets[16]. Different post-processing techniques based on finite-

element solutions have been developed for the i of behavior
and design optimization[15, 17]. But this is a time-consuming process. In order

to achieve a computationally simple and at the same time functionally accurate



model, a hybrid technique which combines field and electric equivalent circuit has
become the subject of considerable efforts{18, 19, 20].

Although recent years have witnessed considerable applications of finite element
technique to the analysis of PM synchronous motors, there are still many problems
waiting for solutions. It is recognized that the starting point of finite element
method (FEM) is in fact based on Maxwell’s equations, where the current appears
as a cause, producing magnetic flux as an effect, thereupon the induced voltage.
Therefore, for PM motors fed by current source inverter, FE analysis is relatively
easy to implement[20]. However, in the case of voltage source inverter, the voltage
is the cause and current being the effect. This limitation leads to a time-consuming
and inconvenient iteration process. In addition, previous investigation of PM motor
using FEM was more or less directed towards the study of specific operation modes
such as no load or at rated load.

The effects of saturation for PM motor are more profound. Various authors
have noted the influence of magnetic saturation upon the performance of PM mo-

tors, and some motor design dures were i d to take on into

account including the prediction of [21, 22, 23]. But what is

perhaps easily overlooked is the assumption that the magnet excitation voltage Eo
is constant. In addition, little attempts have been made to computationally deal
with the interaction between the direct and quadrature axis fields on the operating

and the d ination of d

‘The common methods for torque evaluation are of these three types: a) Lorentz
force method, b) virtual work principle method and c) Maxwell stress tensor method(24,

25]. For the Lorentz force method, the problem region must consist entirely of non-



ferromagnetic material. The virtual work principle method needs numerical differ-
entiation of co-energy. The technique may suffer from cancellation problem, since it
relies on the diffe between ities of nearly equal itude. For Maxwell

stress tensor method, its accuracy is rather susceptible to mesh discretization and
the selection of the integration contour. So, some special techniques are needed to
make these methods useful in practice[26, 27, 28]. It is also to be noted that all the
above methods are based on the flux density distribution. In such a case, each flux
g

density component will no longer satisfy the at inter-el it

boundaries, especially, in the region such as in small airgap where large gradient of
magnetic field occurs due to the fact that first-order element solutions are preferable
to high-order element solutions[15].

The starting performance of PM motors fed from a constant frequency source
from the moment of switch-on to the onset of stable synchronous operation forms
a most important part of assessment of such drives for any practical application.
Although the methods characterized by these earlier works[9, 29] have provided a
general k for calculating the starting ch istics of a PM h

motor, all of these methods assume constant parameters during the starting process.
In addition, little investigation of synchronization has been reported. In fact, the
rotor parameters will change significantly with the rotor slip due to the magnetic
saturation and skin effect. Recently, some efforts have been made to calculate
the starting characteristics directly using finite element method by a non-linear
time-stepping method with incremental change in rotor position[30, 31]. Since the
convergence of the time-stepping procedure can only be ensured by taking extremely
small increments in time, the storage and processing time required would be very



large, and the feasibility is still doubtful.
The test investigation of PM motor is another challenging subject. Owing to
certain inherent features of PM motor, the standard ac motor test procedures are

no longer suitable for the PM k motor. Some of sat-

urated parameters have been reported(3, 32], but these have mainly been under
unrepresentative conditions, such as no load or short circuit, etc., w‘hen the stator
current is purely reactive. Although the load test method[23, 33] was proposed to
determine the d-axis reactance X4 from the stator d-axis voltage component and
q-axis reactance X, from g-axis voltage component, respectively, under the actual
operating conditions, it is subject to the assumption of constant Eo. It has been
shown from the load test that there is a load range where Xg is extremely irregular
and becomes difficult to determine. Even negative value of X, can be obtained.
It was recognized that the irregularity is due to the assumption of constant Eo.
The failure to consider the variation of Ep with load is due to the difficulty that
effects the magnet excitation voltage and the d-axis armature reaction are inher-

ently linked together by the stator d-axis voltage component and usually cannot be

d. The static ind hod[23] is available to evaluate
X4 by using a special bridge circuit (see Appendix A). Since this test is static, there
will be no magnet induced voltage Eq in the stator winding. This gives a means to
extract the value of Xy. The significant disadvantages of this method are that hys-
teresis effects produce a certain amount of scatter in the results, and the thermally
induced variation in the bridge resistance leads to the difficulty in maintaining a
balanced condition. Furthermore, it is hard to choose the actual quantities of d-

and q-axis currents to simulate a real load condition. More recently, a static test
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in conjunction with a no-load test was reported to determine the parameters[35].
Although this method is convenient for practical use by avoiding measuring load
angle, it is conducted under two assumptions: (i) Eo, X, are independent of Iy; (ii)
Xj is independent of I,. Both these assumptions are not realistic.

Accurate torque angle measurement is essential for the proper evaluation of
motor performance. The torque angle is also an important control parameter for
variable frequency inverter driven PM motors. It is obvious that the measurement
is required within an interval of time that should be very small compared to the
mechanical time constant of the machine. In addition, with increasing emphasis on
on-line digital control, it has also become necessary to obtain the quantities of load
angle in digital form. Therefore, the conventional stroboscopic method(22, 33] is
no longer suitable for practical application. Due to the inherent features of a PM
motor, the precision of measured torque angle is highly related to the accuracy of the
positioning of zero torque angle. But so far, to the best of the author’s knowledge,
either approximate methods are available or an auxiliary prime mover(22, 33] is
required to locate the position of zero torque angle.

After this brief examination of current status, it is fair to say that although
impressive progress has been made in the development of PM motors, there are

still many challenging problems waiting for solutions.
1.3 Thesis Objectives and Outline

In this study, efforts are directed to develop a complete and practical procedure
for the steady-state and dynamic perf analysis of PM synchronous motors

with the objectives of provicing ineering information while, at the same



time, retaining an efficient calculation process with low computational effort.

To this end, the major feature in this study is the combination of finite element
analysis with lumped parameter circuit model. This approach can not only greatly
simplify the analysis and evaluation of machine performance, but also complete
the two-dimensional (2D) finite element method by introducing the possibility to
take into account the 3D part of the machine. Another advantage is the ability to
consider such a machine as a component of a much wider system. This approach
will involve two coordinated stages. One is to develop a unified lumped parameter
circuit model applicable for both the steady-state and dynamic analysis. The other

stage is to extract i 1 lumped from the iated finite element

solutions based on corresponding equivalent circuits, each with a predetermined
topology.

In this study, static magnetic field calculation will be applied to determine
the load-dependent parameters X4, X, and Eo of a PM motor for different load
conditions. Time-varying eddy-current field calculation will be used to get the
starting parameters and serve as the i i beh

of dynamic As an

integral part of this study, some novel i are loped to
verify the theoretical results in a laboratory set-up.

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

Using coordinate transformation and matrix technique, a unified lumped pa-
rameter model is developed in Chapter 2 for investigating both the steady-state
and dynamic behaviours. In terms of the developed mathematical model, some
distinguishing features of PM motor are discussed. A per-phase equivalent circuit,

rather than the usual separated d-axis and g-axis equivalent circuits, is also pro-
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posed to embody the saliency <f 2 PM motor and account for the influence of iron
losses on synchronous performance such as current, efficiency and power factor.

The finite element model for static magnetic field calculation is described in
Chapter 3. For simulating a PM motor fed from voltage source supply, a practical
procedure is proposed to accommodate the finite element model to voltage source
supply based on the Newton-Raphson iterative algorithm and updated parameter
evaluation in conjunction with a scheme for effective estimation of initial phase
current. The static magnetic field solutions are then applied to determine the
saturated parameters Xy, X, and Eg with different load conditions using a new
method, called the loading method, in which the effects of E, variation with loads
and interaction between the d-axis and g-axis field are included. In addition, an
improved approach called the flux method is introduced to carry out the torque
calculation, by which the evaluated torque values are no longer susceptible to mesh
discretization. One advantage of a field-based analysis is that a realistic assessment
can be made of iron losses. For a beter evaluation of iron losses, the effect of
distortion and minor loop of flux density profiles is also considered.

Chapter 4 starts with the presentation of time-varying eddy-current finite ele-
ment model for current source supply. In order to simplify the time-varying field

time-phasor is used to separate the time variable from the field equation
based on the introduction of equivalent reluctivity in terms of magnetic energy. The
use of phasor analysis implies that field solutions do not need to be time-stepped,

giving a significant speed ad d to time-stepped model. Experience

shows that time-stepping approach takes typically two or more orders of magni-
tude longer time than its complex phasor approach counterpart[36], which is not
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incapable of giving satisfactory accuracy based on the appropriate choosing of the
effective reluctivity. Then, in order to cope with voltage source, corresponding fi-
nite element formulae are derived with complete elimination of iterative process for

starting current. It follows that based on the solutions of nonlinear eddy-current

fields,  procedure for obtaining the starting taking account of the sat-

uration and skin effect is developed. Finally, various starting performances are
examined.

The testing aspect of permanent magnet synchronous motor is dealt with in
Chapter 5. A modified load test method is proposed to determine three important
load-dependent parameters X4, X, and Eo. The results bring forward a clear picture
of the impact of the assumption of constant Ey, as made in the earlier load test
method, on the value of Xy. In order to satisfy the needs for improved accuracy
and fast data sampling, a microprocessor-based digital torque angle measurement
system is developed. At the same time, a scheme for accurately positioning the
zero torque angle and avoiding access to the internal construction of a motor is
described.

As an application example of the developed simulation and testing techniques

in the ding chapters, a laboratory 1 hp 4-pole interior-type PM motor is
4

employed for detailed investigation in Chapter 6. Various simulation and test results

of synch and starting perf

are provided.
The summary and conclusions of this thesis and the contributions of this study
are highlighted in Chapter 7, together with suggestions for further study in this

area.



Chapter 2

Lumped Parameter Model |

In this chapter, a generalized lumped parameter model is derived. A per-phase
equivalent circuit will be introduced to account for the saliency of 2 PM motor and

the influence of iron losses.

2.1 Generalized System Equation

The performance analysis of a PM synchronous motor can be initiated by
developing the system model equations in matrix form. Analysis will be given for
the 3-phase motor, since this class of PM motor is the most likely candidate for
wide industrial drive applications. The standard two-axis theory with fixed rotor
reference frame will be used. A transformation that compacts the three-phase
model to such an equivalent two-phase description is not difficult to find. In fact,
a large number of such transformations exist. However, it is desirable to utilize a
particular transformation for the voltage and currents such that the representation
of electrical power in the machine is preserved. As a result, the developed torques
are invariant over the transformation. At the same time, it would be convenient

that the transformation be the same for both voltage and current. Assuming that a

15
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square transformation matrix [C] satisfies these two requirements of invariant power
and identical transformations for both current and voltage, the variables {i}qsc and
{v}ate in 3-phase abc system are transformed to a new set of variables {i}40 and

{v} 40 in dg0 system by
{v}ao = [C] {v}ate (2.1)
{ilago = [C] {i}ese (22)
Power invariance is described by

{odaselilare = {v}golitaro = ((C] {v}ase) ([C) {i}ate)
{0}eselCV[CNiYate (2.3)

where superscript ¢ denotes the transpose of the variable. Therefore,
erer=m (24)

where [I] is an identity matrix. Thus, a necessary condition on the transformation
matrix [C] satisfying the requirements of invariant power and identical transforma-
tions for both current and voltage is
e = cr @5)
That is, the transformation matrix [C) must be Hermitian or orthogonal. Equiva-
lently, [C] must be unitary.
It is noted that once the transformations of both current and voltage are spec-

ified, the ion of imped is icall ined by

{v}ao = [Cl{v}ate = [C][Z]ase {}ate
= [C)1Z)uselC1™ {i}ago = [Zlugo {i}ano (2:6)



Therefore,

[Z)uo = [C][Z)use [C]™* = [C] [Z)are [CT' @7

For the model of a PM motor under investigation, the following specific matrix
[C) will be applied to define the transformation of variables from the stationary

reference frame abe to the rotor reference frame dq0[37]

G[ oot eo(0,-%)  cont, + )
€= -[—sinﬂ, —sin(6, = %) —sin(0, + ) (28)
e Ty V2

where 6, is the angle between the d-axis and the axis of phase A. It can be easily
verified that this transformation matrix [C] satisfies the requirements of invariant
power and identical transformation for both current and voltage using the condition
of Eqn. (2.5). Since three-phase PM motors usually have balanced wye-connected
or delta-connected windings with no neutral connection and thus effectively have

only two ind dent phases, the fc ion matrix [C] can be further reduced
to the following form in the absence of zero-sequence component
_ 2] cosb,  cos(8, - %)  cos(f, + )

1= \/5_[ —sind, —sin(6, %) —sin(6, + %) @9

‘When such a transformation is applied to the variables of a three-phase PM motor,
the three-phase symmetrical windings A, B and C can be replaced by equivalent
two-phase windings d and g as shown in Fig. 2.1, in which the magnets are identified
by i; and rotor cage is represented by equivalent shorted D, Q windings.
If the three-phase terminal voltages are
va V2V coswt
vs | = | V2V cos(wt — 120°)
v V2V cos(wt - 240°)

(2.10)




Figure 2.1: Physical model of a PM motor
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then through formation described by Eqn. (2.9), the correspond-
ing voltages in dg0 system will be

v _ cos(wt — 6,)

[ v ] iy [ — sin(wt - 6,) @)
For such an equivalent primitive commutator machine, with the conventional di-
rections shown in Fig. 2.1 and subject to motor conveations, the system governing

equation can be written as
{v} = [2){i} = (Rl + [L]p + [l ){i} (2.12)

where p is the derivative operator. The diagonal resistance matrix [R], symmetric
inductance matrix [L] and asymmetric torque matrix [G] are given by Eqns. (2.13)-
(2.15), respectively

[R) = diag(ry, 1,724, T2, 1) (2.13)

Ly 0 Lng 0 0

9 7, 0 Lyl
Bi=|%a © Zo; 0 ® (2.14)

0 By 0 Zo 0

0 0 0 00

0 L, 0 L, 0

~Li 0 —Lpg 0 —Lng

G=|0 0o o o o (215)

(U] 0 0 0

0 0 0 0 0

and the voltage and current vectors are given by Eqns. (2.16) and (2.17), respec-
tively
{v} = {va vy vp vg Eo}* = {va v, 00 Ko}t (2.16)

(i) = Gieir i iq if)* @17
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where suffixes d and ¢ denote the d-axis and g-axis quantities of the stator, re-
spectively; suffixes D and Q denote the d-axis and q-axis quantities of the rotor,
respectively. Letter L denotes the inductances, and suffix m denotes the mutual
quantities between d-axis and q-axis. The magnet is represented by equivalent

current i; whose value is defined by

(2.18)

where Ep is the induced phase voltage in abc system by the magnet only under
synchronous speed. The torque matrix is derived from the fact that the motion
induced voltage terms are the ones that contribute to the electromechanical power

conversion process and, therefore, are associated with the torque:

T. = P{i}'[Gl{i} = PI(L, - L

= Lindigip + Lingidiq — Lmaiqi]  (2.19)

where P is the number of pole pairs.
It should be noted that equations (2.12) and (2.19) are quite general. These
equations describe the steady-state as well as transient conditions. The parameters

in these equations will change with loads due to the effects of magnetic saturation

and skin effect. These load will be d ined from finite
element solutions.

It can be understood that system equations (2.12) and (2.19) are applicable to
a PM motor fed by either voltage source or current source with fixed frequency or

variable frequency.
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2.2 Model Specialization

Although the established generalized system model equation (2.12) has provided

the capability for complete analysis of any operation mode of a PM motor, it is still

dvisable to specialize the lized system jons for a
mode. It will not only simplify the calculation but also provide a convenient way
to explore some distinguishing features of a PM motor.
In order to have a deep insight into the starting characteristics of a PM motor
fed from a fixed fr source, two h P to deal with asyn-

chronous performance during run-up. One is the quasi-dynamic analysis approach
with pseudo-constant speed ch istic. The other is transient analysis approach.

The former can lead to an identification of different current and torque components
and presents a clear physical interpretation of the cause of each component, and
allow convenient parameter sensitivity analysis on the overall system; while the
latter will provide more detailed information such as possible demagnetizing effect
on the magnets, maximum current requirement for the converter and the time of
run-up to stable ization, as well as hronization process.

2.2.1 Quasi-dynamic Model

The quasi-dynamic analysis model is based on the assumption that the motor
operates under steady-state at each slip point during run-up assuming that the me-
chanical time constants are very large compared with the electrical time-constants.
Therefore, using quasi-dynamic analysis model, no electromagnetic transient is
taken into account.

If we assume magnetic materials are linear, starting process can be treated as
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the superposition of two operation modes. One mode is the operation of an un-

symmetric asynchronous motor alone. The other one is the operation mode of a

t-excited h with short-circuit stator windings. How-
ever, i kb in fact is idable. This difficulty is surmounted
by adopting adjusted d where the i ion between the two
modes has been atel idered. C the ition scheme

is assumed for the analysis.

Unsymmetric Asynchronous Motor Mode

It has been shown in Eqn. (2.11) that for balanced three phase terminal voltages,

the di f d two-phase voltages in the rotating rotor frame will
be

[se]=vov[ =ity | = [Tidy] oo

where s is the slip. The value of § is the final angle at which the system would
have operated had the machine synchronized. The concern at hand is only run-

up that ends just under hronism and not to hronism, itself. In this case,

the angle § is irrelevant and is equated to zero. Since all the exciting functions
are sinusoidal and of the same angular frequency sw in d-q axis system, the use

of complex phasor is preferred. With V as reference phasor, the applied voltage

(4115

The p operator of the impedance matrix can be replaced by jsw to obtain the

source can be expressed as

steady-state impedance matrix. If let 4 = w,/w = 1 — s, then w, can be replaced
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by uw. Omitting the row of the i matrix ding to

magnet, because only asynchronous motor mode is considered at hand, we have
n+jsXe  pX, 75X ma BXmg

_ | -uXa rmi+jisXy —pXma JsXmg
2= jaXms 0 rutisXp 0 (22)
0 jsXmg 0 rgt+isXe

For the convenience of solving, it is suitable to eliminate the shorted rotor part
first, which leads to the reduced impedanu matrix

Sl
(2= | T g m+uxo By m_""‘.m:;a (2:23)
—pXet S ot isXyt FetisXg

Hence, the stator currents can be figured out by the inverse of impedance matrix

[27], and we then proceed to obtain the shorted rotor currents in terms of rotor

voltage equations. Let the solutions be represented by

{my={ip ip iy i3 }={A+iB C+iD E+iF G+jH}

(2.24)

where A, B, C, D, E, F, G and H are real and imaginary parts of each current,

respectively; and each is a function of slip. For simplicity the superscripts m and g

are used for the motor mode and generator mode, respectively. The instantaneous

quantity of each current ding to h motor mode
will be
i ﬁ(Acoswt — Bsinswt)
o] T il 2(C cos swt — D sin swt)
"= igﬁ T ] V2(E cos swt — Fsin swt) (225)
ig V2(G cos swt — H sin swt)

Magnet-excited Asynchronous Generator mode

In this case the stator windings are shorted and thus V3 = V, = 0. At the
same time, it is obvious that no induced currents exist in the rotor windings, that
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is, il = i% = 0. It is also noted that the only excitation source w, Lygiy is constant
and the steady-state impedance matrix is obtained by replacing p with zero. If the

term w, Lingiys is moved to the left of the equality, Eqn. (2.12) can be written as

{ota}-lo 3} em

The shorted-circuit currents in the stator can be readily obtained as

i v —1*X4X Eo

o) 3 uri By

=1 -] o
q

Current of Each Winding

Superposing the results of the above two operating modes results in the d-q

axis instantaneous current components of each winding,
(i} ={i"} + (") (2.28)

The results can be transformed back to abc system to get the instantaneous value
of each phase current if necessary. For example, for A-phase in the absence of

zero-sequence component, the current i, becomes

ia= \/g(ma,id +sinf,i,) (2.29)

The total instantaneous torque containing both average and pulsating components

can be determined by substituting equation (2.28) in the torque expression (2.19).
2.2.2 Transient Model

If both the mechanical and el i ients are needed to be included

in the analysis, a true transient model is necessary. In addition to the system
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equation (2.12), the other necessary equations to deal with transient behavior are

the mechanical equations as follows:

po=w—w, (2.30)
and

P B

o = 5(Te = T2) = Jwr (2:31)

where T, = {i}*[G]{i} is the electro-dynamic torque defined by Eqn. (2.19); T¢.
is the load torque; B is the friction coefficient; p is the time derivative and J is
the moment of inertia. From equations (2.12), (2.30) and (2.31), it is obviously

convenient to choose the four currents i4, iy, ip and ig, the rotor torque angle §

and the rotor speed w, as the stat iables. Thus, with n ry
the above equations can be expressed in state variable form as
po=w~
oy = 5(7' Tp) - B,
Pia= Z(riLpia + LeLpwyiy = Lmaraaip + LmyLpw,iq = V3LpV cos8)
pi —L( —LaLquyis + r1LQiy = Lmalqwyip = Lingraiq — V3LgV sin &
— LmaLquriy)
Pip = Zo(—T1Lmdia — LmaLoriq + Liraaip — LmiLmgriq + V3LnaV cos8)
pig = -L(L...,L...:... — P1Lmgiq + Lna Lgtrip + LoTagiq + V3LmoVsiné
¥ LongLngiviy)

(232)
where Ag = L3,y — LyLp, A, = L3, — LyLq, § = wt — 0,. It is noted that the
system of state-variable equations is nonlinear which implies that the simulation of
run-up response of a PM motor can only be achieved by solving the equation (2.32)

numerically.



2.2.3 Synchronous Operation Model

Upon considering synchronous behavior of this system, it is only a matter of
setting the derivative terms to zero and w, = w or s = 0. Due to ip = ig =0, in

terms of equations (2.20) and (2.22) the system equation in reduced order form

(28m)[ 2 51} o

where & is the torque angle. Therefore, equation (2.33) can be easily solved to get

is given as

i __ V3 V(X cos6 — rysin6) — EgX, @234)
ig | T rE4+XeX, | —V(ricos§+ Xasiné) + Eory -
Correspondingly, the torque equation (2.19) can be reduced to
T, = P[(Ly = La)iaiq = Limdiqis} (2.35)

Substituting equation (2.34) into Eqn. (2.35), one can readily obtain the overall
torque characteristic of a PM motor. At this stage, it is necessary to clarify one
of the distinguishing features of PM motors, that is, Ly < L,. Since permanent
magnets usually have a relative permeability close to that of free space, for interior-
type PM motor, the magnet thicknesses appear as large-series air gaps in the d-axis
magnetic flux paths. The g-axis magnetic flux can pass through the ferromagnetic
pole pieces without crossing the magnet and therefore the stator phase inductance
is noticeably higher with q-axis rotor orientation. One of the most important
consequences of having Ly < L, can be seen in the torque versus torque angle
characteristic, which can be derived from Eqn. (2.35). Substituting equation (2.34)
into Eqn. (2.35) while neglecting the stator resi to make the i i
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of the results straightforward leads to

_3PEV_ . V1 1.
T. = iR by - g2

T.asind + Tpsin 28 (2.36)

where

(2.37)

and P is pole pairs, V is per phase applied voltage. Compared with a conventional
synchronous motor, for which X; > X, the reluctance torque T, is reversed in
sign. It implies that, at normal supply voltage, the total torque can be negative
between § = 0 and § = & as indicated in Fig. 2.2. Since § = 0 is generally an
unstable point, the no-load operation of 2 PM motor occurs at § = &. This means
that at no-load neither the d-axis nor the q axis is aligned with the axis of armature
flux. The reason is that in this range of torque angles the reluctance torque tends
to align the rotor g-axis with the armature curren, whereas the magnet flux tends
to align the d-axis with the flux axis produced by 3-phase armature currents. Since
the reluctance torque varies with sin2§ and the magnet alignment torque varies
with sin 6, there are ranges of § in which these torques are additive, resulting in a
higher pull-out torque than would be obtained with either by itself. The value of
8o can be i ly derived by ipulating Eqn. (2.36) as

-1 Eo
8o = cos’ (V(TITXJ) (2.38)
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0 (3 '90° 180° 6

Figure 2.2: Typical torque versus torque angle characteristics of an interior-type
PM motor

Iy Fe

Figure 2.3: PM motor phasor diagram ignoring iron loss
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2.3 Per-phase Equivalent Circuit

1t is well known that, for salient-pole synchronous machines, two separate d-
axis and g-axis equivalent circuits as well as a phasor diagram are usually employed
to deal with synchronous performance analysis. As improved computation of losses
and efficiency are required, a per-phase equivalent circuit will be more useful.

With reference to the phasor diagram shown in Fig. 2.3, which ignores iron

losses, the voltage equation can be expressed as
V = —Bo+hry+jhz + ilaXma + i1, Xmg
= —Eo+ Iyry + jhay + 5 Xmg + 5 14(Xind = Xing)
= —Eo+hry+ jhay + 5 Xng + Fy cos Bsin B(Xa — X,) + i1y cos® B(Xa = X,)]

= —Eo+hry+ jhay + i Xeg + hire + 2. (239)
where
Te = cos Bsin f(Xq — X;) (240)
2o = cos* B((Xs = X,)] (241)

It is interesting to note that with the introduction of two parameters r. and z.,
only phase current I, rather than d-q axis components J; and I;, appears in the
voltage equation (2.39). This suggests that a per-phase equivalent circuit can be
constructed, as shown in Fig. 2.4. It is noted from equations (2.40) and (2.41) that,
if the machine has no saliency, r, and z, become zero and the equivalent circuit
assumes the same form as for the cylindrical-rotor machine. The parameters r. and
z,. will also become saturated, because they depend on Xy and X, which vary with
load conditions. It can be observed from Equs. (2.40) and (2.41) that z, can be
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negative for permanent magnet machines as X; < X,; and r, can be either positive
or negative depending on the excitation angle 3.

Since the phasor diagram in Fig. 2.3 and the per-phase equivalent circuit in
Fig. 2.4 ignore iron and stray-load losses, di rf

should be regarded as approximate. In order to further include iron and stray-load
losses, a modified per-phase equivalent circuit is proposed as shown in Fig. 2.5(a).
A shunt resistor . is placed across the internal voltage E; to account for the voltage
dependent iron loss. At the same time, another resistor r, is placed across the stator
leakage reactance z, to account for the current dependent stray-load losses.
Parameter r. can be determined in terms of finite element-based calculation of
iron loss, P., details of which will be described in the next chapter. The values of
7. usually vary with the load conditions. For a specific load, then
pos 3{5" (242)

e

Stray-load losses are comprised of many intricate components, not just additional
iron loss due to the stator leakage flux. The value of stray-load losses, P,, may
be computed by conventional method under a given rated c;pmting condition[42].
The equivalent resistance representing the stray-load losses can be evaluated from

/%
=g

where I{' is a component of the rms value of the rated current.

s

(243)

It may be computationally convenient to further convert the connection between
r, and 2, from parallel to series as shown in Fig. 2.5(b): the two components of the
equivalent series impedance are

zir,
ritad

(244)
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where
Te = (24— z,) cosf sin
Ze = (24— 2,) co8* B

Figure 2.4: Per-phase equivalent circuit of PM motor ignoring iron loss

Figure 2.5: Modified Per-phase equivalent circuit of PM motor taking into account
iron and stray-load losses
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__mn
= ara (2.45)
Furthermore, r; and r/, can be combined to give
ri=r+r, (2.46)

Therefore, the introduction of the adjusted parameters r{ and z} can serve as an
aid to include the effect of stray-load losses. Correspondingly, the adjusted phasor
diagram can be expressed as Fig. 2.6, where

B=h+i (247)

and

(248)

The above developed lumped parameter model for a PM motor has provided a
fi k for the diction of both synch: ion and start-

ing process. However, the effectiveness of the model and the accuracy of the re-
sulting simulation results will definitely rest on how close those adopted lumped
parameters in the model can represent a true operating condition. This will be the
topic of the next two chapters.
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d-axis
A-phase axis

Figure 2.6: Adjusted PM motor phasor diagram taking into account iron and stray-

load losses



Chapter 3

Simulation of Synchronous
Performance

In this chapter, the finite element model for static magnetic field calculation is
described. In order to simulate voltage source supply, 2 Newton-Raphson iterative

procedure is presented based on the updated parameter evaluation. Then, a new

method is proposed to ine the three i h Xa,
X, and Eo from load field solutions.

3.1 Introduction to Finite Element Method

The finite element analysis is based on a variational approach according to
which the field problem is formulated in terms of a variational expression called

energy functional. In most engineeri: lications, this ion can be identi-

fied with the energy stored in the system. Minimization of the energy functional
leads to Euler equation which is the partial differential equation describing the field.
The field problem is solved by searching for a function that minimizes the energy
functional directly, instead of attempting to solve the differential equation. Natural

boundary conditions which are also known as Neumann boundary, are implicit in

34
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the energy functional lation. In order to impl the variational approach

by means of i jons, the continuous function ing the ex-

act solution of the problem is approximated by functions defined over each of the
discrete elements into which the field region is subdivided.

Two dimensional (2D) finite element analysis is applied to obtain complete
solution of the field in a cross-section of a PM motor under actual load conditions.
The magnetic field iling in the interior of the machi be described in terms

of the vector potential A. In two-dimensi i i

magnetostatic Poisson equation problem is

2,04, 9 04

Q: vt e =T
sn: A=A
0A

st vg=—H;=J. (3.1)

where A and J are the z of A and J, respectively. { is the domain

of the region under consideration. s, and s, denote the Dirichlet boundary and
bound. ively. The kind of inh N omdary

condition will occur if surface current density J, exists over the interface between

the air sub-region and iron sub-region. Letting
B=rotA (32)

The equivalent variational expression to the above class of nonlinear magnetic field

problems can be written as

(33)

{ W(A) = [fo(f8 vbdb — JA)dzdy — [, J,Ads = min
s Ao
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Details are given in Appendix B. The interpolating function is chosen to be a
polynomial whose order depends on the number of nodes in each element. In view
of the large amount of details and hence of the large number of elements required to
describe the contour of the lamination and slots, it is convenient to choose triangular
elements, each having three nodes coinciding with the vertices. The corresponding

interpolating function is the linear polynomial:
Az, y) = + T + gy (3.4)
The coefficients ay, @z, as may be found from the three simultaneous equations
which are obtained by requiring the potential to assume vertex values 4;, 4;, An
at the three vertices
1
a1 = sr(adi+aid;i+ @nAm)
1
@ = 5(bii + biA; + bnAn)
1
a3 = 5(cifli + G A; + cnAn) (35)

where

= Tmlfi = YnTi; Gm = Tillj =
m = bm = yi — ¥
= Zm} Cm =Tj = Tij

and A represents the surface area of the triangle. By inserting Eqn. (3.5) into
Eqn. (3.4), the interpolating function in terms of the values of A at the nodes can

be expressed as follows:
A= N;A; + NjA; + NoAn, (3.6)

where

1
a8 + bz + )
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1
N; = 5xla;+ bz +¢y)

1
Now = 55 (@m + bz + emy) 3.7
are the so-called shape function at the node I (I =1i,j,m).

Since the values of A and B are defined everywhere in terms of the value of A at
the nodes, the minimization of the energy functional of Eqn. (3.3) is performed by

setting the first derivative of the functional with respect to every node of A equal

to zero so that
aw
a{A}
where {A}is the set of nodal vector potentials in region Q. To achieve this mini-

=0 (3.8)

mization, it is convenient to separate the global energy functional into its element

components W, and to minimize one triangle at a time:

W=§‘w,=)f;[j/m(/:vm-m)dzdy-jmJ.Ms] (39)

where E is the total number of elements in region Q. Equation (3.8) can now be
rewritten as

a(A) Z 3{A) (10)
Introducing the value of W, from Eqn. (3.10) and differentiating with respect to
the nodal potential 4, gives

oW, o 5 OB 0A o4
Ay " IR ""‘"’aA ’ )“”’ /"'a,q =
2B
=/ [ B3 - )d:dy / J,ﬁda (3.11)

Differentiation with respect to A; clearly produces zero unless ! is one of the nodes of
the element e under consideration. Thus Eqn. (3.11) is an expression in only three
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variables A;. Realizing that B is constant throughout the element and assuming
that J in the element and J, along the Neumann boundary (including interface
between two materials) of the element are also constant, one can obtain

W, 01 g 0 .2
Ao = 37 (B JaAle.Adzdy J.ML‘M‘; (3.12)

Since A varies linearly over the triangle and assuming the Neumann boundary is
defined by the side connecting node j and m, then
[/ﬂ Adzdy = A.A (3.13)
and
/‘_ Ads = (4, + An) (3.14)
i
where A, = 1(A; + A; + Ap) is the centroid value of A in the element; ; is the

length of side 7m. Obtaining the partial derivative with respect to 4; yields

I8+ A+ (b + ) + (b + ciem)An] = T2 =0
34, = é[(l’ibj + cicj)Ai + (b + ) A; + (bjbm + cicm) An] — % i % =0
e (b st (b + i)y + (5 + )] = 5 = T =0
(3.15)
This set of equations can be written in matrix form as
[KeJ{Ac} = {P} (3.16)
In order to obtain a sponding discrete rep ion for the entire problem,

it is only necessary to write one equation similar to Eqn. (3.16) for each and every
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triangle in the grid. The resulting assembly of algebraic equations may then be
combined as indicated in [38], to obtain a single matrix equation:

(K}A} = {P)} @17)

Since any one node is connected to a limited number of other nodes only, the
stiffness matrix [K] is sparse with the nonzero terms bunched together along the
diagonal. The stiffness matrix is also symmetrical, that is [K] = [K]‘. Finally, [K]
is positive definite. These properties are favourable to reduce the storage and use
certain solution methods.

The nonlinearity of the problem is preserved, since [K] depends not only on the
shape and size of each triangle, but also on the reluctivity » which depends on {A}.
The most common method of solution . to the system of nonlinear equations
is the Newton-Raphson(N-R) algorithm which starts from an assumed value for the
reluctivity v and proceeds by means of iterations(38]. In each iteration v is updated
with respect to the B — H characteristics of the materials.

3.2 Finite Element Model

In the following discussion, a 4-pole, 25 hp, interior-type PM motor will serve
as an ills ive working model. Periodicity ditions are invoked to reduce the

area of the motor to be discretized, one pole being sufficient in this case, as shown
in the Fig. 3.1. The number of stator slots is 48 and the coil pitch is 1 — 11.
Individual phase windings A, B, and C are located in the stator slots with the axis
of A—phase in alignment with the d-axis.



Figure 3.1: Cross section view of one pole of a 4-pole interior-type PM motor
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Basic Assumptions

For two-dimensional finite element analysis of magnetostatic field, the following

assumptions are made:

1. The magnetic field is contained in the geometry.

»

The .~agnetic field distribution inside the motor is constant along the axial

direction and end effect is taken into account by the end leakage impedance.

»

The permanent magnet is represented by current density sheets.

-

The reluctivity is a unique function of the flux density, i.e. nonlinearity is

allowed but not hysteresis.

"

Eddy currents in the iron are ignored.

Although the above assumptions are used in formulating the finite element analysis,
assumption 4. and 5. are relaxed when calculating iron losses.

Modeling of Permanent magnet

Since modern permanent magnets, such as NdFeB and Samarium-Cobalt, have
practically linear characteristics over the normal operating range, the recoil lines

can be described as
B=pd+H) (3.18)

where H, H, and p are magnetic field intensity, coercive force and permeability,

respectively. Then

vxiﬁ:vxﬁ-i'vx}?‘
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=Ji+vyxH (3.19)

where J' denotes the source current density. If A is considered as uniform within
each element of the magnet, 4. may vary only across the element boundaries and
thus the effect of permanent magnet can be replaced by a surface current surround-

ing the magnet element

vxH =-ixH (3.20)

where 7 is the unit normal pointing out of the element boundary. Particularly, in
the case of uniform magnetization within the entire magnet, the surface current will
exist only at the boundary between the magnet and the other materials. Hence,
Eqn. (3.19) can be written in the form

B=J+J, (321)

V"l
n

This equation (3.21) implies that permanent magnets can be simply modeled as
conducting current sheets surrounding 2 material having a permeability equal to
the recoil permeability of the material.

Rep ion of the A MMF

A balanced three-phase system of curreais in a balanced three-phase winding
sets up a space magnetomotive force (MMF), the fundamental of which is constant
in magnitude and rotates at a constant synchronous angular velocity. Let the
currents be

iy= Incos(wt+ B —120°) (3.22)

ia= Incos(wt +B)
{ io= Incos(wt + f - 240°)
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where £ is the phase angle at time zero. Since the stator MMF due to all phases is
in alignment with the particular phase which is carrying the maximum current, it
is convenient to choose the axis of phase A as a time-axis, as shown in the related
time-space vector diagram of Fig. 2.3. In this case, the initial phase angle § of
stator current ] is also the space angle between the stator MMF, F; and the rotor
field MMF, F,. In addition, whichever particular instant is taken for consideration,
it will make no difference due to MMF waves moving synchronously with the time

vectors. Let wt = 0 in Eqn. (3.22), namely

iq = Incos(B)
{ iy= ILncos(f —120°) (3.23)
io= Icos(8 —240°)

In such a case, the value of § in Eqn. (3.23) will be the space angle between the
MMFs of stator and rotor. This will simulate different armature reactions under
any load conditions. Two particular cases are taken as examples: i) 8 = 0 is d-axis

reaction; ii) # = 90° is characterized by g-axis reaction.

Boundary-value Problem

Since an equivalent current sheet approach, J, = H. can be used to model the
permanent magnets adequately, 2 field problem can be analyzed by using a vector

poteantial function A. For two-dimensional planar analysis, the vector A and source

current density J contain only out-of-plane(Z-direction) and thus act

as scalar. Therefore, the boundary-value problem of a PM motor can be expressed

d,0A 3,6 084
G =hs @("E) =-J

Alpa=Algg =0



Alas=—~Alpc
9A dA
vorlt v lr = Heli= 4 (3:24)
where [ is the interface. The source current density J can be easily assessed ac-
cording to Eqn. (3.23) for a given value of 3 corresponding to a specified load.

According to variational principle, the equi iational ion to the

above class of nonlinear magnetic field problems can be written as
B
wia)= [ /n(/; vbdb — JA)dzdy — /;J,Adl = min
Alpa = Algg =0

Alas=—Alpc (3.25)

where W/(A) is the energy functional. The required solution to the field problem
can be obtained by discretizing and further minimizing the energy function with

respect to each of the nodal potentials as described in section 3.1.

3.3 Implementation with Current Source

In the case of a PM motor fed from current source, the implementation of

finite element analysis is relatively i d under any ibed set of

currents in a machine. Different operating modes with a current source inverter
can be simulated just by shifting the angle # between the stator and rotor MMFs
in Eqn. (3.23). The angle f is also defined as the torque angle of a synchronous
motor when fed from a current source, as the torque is a function of the angle 8[39].
The whole torque characteristic of a PM motor can be obtained by varying the angle
B from 0° to 180°. Fig. 3.2 shows a flow chart for evaluating the performance of
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Bn) = B() + (n— 1)+ A8
nonlinear field analysis by FEM

[n=n+1

yes
get Ei(B), &(B) by curve fitting

determine Eo(f), Xu(B),X,(8)

Figure 3.2: Flowchart for evaluating PM motor performance fed from current source

torque, N-m

torque angle, deg
Figure 3.3: Torque characteristic with stator current I, = 354
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a PM motor fed from a current source. Fig. 3.3 contains the results of the torque
versus torque angle characteristics of the model shown in Fig. 3.1 with constant
stator current J; = 35A. It is to be noted that a PM synchronous motor drive fed
from a current source inverter is usually operated under specific power factor in
favour of proper thyristor commutation process. From Fig. 3.3 it is seen that there
are two values of 8 which result in the same value of torque and hence power for
the same speed. Therefore, before deciding on the strategies to be adopted it is
important to know the operating region of the angle 8 positions. From the phasor
diagram of Fig. 2.3, it is apparent that if 8 is less than 90°, the motor operates
at a lagging power factor and the inverter used in the drive has to employ forced
commutation. However, if § is greater than 90°, the motor operates at either a
leading or lagging power factor. Since the motor may now operate at a leading
power factor, it is possible to have a load commutated thyristor inverter system. In
view of the fact that power factor angle is the result of the field solutions rather than

can be loyed to obtain the simul

the prescribed quantity, two
results corresponding to a specific power factor condition. One is searching for a
particular angle 8 to satisfy the specific power factor by an iterative procedure. The
other one is directed towards investigating a certain region which is sure to include
that actual operating point by shifting the angle 8 sequentially from 3, to f. by
incremental Af as shown in the flowchart of Fig. 3.2. The details for obtaining
saturated parameters Eo(f), X4(B) and X,(B) and performance quantities T(8),
cos(B), V(B) will be described in the section 3.5.

1t is also to be noted that the use of a value of torque angle greater than 90° may

mean operation in the unstable part of the torque versus torque angle characteristic
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as shown in Fig. 3.3. However, stable operation is possible because of the nature
of the feedback which holds 3 constant.

3.4 Implementation with Voltage Source

In the case of a PM motor fed from voltage source, the implementation of finite
element analysis is somewhat troublesome. The problem may be stated as follows:
Given the supply voltage, determine the current in each winding, load angle and
power factor as well as the torque at the prescribed terminal voltage condition.

For the same illustrative working model shown in Fig. 3.1, specifying the quan-
tity of B in Eqn. (3.23) will lead to the setting of the identical value S of the space
angle between the MMFs of the stator and rotor. This will effectively simulate
different armature reactions under any load conditions so long as the amplitude of
current, I, related to a specific load is determined. Of the two unknown variables,
B and I, in Eqn. (3.23), it is ient to choose § as independent variable in
connection with different load conditions. The reason is that the variable I, is not
a monotonical function of load angle §, but 8 is. This argument can be verified as
follows:

Referring to the phasor diagram Fig. 2.1, we have
I sin fX, ~ I cos Bry

e ;
=t e T pr + Ty cos B (3.26)

The first derivative of Eqn. (3.26) with respect to f gives
5 06 _ EofcosfX, +sinfr) + hXaX, + hrl -

8B ~ “sec?8(Eo + Iysin Bry + I cos fX4)*
It can be seen that &’ > 0 if # < 90°, and also & > 0 when 8 > 90° so long as

1 » Eolleos 81X, —sinpry)

.2
XaXo+r} 52)
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For actual motor parameters, this requirement will be well satisfied. Therefore, f is
a monotonically increasing function of power angle 8, and any value of 8 between 0°
and 180° will represent a physical operation mode and assures a definite solution.

According to the phasor diagram of Fig. 2.6, the externally applied voltage 14

can be expressed as
V = —Eo+jh{Xnd, Xme} +ilizi + il
= —E+jljzh + i1 (3.29)

where

(3.30)

If, | and 2| are defined by Equs. (2.44) to (2.47) and £ is the internal induced
voltage due to resultant airgap flux. If a motor is powered by a voltage source
inverter, z} and r} have to be used as equivalent circuit parameters to include
the impact of the power switching elements. Referring to Eqns. (2.42), (2.47) and
(2.48), and projecting the external voltage V on the d-axis and q-axis, one has

Vi = —sinbiB + L{r cos f— 2 sin f) f—:sin gk f—:m s (3.31)

Vi = cos§E; + I(z} cos B+ rysin B) + -?cos &y — % sin§izy  (3.32)

and

v=\Vi+Vz (3.33)

The specification of the current Iy (or I, = V21) related to a prescribed f for

finite element analysis entails a special treatment, since the value of I; satisfying
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Eqn. (3.33) is not available apriori until E; is obtained from field solutions. There-

fore, an iterative procedure is needed to cope with the problem. Since Newton-

Raphson method converges rather rapidly, it is suitable to employ the Newton-

Raphson algorithm to the iterative process. Making use of the following equations

Eicosé; = Eo+IaiXma (3.34)
Eising; = IXmq (3.35)
The derivative of V with respect to I; will give
1
Vih) = VaVi+Vi¥)
= L Vil(=Fisin BXns) +rhcos f— 7 sin ]
+V,{(Bo + Ty cos fXma) + 2} cos B+ r} sin A}
= FV(~Eisini/ T + 7} cosf— 2} sin ]
+V;[(Eicos & — Eo)/1, + 2} cos B + r{ sin ]} (3.36)
where the prime indicates the jon of derivative. The current de I,
for a specific angle §, therefore, is updated in each iteration as:
(3- (¥) 1 (7]
I = 19+ 55 (% -vO)
= I9+ AL, (3.37)

where Vj is the prescribed quantity, and V) and V/®) are the calculated values

based on the field solutions in the ith iteration loop under the current setting of

149, that is

VO = ([~EPsin 6 + 1(r{ cos p — 2} sin B)*
+ES cos 6 + 1{0(r sin B + 2} cos B)7)/2

(3:38)
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and
VO = AV sin g /10 + 1 cos = sin ]
FVOUED cos6? — Eo)/I() + 2y cos f+risin ]} (3.39)
as well as
0= 3‘}‘21:') (340

where E; employs its open-circuit value, and it is to be noted that internal voltage
E®, internal load angle 6", iron loss P will be updated along with the adjusted
value of I, at each iteration. The details for obtaining these quantities will be
given in the next section. This procedure will be repeated until the convergence

criterion is satisfied
abs[(Vo — V) /Vo] < & (341)

As a result, the convergent value of current I, will be the quantity truly related to
a specific phase angle #. Using the same procedure, the value of In(n), Eifn), bi(n)
over its entire operating range can be obtained by setting different phase angle 8,
where the subscript n with parenthesis indicates each individual operating point.

For the Newton-Raphson iterative scheme to converge, however, it must begin
from an initial value that is close to the correct one. This value of l,‘:(’,_, can
be determined in terms of the voltage equation (3.33) by inserting the updated
parameters obtained from the solution of the last load condition.

In accordance with this scheme, it is advisable to investigate the whole range
of operation step by step in such a regular way so that the current phase angle 4

has to be shifted sequentially from small to large value with the increase of load
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angle § or inverse. In such a case, the obtained initial value is fairly close to the
final convergent value. Practical applications show that the obtained initial value
in many cases is simply just the final convergent value. At the worst case, only a
couple of iterations are needed to converge to its final values as shown in Fig. 3.4.

Fig. 3.5 shows a flow chart for evaluating the h of a PM

motor with voltage source inverter supply throughout its operating range.

3.5 Parameter Determination and Performance
Prediction

Accurate performance prediction, rather than the details of magnetic field dis-
tribution, is the final aim by finite element analysis. In this section, some schemes

are proposed to extract the engineering information from the field solutions.
3.5.1 Parameters

Due to the saturation in the rotor and stator iron, the d-axis quantities and

q-axis ities are no longer i

of each other. For example, the g-axis
path has a low reluctance and, as a result of g-axis armature reaction, may have a
considerable effect on the saturation of the rotor pole tip and the magnetic bridge
region between the rotor bar and the corners of magnet. This situation will also have
an influence on the reluctance of the d-axis path and therefore cause a change in

the magnet operating point and hence the field. However, the conventional method

for ob g d if d by its math ical model, will be
in the form
fi(Iy) = constant

Fa(Eo, Ie) (342)
Ss(L)
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Figure 3.4: Comparison of estimated initial stator current with the convergent
values and measured data
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i=itl] [update EP(n), v@ ]

evaluate V0, 1)

A% = (Vo V)V

calculate initial value
for I0(n + 1)

yes
[eet Ei(B), &(B), 11(8) by curve fitting]

(determine Eo(8), Xa(8).X,(B)

Figure 3.5: Flowchart for evaluating PM motor performance fed from voltage source
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The limitations of the conventional method are:
o Excitation voltage Eo produced by permanent magnets is unaffected by ar-
‘mature reactions.

o Effects of interaction between the d-axis and g-axis field on the value of the

saturated parameters are not taken into account.

A proposed method, called the loading method, is applied to determine the satu-

rated [40]. Its math ical model can be d as

Ey= fi(ly, 10, 1)
Xa= flly, I 1,) (3.43)
X, = flnlnl)

It can be seen that this method enables the values of saturated parameters to

conform to actual operating conditions. Unlike in equation (3.42), the parameters
Eo, X, and X, in equation (3.43) are all influenced by the resultant load field due
to the magnets and the d-axis and g-axis stator currents.

For the two-dimensional planar case, the value of the constant vector potential

defines the flux paths. This can be b ically proved. A
that Z is the direction of the current, the vector potential A has only one component
in the Z-direction, denoted as A, and

_ A- 0A.
B=VxA=Wx—5;] (3.44)
VA= %7 + o4, (3.45)

dz ' By
Since the dot product B - VA = 0, it is clear that B is perpendicular to VA. It
follows that the equipotential lines represent flux lines. Hence, both the d-axis

and g-axis fundamental components of the flux in the airgap can be derived by
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performing a Fourier analysis on the vector potentials A around the outer surface
of the rotor. The cosine term coefficient a, represents the quantity of half the g-axis
fundamental flux per pole (per unit depth) with respect to the analytical model of
Fig. 3.1. The sine term coefficient b, represents the quantity of half the d-axis
fundamental flux per pole (per unit depth). Obviously, the value of the resultant

fundamental flux per pole is given by

bm=20Ja + 8 (3.46)
where  is the axial length of airgap. The inner torque angle is obtained by

& = tan"!(b;/a;) (3.47)
This flux when rotating at synchronous speed induces a voltage E; in each stator
phase winding as

E; = 4.44f ¢ Nok i Ky (3.48)

where kqp1 is the fundamental winding factor and k, is the skew slot factor; N, is

the series turns per phase; ¢, is the peak flux per phase. Referring to the phasor

diagram shown in Fig. 2.3, the following can be obtained

E;cos§; = Eo+IaXma= Eo+Icos fXma (3.49)
Eising; = I Xpmg = IisinfXp, (3.50)

From equation (3.50), the g-axis magnetizing reactance can be obtained as
Xpmg = Eisini/Isin B (3.51)

It is to be noted that at different loads the armature reaction will change the

saturation level of magaet flux path, and thus the excitation voltage Eo. Hence
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in addition to Eqn. (3.49), another equation is needed to evaluate two unknown
quantities, Eg and Xpmg. To this end, » small displacement from the operating
point is applied and the corresponding load field calculation is used to get the
other equation similar to Eqn. (3.49) as

Ejcos 8] = Eo+ I\ cos BXma » (3.52)

The solution of the simultaneous algebraic Eqns. (3.49) and (3.52) should render

these two saturated values for any operating point as
Xma = (E;cos§; — Ej cos &) /(I cos § — I{ cos §') (3.53)

and
Eo = Eicos§ — I c0s f Xy (3.54)

In fact, this approach does not demand extra field calculation. After the load field
investigation covering the whole range of operation is carried out as discussed in
the previous section, three curves E;(8), &) and I;(8) can be obtained by the
curve fitting scheme. As a result, for any particular operating point, the required
information for both Eqns. (3.49) and (3.52) can be obtained by reading up the
three ready-made curves. Practical application shows that this scheme not only

implifies the ion, but also offers satisfying results as long as the selected
displacement point from the curves is not unreasonably too far from the chosen
operating point.

Fig. 3.6 shows the calculated results of Ey, X4 and X, for the workinz model.
Note that at the torque angle around 37°, there is a dip on the Eq curve and a

crest on the Xy curve. This is due to the fact that, at the ferromagnetic bridge



Eo, wit

X4, ohm

Xq, obm

60 L N
- i ~
\/
'
r
3
)
10
¥ W & ® W W 180 1
torque angle, deg
3

05}

20 4“0 60 80 100 120 e 160
torque angle, deg
Figure 3.6: Variation of Eo, Xy and X, with load angle §

57



58

region between the rotor bar and the corners of magnet, the direction of the flux
produced by the magnetizing armature reaction is opposite to the direction of the
end leakage flux of the magnets. This is shown in Fig. 3.7 in which a programming
technique is introduced to isolate the magnet component and the d-axis armature
reaction component from the resultant loading fields. Thus, under certain load
conditions, the bridge which is the main path of the magnet leakage flux becomes
least saturated. As a result, the end leakage flux of the magnets increases rapidly.
This leads to a dip on the Eo curve. At the same time, due to the significant
reduction of the magnet component of air-gap flux, the magnetic path for the d-axis
component of armature reaction turns out to be much less saturated. Consequently,

X increases notably.
3.5.2 Torque

For improved accuracy and being free of ibility to mesh di

the following flux method is proposed for torque calculation. The continuity of flux
between elements is intrinsically fulfilled when using vector potential.
The electromagaetic power developed at the airgap can be found by mapping

the I, I, currents along the interior voltage E; as:
2, = mE:I cos(6; + g -8) (3.55)

Thus, the electromagnetic torque would be

T.= %E;(I,muﬁi — Iysing;) (3.56)

By substituting equation (3.48) into equation (3.56), one can obtain the expression
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for the developed torque related to a specific load angle as:

P 5 0
T = %N‘kll{ﬂﬂ Sm(m) {Ta() $i1 B(n) €08 i) — Ta(n) 08 B sin im)}  (3.57)

Thus, since the values of the flux ¢,, and the torque angle &; have become available
as discussed in the preceding section, it is possible to evaluate the torque of a PM
motor using equation (3.57).

It is understandable that the calculated torque using Eqn. (3.57) is no longer

ible to the mesh di ization. The reason for this can be linked to the fact

that the solution accuracy of the vector potential at a certain point mainly rests

on the global modeling, rather than the local feature around the concerned point
as flux density does.

In fact, the use of the flux method for torque calculation of a PM motor

can be theoretically interpreted as using virtual work principle (see Appendix C).

However, from a practical point of view, the implementation of the flux method is

more convenient and its results are more accurate. Fig. 3.8 shows the comparison of

the torque characteristics between the simulated results and experimental values.
3.5.3 Eddy Current and Hysteresis Losses

Losses occur in the stator core when the magnetic field is alternating because

of the hy is in the B-H ization cycle and because of eddy currents. In
general, the losses per unit weight of laminations based on sinusoidally time varying
flux density can be expressed as

Pre=af'Bl+af By =P+ P, (3.58)

where B, is the peak value of B and where the first term accounts for the eddy

current loss and the second for the hysteresis loss. The frequency, f, is the fun-
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damental of the waveform. The constants ¢, ¢; and o depend on the
properties of the used material. Their values are available in related engincering
handbooks.

Due to the nature of the magnetic fields in PM motors, flux density variations

with time in many regions of the laminated stator core are not sinusoidal, but

rather highly distorted with iderable harmonic contents. Under
such a condition, it is advocated that actual time-varying flux density waveforms
in various parts of the stator laminations are used to obtain a better evaluation of
the core losses. Besides, it can be appreciated that a full cycle of the time-varying
waveform of B in a certain point of the stator laminations can be appropriately
simulated by a pole-period of its space distribution at an arbitrary instant. This
space profile can be pictured in terms of the values of the flux density at those
points which are located at the same radius as that of the point being investigated
but with one-slot circumferential displacement in between. in fact, the notion of a
point can be extended to an element because the value of B in each element has
been regarded as constant when the triangle element is employed.

Based on the availability of those flux density profiles in each part of the stator
core, the effects of distortion of the flux density waveforms on core losses are ac-

counted for by introducing two correction factor k. and kx in Equ. (3.58), associated

to eddy current loss and is loss pectively by the

following equation:
Pre = kec1f*B} + kveaf By (3.59)

The determinations of these two factors are outlined as follows[41].
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‘The Eddy Current Correction Factor k.

For a distorted flux density profile as shown in Fig. 3.9, one can get the mag-
nitudes of its fundamental and harmonics by a Fourier series expansion. Then the
sinusoidal eddy current losses in stator laminations can be corrected for the effects

of harmonic distortion by the following factor
=By 2By
k= (g B2 (@50)
where B, denotes the magnitude of the fundamental flux density; B, the magni-

tude of the nth flux density harmonic; B, peak value of the distorted flux density

waveform.

The Minor Loop Hysteresis Correction Factor kj

Referring to Fig. 3.9, the occurrence of the reversals of magnitude A B;, which is
the magnitude of the i th flux reversal, results in the so-called minor hysteresis loops,
and it is the contribution of the minor hysteresis loops that increases the hysteresis
loss when the flux density waveform contains harmonics. Hence, the value of the
sinusoidal hysteresis loss at the same B, can be corrected for the effects of these
minor loops by the following factor

kh=1+ 0.67L2AE‘- (3.61)
B, %

Equation (3.60) together with Eqn. (3.61) will provide a practical means of

estimating the losses in the lamination under distorted flux mode. Due to the

duplication of ic structure and the ch istics of rotating magnetic field,
it is feasible to find out only those element values over one slot pitch and then sum
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Figure 3.10: Flux density profiles in tooth tip, tooth stem and yoke elements
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them. The total core losses of the entire stator can further be figured out from the
summed value multiplied by the number of stator slots.

As stated above, the flux density profile varying with time for a particular
element can be described by the ding spatial distributi fc Three

of the flux density profiles are given in Fig. 3.10 for those elements located in the
tooth tip, tooth stem, and yoke regions, respectively. Notice that all of these profiles
are highly distorted and non-sinusoidal.

For the illustrative model with voltage source supply, the calculated correction
factors k. and k; under the rated conditions are given in Table-1. It is obvious
from the table that the effect of distorted flux density waveforms on the core losses
should not be neglected.

Table-1
Correction Factors for Core Losses
element [ ks
tooth tip 8.176 2.088
tooth stem 6.874 1.630
yoke 3.868 1.141

3.5.4 Power Factor and Efficiency

Once the values of E;, §;, I, I, P. are available from the field solutions for a
certain B, the corresponding power factor at this operating point can be determined
by

cosp = cos{tan™(~Va/V;) + /2 = B} (3.62)
where 3 is the phase angle of J}, namely

B=hef+1.068+7/2) (3.63)



and

I.= P35 (3.64)

Fig. 3.11(a) shows the simulation results of power factor for the current source
case with I = 35A. Fig. 3.11(b) contains the simulation and measured results of
power factor for the voltage source case with V = 110V.

At this stage, the overall efficiency at any operating point can be casily deter-

mined as follows
_bk_EhL cos(§; + /2 — B) — Pr
=P VI cos

(3.65)

where the mechanical losses Py, due to friction and windage are obtained by the

following conventional expression[42]

P = IGP(%):"/— w (3.66)

where P is the number of pole pairs; /, the length of machine bore and v, the rotor

peripheral velocity.
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Chapter 4

Simulation of Starting
Performance

The strategy of field-circuit combined analysis for starting process will be dis-
cusrad in this chapter. The correct assessment of starting behaviour lies in how to
extract accurate transient parameters from the eddy-current field solutions. As a
necessary first step, it is imperative to develop appropriate finite element formulae

for two-dimensional nonlinear eddy-current field problems.

4.1 Nonlinear Eddy-current Finite Element Model
with Current source

As mentioned in the previous chapter, in order to avoid a large amount of field

calculations, as encountered when using a time-stepping procedure, time-phasor is

to obtain nonli ddy t field calculation so that finite element
analysis can be independent of time factor. First, we investigate the relatively
simple case with current source supply, and then proceed to the tough case with

voltage source supply.
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4.1.1 Assumptions

For two-dimensional finite element analysis of nonlinear eddy-current field, the

following assumptions are made:
1. Displacement currents are neglected.
2. The hysteresis of solid iron is neglected.
3. Eddy currents are assumed present only in the rotor bar.
4. Material conductivity is assumed constant.

of the rotor bar

5. The rotor end-ring resi is d by
conductivity; the rotor end-ring leakage flux effect is represented by the end-

ring leakage reactance.
4.1.2 Boundary-value Problem

The same physical model as applied in magnetostatic field analysis in Fig. 3.1
is used as an illustrative example. Subject to the above assumptions and in terms
of Maxwell's equations, the following equation holds
3%(1/3—1:) + %(ugy—A) =-J +og—f (4.1)
where A is the z-component of the magnetic vector potential; » is the reluctivity;
J is the source-current density; o is the conductivity and  is the time.

If the higher harmonics of the magnetic vector potential are neglected, and
the rotor is considered as pseudo-stationary, the sources ard the magnetic vector

potential can be assumed to vary sinusoidally with time. The field and its source
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may, therefore, be conveniently represented by the use of complex numbers. Thus,
the time variation of A and J can be expressed as time phasor A .nd J, so that
Equ. (4.1) together with boundary conditions can be rewritten as

9, 0A 8 0A

=a W(”E) —J +jwoA

Alm = Alca =0
Alas =4, (4.2)
where w, is the angular slip frequency. It is to be noted that the introduction

of time-phasor requires the reluctivity to be constant throughout the time cycle.

However, since the reluctivity will vary non-linearly with magnetic flux density
v =u[B(t)] (4.3)

time factor still exists in Eqn. (4.2); and therefore, it can not be solved directly.

For this reason, the concept of
difficulty.

Ve isi to handle this

4.1.3 Equivalent Reluctivity

1t is desirable to make equivalent reluctivity v, to be only a function of ampli-
tude of magnetic flux density in one periodic time for the lamination material, that

is
Ve = Ve[Bnm) (4.4)

Consequently, the equivalent magnetic field intensity H. can be expressed as

H.=vB. (4.5)
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Equi ivity v, may be

in terms of

magnetic energy. The magnetic energy density w,, for the medium can be expressed

as

- %u B(t) (4.6)
c ding to equivalent reluctivity, the equivalent ragnetic energy density e
is defined as

e = %u. B(t) (@7

The square difference D(v.) between w,, and w,. in one periodic time is
T
D(ve) = [ (wm — wne) dt (48)

Thus, equivals luctivity can be di ined by minimizing D(v,). Making the
first derivative of Eqn. (4.8) with respect to v, be equal to zero yields

Jo vB\(t)dt _ [ H(t)B*(t)dt “9)
TBt)dt [T BA(t)dt i

It is worthwhile noting that, although, both the magnetic flux density in z direction
B, and in the y direction B, at cach point of the field domain vary sinusoidally

with time respectively, the initial phase angles generally are different. Let

B. = Bysin(wt + ) (4.10)
and

B, = Bysin(wt + ¢,) (4.11)
As a result, the locus of their resultant in = — y plane is an ellipse, as it varies with

time, and it can be expressed as (see Appendix D)

(412)
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where a denotes the major axis of the ellipse and also represents the amplitude B,,
of B(t), that is

as {%[3,’ +B}+\/Bi + Bi +2BiBicos2{pr — @)} 2 = B, (413)
and b denotes the minor axis
b= (%{EHB%-\/Bmmi—hou?(w-ml)"’ (4.14)
If ¢1 = p2 =, then (b/a) = 0 and Eqn. (4.12) becomes
B(t) = /B + Bisin(wt +¢) (4.15)

and the ellipse degenerates to a line.
If ¢, = g2 £ 7/2 and B, = B,, then b/a =1 and Eqn. (4.12) becomes
B(t)=B,+B; (4.16)
and the ellipse becomes a circle.
Up to now, even though it is possible to evaluate equivalent reluctivity in terms

of Eqn. (4.12), the amount of computing burden for real time computation directly
using Eqn. (4.12) will be idable. Therefore, an all ive way is d

such that three typical equivalent magnetization curves relating the amplitude of
flux density B, to the equivalent magnetic field intensity H, are prepared before
hand. Using these three equivalent magnetization curves which are intentionally
chosen at (b/a) = 0, 0.5, and 1.0 ively, the equival luctivity v. cor-

responding to any B,, with other (b/a) values can be determined by parabolic
interpolation.
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In the first case of (b/a) = 0, substituting Equs. (4.15) and (4.9) into Equ. (4.5),
the formula for computing equivalent magnetic field intensity H, as a function of
the amplitude of flux density By, can be obtained

_16 /5
H(Ba) =3 /o Hsintdt (417)
1t is to be noted that integrand H is the function of B = Bpsint, described by
the fundamental magnetization curve of the material and Eqn. (4.17) may involve

a numerical integration.

For obtaining the equival ization curve ing to (b/a) = 0.5,

the formula for computing equivalent magnetic field intensity can be obtained from
Eqns. (4.5), (4.9) and (4.12) as,

H(Bn) = :—gg [ 0625 - 0375 cos 205t (4.18)

where integrand H is the function of B = +/0.625 — 0.375 cos 2¢.
In the case of (b/a) = 1.0, flux density turns to be a constant, B(t) = B,.. As
a result, the equivalent magnetization curve is just the fundamental magnetization

curve.

From these three i obtained equi ization curves, the equiv-
alent reluctivity v, corresponding to any By, with other (b/a) values can be easily
determined by parabolic interpolation.

4.1.4 Variational Formulation

Dueto thei duction of equival luctivity v, the b dary-value problem

in Eqn. (4.2) can thus be expressed as

a, 9A,, 8, 9A
gt E-y(”"a—y)
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Alpa= 4], =0
Al =4, (4.19)
Multiply each term of first equation of Eqn. (4.19) by the first variation A of vector

potential A, and then the integration is performed over entire region Q,

/L[%(y,%)+%(u,%)]ﬁfidzdy=—//n.iéA'd:dy+//njum/'l6Adzdy
(420)

Applying Green's theorem and following the same manipulation as in the case of
magnetostatic problems (see Appendix B), one obtains
//;u,Bﬁdedy —_/LJ&M:dy+//r‘]w,aA6Adzdy-j:J,5Ada =0 (421)

The left of Eqn. (4.21) can be viewed as the first variation §W of the functional W,

and thus the equivalent variational problem is given by
. B .. 1 & g5
= - d 2 ] iuoh? - = mj
W(4) //n(_l‘ vebdb) dz dy //n Jhdsdyts fL;w,aA dzdy /"J,Ads min
4 I"‘ = Alaa =0
Alas=-4],, (4.22)

4.1.5 Discretization and Fu ional Mini

The equivalent variational problem of nonlinear eddy current field is formally
identical to Eqn. (3.25) for nonlinear magnetostatic field problem except the in-
tegration term } [fp jwoA®dzdy. For the sake of simplicity, of all terms of the
element energy functional only the following term needs to be considered in the
discretization process

wed) = [f Liwnod dody (4.23)
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Differentiating with respect to the nodal potential A; (I = i,j,m) gives

/ / ]u,a'A—rdzdy (4.24)

A

Introducing interpolating function in terms of the vertex values of A

i+ NiAj + NjAn (4.25)
where shape function N;, N, Ny, are defined by Eqn. (3.7). Eqn. (4.24) becomes
8”’ / jweo(NiAi + NiAj + NjAn)Nidz, dy (1=i,j,m)  (4.26)

Eqn. (4.26) reduces after some algebraic manipulation to the form

aw;

?AT = Ju,a—(u. +Aj + An)
owy .

FXL = Jwrv-—(A.' +24; + An)
8W

94;
Superimposing the results of Eqn. (4.27) into Equ. (3.15), the minimization of the

—Juw (A +Aj+24n) (4.27)

energy function over a single element results in the elemental equation

(1K) + ju[H){A} = (£ (4.28)
where
b [Bbiteie  bbj+ec;  bibntecn
1K = 7% bibj +encm _ bibm + ciom (429)
SYM bnbm + emem
211
1 =% 121 (430)
Biliyz
and

{Py={22 8ydu Ja duy (431)
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By bling the individual element contribution described by Eqn. (4.28), the

overall system equations ate constructed in the matrix form

(K] + jur[HD{A} = (P} (4.32)

Eqn. (4.32) the finite element discretization of the nonlinear eddy ¢
problem with current source described by Eqa. (4.19). Since these matrix equations

are nonlinear, they are first quasi-linearized, and then are solved by the Gaussian

dure. The quasi-linearization of the nonlinear complex matrix

equation (4.32) is achieved by an iteratively convergent process.

4.2 Nonlinear Eddy-current Finite Element Model
with Voltage Source

For voltage source supply, the current density J is unknown before field solutions
are available. In such a case, a flux distribution from a finite-element nonlinear
eddy-field solutions, based on any assumed set of currents in the machine, can be
used to determine induced voltages in various windings. In general, the impressed
voltage from the voltage source inverter will not balance with the sum of the induced
voltage and impedance voltage drops. The lack of balance is usually used to obtain
an improved estimate of the correct current set, and to proceed in an iterative
manner until satisfactory balance is achieved. In this study, a finite element model
directly starting with the voltage source will be derived to eliminate the iterative
process[43].

From the discussion of the last section, due to the introduction of both phasor

vector potential A and equivalent reluctivity v, the boundary-value problem can
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be expressed as

)+ )—-—.I+Ju,aA

ay("‘ %
A ["‘ » Alvs i

(v. 9z

Alis =4, (433)

Since the current density J is unknown before field solutions are available, as a

much better alternative to usually adopted iterative process, an approach which

combines field quantities with electrical circuit equations is employed to tackle this
problem.

The induced electromotive forces in stator winding may well be evaluated on a

coil-by-coil basis. The average value of the induced voltage, e., over a coil side of

cross-sectional area s, is given by Faraday’s law
1 94 . 1 :
o= —N,l,,s—‘/s‘ Frds= —]wNJ.,(;:L Ads) (4.34)

where the average value of phasor vector potential in the bracket represents the
average flux linkage over a coil side per turn per length; w is the angular frequency
of voltage source; s, is half the value of the slot area for two-layer windings, or
just the value of the whole slot area for single-layer windings. In numerical field
calculation, the average value of phasor vector potential can be expressed as

[ hde= ,Z;/ Ads = —L——):'"A'Es—‘ S (439)

where the summation for i ranges over all the elements n, in the area s, and

fdo= 4,
[, Aude= L (436)
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Consequently, Eqn. (4.34) is rewritten as

(437)

Depending upon the details of the discretization and the connections of the phase

windings, the back EMF induced in phase A winding is given as

Ea= uMLﬂP(D}, (4} (4.38)

where P is the number of pole pairs, a; number of parallel circuits in windings;
{D}y = {da1,.,dak,.1dan} is the area vector related to all the nodes in the
sub-region of phase 4 winding. The definition of any one component dy is given
by

Bx

da =Y Ape (43¢,

=1
where Ay, denotes the area of element e, one of whose vertices is just the numbered
node k. Ej is the number of tital elements related to node k.

Similarly, the back EMF induced in phase B and phase C can be expressed as

fp= wN.l,JZP WML2P e hy (4.40)

i
g “’"""” @Niles2P (e 14y (441)
respectively.
Using motor conventions, the relationship between the terminal voltage and

induced voltage will be

VaVi=—E;+5Z (i=AB,C) (4.42)
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where Z is the total phase impedance including external impedance except the slot
leakage reactance, tooth top leakage and h ic leakage
The induced voltage E; from field analysis enables the presence of the slot and

tooth top leakage flux and harmonic fluxes to be included implicitly. The current
and current density flowing in phase-windings are given, respectively, by

V2Vi+ B
Z

(i=A,B,C) ' (4.43)

and

. 2PN}l

ez 352z

{D}{A} (i=A4,B,C) (4.44)

Eqn. (4.44) is the expression of equivalent current source for voltage source supply.
It is clear that the value of calculated current density expressed by Eqn. (4.44) is
not only the function of the impressed voltage source, but also related to vector
potentials to be solved.

It is to be noted that the corresponding equivalent variational problem for the
voltage source is formally identical to Eqn. (4.22) for the current source case. It
can be expected that the difference of discretization results between each other lies
only in one term related to field source, identified as

Wi(d) = _//nJ'A.xzdy
-/Aj,uzdy-//H.J,Adzdy—jjncjcuzdy (445)

I

where subscripts A, B, C of Q denote the subregion of phase /i winding, phase B
winding and phase C winding respectively. Examining phase A winding contribu-
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tion to the energy functional, one obtains

Wa(A) = -/f Jaddzdy = -)f/j JaAdz dy

—Z (ZNVa 2PNy y(Auit As + A
3

ori sy
(LR - e DY A (840)

where e, is the number of all the elements in the sub-region of phase A winding.
Differentiating with respect to any one of the nodal potentials A, and noting that the
vector potentials {A} in the bracketed current density factor have to be considered

as constant, we have

Ws _ VNV, OPNHeg (e s s
04, 3smZ Fownz At 952412 {DYa{AYdu (4.47)

where d 4 was defined by Eqn. (4.39).
Similarly, the contributions of phase B winding and phase C' winding are given,

respectively as:

W, BNVe . 2PN}, R
W o Lo 450 2L DY i (t49)
2
and
AW AN,V . 2PN, ;
a‘ﬁ =- ‘;:a: chm + jw 93241% 5’ {D}s{AYder (4.49)
Therefore, the resulting system of complex simul i di

to the finite element model with the voltage source can be expressed in matrix form
as

(1K) + juo [ H) + [T {A} = {B} +{P} (4.50)
where matrix (K], matrix [H] and vector {P)} have been previously defined for
current source case by Eqns. (4.29), (4.30), (4.31) respectively. Matrix [T'] and
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vector {P,} corresponding to the voltage source supply are defined in terms of

Eqn. (447) to (4.49) by

(71 = e (DIADY, + (D)a(DYs + (D)eiDY) (451
N
3 saZ

The solutions to the nonlinear equation (4.50) can be obtained by means of the

{R}= (Va{D}a + Va{D}s + Ve{D}c) (4.52)

same procedure as in the case for current source supply.
4.3 Determination of Starting Parameters

It is understandable that the proper consideration of skin effect is critical to
the accurate evaluation of starting in the i d; matrix [Z] defined
by Eqns. (2.12) to (2.15). To this end, the speed response of starting parameters is

expected to be obtained to account for the skin effect. The following procedure is.
employed to extract a set of parameters as a function of slip s from the nonlinear

eddy-current field solutions.

4.3.1 Preliminary Consid i
d-axis and g-axis Starting Equivalent Circuits

The d-axis and g-axis starting equivalent circuits as shown in Fig. 4.1 can assist
one to obtain the starting parameters based on field solutions. The d-q axis rotor
resistances and leakage reactances iy, i, ¥y, ¥}, are not constant and may change
notably with the rotor speed due to skin effect and nonlinearity. z;. denotes stator
end winding leakage and z,, denotes the ion of stator slot leakage
reactance, tooth top leakage and b ic leakage It is to be
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(a) d-axis

(b) g-axis

Figure 4.1: d-q axis starting equivalent circuits
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noted that z., comes from the conventional analytical formula; while the z;, may
be determined directly from the field solutions.

First, voltage-source finite element model is applied to get the starting current
corresponding to motor operation mode and the stator leakage reactance z,,. Then,
with the just obtained starting current, the finite element model for current source
supply is applied to calculate the d-axis field and g-axis field, respectively, so as to
determine the speed response of each parameter.

Saturation Effect

Since in the starting process, the magnets will not induce any eddy-current in
the rotor part, these starting parameters can be determined based only on induction
motor operation mode, that is, no need to consider the excitation of magnets.
However, the effects of magnets on magnetic saturation level have to be taken into
account. M , this kind of ideration is subjected to what will be expected
from the related field solutions.

Under the first case for deterraining starting current, an auxiliary complex vector
potential A corresponding to the kth iteration is introduced and defined by

At = IA('I)'I‘. .:‘.JIIA,.I A® (4.53)
where A®) is the complex vector potential solution of the nonlinear equation (4.50)
from the kth iteration; A, is the real vector potential solution due to permanent
magnet excitation alone, which was previously stored in computer memory as input
data. In terms of the auxiliary complex vector potential A'®), one can obtain the
corresponding flux density by

0 - k)T
BY = pwry pw;
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2. it
= e (&54)

After further getting the amplitude B{*) with the help of Eqn. (4.13), the required
equivalent reluctivity #**") for the next iterative solution can be determined from
the equivalent magnetization curves by parabolic interpolation.

For the second case with the aim to determine the d-axis and g-axis parameters
from corresponding d-axis or q-axis field analysis, as only a particular space position
of stator MMF is involved, an auxiliary real vector potential A® is introduced to
consider the effect of magnets on the magnetic saturation of the material and is
defined by

A® = Re(A®) + A (4.55)
The corresponding flux density is obtained by
B® = B®i4B®;
AR, gA®)

= i (4.56)

and

18 k)
B = (05 + (2

The required reluctivity »(*+) for the next iterative solution can be evaluated from

yit (4.57)

the fundamental magnetization curve.

End Effects

Since the finite element analysis is limited to 2D, end effects due to the rotor

end-ring resistance are treated by a modification of the rotor bar conductivity. The
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equivalent conductivity of the bar is given by

™
0,

e (4.58)

where o is the original conductivity of the bar, the subscripts b and r siand for bar
and rings, respectively. The term r; is the resistance of one bar given by

e (4.39)
and r, is the resistance of adjacent ring segment referred to the bar.
Z,D, P
= e (4.60)

where I; is the length of bar; Z; is the number of bars on the - (or: and D, is the
average diameter of end rings.
The end ring leakage inductance can be accounted by{42]

#oZa

=D,
L= g2l — Ly +0.18%) (4.61)

where I; the effective bore length. The stator end leakage inductarce can be ac-
counted for by the conventional method which is usually used for standard induction

motor and wire-wound synchronous motor.

~ 4.3.2 Parameter Determination

As mentioned above, three field computations are inve'ved to exiract the start-
ing parameters at a specific slip s. One is the integral eddy-curreat field anslysis
under voltage source supply for obtaining starting currcat a; 4 stator leakage reac-

tance z,,. The other two are d-axis and g-axis eddy-curreni feld analyses under

current source supply to extract rotor d-axis and g-axis paric-ters, respectively.



Integral Eddy-current Magnetic Field

Nonlinear finite element model with prescribed voltage source is employed.
Assuming startiug current and stator leakage reactance z,, are both independent
of a particular space position of stator magnetomotive force (MMF), the auxiliary
complex vector potential A’ defined by Eqn. (4.53) and the equivalent reluctivity v,
are applied to take into account the influence of magnetic non-linearity. The rotor
is considered to be excited by induced eddy-current at a certain slip s. The eddy-
current is assumed to flow in the rotor bar with a modified conductivity o, due to
the effect of end-ring resistance. The effect of both stator end-winding leakage flux
and rotor end-ring leakage flux is taken into account by z,, and z., respectively.

The real part of the complex vector potentials can be used to obtain flux plots
for any instant time. Fig. 4.2 shows the flux distribution at s = 1 condition. The
induced voltage per phase is given by

uN,IdZP

E = —j— X (D}{A} (i=4,B,C) (4.62)

It can be expected that the mmpuﬁed values of three induced phase voltages using
equation (4.62) are unbalanced due to the ical rotor structure and their

particular location of individual stator phase windings with respect to a fixed rotor
layout. Balanced value of the three induced phase voltages can be restored by
transposing the position of individual windings at 120° intervals. Therefore, the
adjusted induced voltage, taking phase A for example, will be

B= %(EA +abp +a?Ec) (4.63)
where the operator  is defined by

= (4.64)



==
-———'\\‘
{7

,/\\\SSL\
\\Q'\&\\\.\\\.\

I

O
==

=

Figure 4.2: Flux distribution at slip = 1 instant
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The corresponding phase B and phase C induced voltages are
Ey=o*E} (4.65)
and
Ep =B} (4.66)
It is noted that the induced voltage EY (i = A, B,C) has incorporated the contri-
bution of slot leakage flux, tooth top leakage flux, and harmonic flux.
The induced voltage E; i with the flux is also ibl

by performing a Fourier analysis on the real part of complex vector potentials A
around the outer surface of the the rotor. The flux per pole, which can be regarded

as constant with time, is given by

b= [+ (4.67)

where ¢4 and ¢, are the d-axis and g-axis flux components, respectively. Then, the
corresponding induced voltage Ey per phase is
Ey =4.44f¢nN,K,, (4.68)
and the phase angle 8 is defined by
0=tan=1 &0 (4.69)
b4

The phase current can also be obtained as

(VO +E)/Z  (i=4,B,C) (4.70)

where Z is the total phase impedance including external impedance except z;,.
The value of 1, can be determined from above field-based solutions as

(411
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D-axis Eddy-current Magnetic Field

Nonlinear finite el t model with ibed current source will be employed.
The value of the prescribed current source has become available from the foregoing
integral fizld computation. The three phase current sources are impressed in such
a way so that the axis of the stator MMF is aligned with the d-axis at instant t=0.
The influence of non-linearity caused by permanent magnets is taken into account
by introducing the auxiliary real vector potential A’ defined by Eqn. (4.55) and
using fundamental magnetization curve since in such case only a particular space
position of the stator MMF aligned with d-axis is involved. Using the same manner
as explained in the last section, the induced voltage Eq in Fig. 4.1(a) associated

with the fund ] flux can be evaluated by ing a Fourier analysis on

the real part of the complex vector potentials 4 around the outer surface of the
rotor. Analysis will start from slip = 0 since in such a case the rotor branch circuit

in Fig. 4.1(a) can be regarded as open circuit. As a result, after obtaining the

induced voltage Eg, one can iently evaluate Xmq. C ly, for other
cases rather than slip = 0, according to Fig. 4.1(a) the parameters rj; and zj, can

be extracted in terms of obtained Eq(s) and zmq,

Za(s) = ‘_Elj(_’) (4.72)
Z4jXma
4 =38 Re(——"—- 4.73,
o) = o Rel 5t Xnt ) w1
and
grpan Z4j Xma
ahls) = im0 e (4.74)

where Im means “imaginary part of”. The variation of rj, and z5, with rotor speed

for the illustrative working model is shown in Fig. 4.3 by solid lines.
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Figuze 4.3: Speed response of rotor starting parameters
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q-axis Eddy-current Magnetic Field

Nonlinear finite element model with current source supply and q-axis starting
equivalent circuit in Fig. 4.1(b) are employed to obtain g-axis starting parameters.
The finite element model is identical to the one just discussed for d-axis eddy-
current magnetic field analysis except that the three phase current sources are
impressed in such a way so that the axis of the stator MMF is in quadrature with
the d-axis at instant ¢ = 0. The introduction of the auxiliary real vector potential
A' defined by Eqn. (4.55) allows us to consider the impact of non-linearity caused
by the magnets based on fundamental magnetization curve. For the same reason,
the field investigation proceeds from slip = 0 5o that Xy, can first be ascertained.
After the determination of Ey(s), the parameters rj, and zj, can be evaluated for

other slips by

Zy(s) = i'(‘) (4.75)
rle) = s Re( 52 Z"X“ ) 16)

and
y(0) = (e @m

The obtained results of r5; and =}, at different rotor speed are displayed in Fig. 4.3
by dashed line. It is obvious from Fig 4.3 that the skin effect has considerable
impacts on rotor starting parameters. No doubt, using constant parameter values
for predicting starting performance would lead to considerable errors.

Finally, the required parameters Xp(s) and Xj(s) referred to stator side can
be found as

Xp() = Xna + aa(s) + 22:(s) (4.78)



and
X(8) = Xumq +224(5) + 23.(s) (4.79)

where z},(s) is the end-ring leakage reactance calculated in terms of Eqn. (4.61).
4.4 Starting Performance Prediction

Availability of accurate field-based starting parameters from the above dis-
cussion has provided groundwork for simulating the starting performance by just
using lumped parameter model[44]. In order to achieve an identification of different

current and torque components in macroscopic sense and present a clear physical

derstanding of each and allow i itivity anal-
ysis, the quasi-dynamic analysis approach will first be discussed. Then, we proceed
to the actual transient analysis so as to acquire more detailed information such as

current i for possible d izing effect on mag-

nets and the time of run up to stable h as well as h

process.

4.4.1 Quasi-dynamic Analysis

As explained in chapter 2, for quasi-dynamic analysis the starting process can
be fairly treated as the superposition of two operation modes. One mode is the
induction motor with applied voltage source. The other mode is ac PM genera-

tor ion with magnet excitation. The jon effects between

these two modes have been properly considered in the above discussed section for
determining the starting parameters by introducing the auxiliary complex vector
poteatial A’ or the auxiliary real vector potential A'. After superposing the results



93

of these two operating modes, one can get d-q axis instantaneous current com-
ponents of each winding as expressed by Eqns. (2.25), (2.27) and (2.28). Using
Eqn. (2.29), the results can be transformed back to abc system to get the instan-
taneous value of each phase-current. A PM motor under asynchronous mode has
three stator current components with different frequency: line frequency f and
(1—s)f induced by rotating magnets as well as (1 —2s)f caused by unsymmetrical
rotor construction. The frequency of the current in cage winding is sf induced by
stator rotating field.

The total instantaneous torque including both average and pulsating compo-
nents can be expressed by substituting Eqn. (2.28) into the torque expression
Eqn. (2.19) as

T = P[(Lg — La)ifif’ + LingiiG — LnaigiB] + PI(Lq — La)i%8 — Lmaifis)
+P[(Lq — La)(ii§ + i7i8) + Lingig i — Lmaipi) — Lmaty i)
= T4 T94T™ (4.80)
where T™, T9 and T™ are the torque components corresponding to the motoring
mode, generating mode and the interaction between these two modes, respectively.

bstituting Eqn. (2.25) ding to the motor
* first term of Eqn. (4.80), one obtains

peration mode into the

T™ = P|(Ly — Li)(AC + BD) + Lng(AG + BH) — Lna(EC + FD))
P[(Ly — La)(AC — BD) + Lng(AG = BH) — Lna( EC — FD)} cos 25wt
P[(Ly — La)(AD + CB) + Lyng(AH + GB) = Lg(ED + CF)) sin 28wt

= TO4+TD (4.81)
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It is shown that 7™ is comprised of average cage torque component 7,7, and pulsat-
ing torque component Tj; with aagular frequency 2sw owing to the unsymmetry
between the rotor d-axis and g-axis. The pulsating torque T3} arises from the inter-
action between the backward rotating component, with angular frequency (1—2s)w
resolved from the rotor elliptic MMF, and the stator MMF rotating at the angular
frequency of supply and from saliency reluctance effects.

When the current components from Eqn. (2.27) subjected to the generator mode
are substituted in the second term of Eqn. (4.80), one easily obtain

oo P m+(-sX]  301-9PEn
@)= T —s)w'rd + (1= ) XX, 13 + (1— 8y XX,

where negative sign indicates the average torque is of braking type. The second
bracketed term the torque due to magnets and the first brack-

(4.82)

eted modified term is used to account for the rotor saliency effect.
Substituting each current component from Eqns. (2.25) and (2.27) into the third
term of Eqn. (4.80) will yield

T¥ = V2P((LungGi§ = LmaFi) 05 st + (LnaFi3 = Lng Hi%)sin swt]
+V2P(L, — La)[(A# + CiS) cos swt — (Bi + Di3) sin swt]
—V2P[C cos swt — Dsin swt) Lmis (4.83)

It can be seen from Eqn. (4.83) that the interaction between the two operating
modes will not develop average torque but only the pulsating torque with angu'ar
frequency sw. The first and second terms of the pulsating torque components
in Eqn. (4.83) are attributed to the MMF i ion of the stator
mode component with the rotor forward and the back d
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respectively, resolved from elliptic rotor MMF owing to the unsymmetric rotor
structure. If Ly = L,, the second term of the pulsating torque would vanish since
the rotor backward rotating MMF would disappear. The third term of the pulsating
torque in Eqn. (4.83) arises from the MMF interaction between the stator motoring
mode component and permanent magnet.

Therefore, total torque can be expressed as

T=To+T+TR+ T =Tu+T, (4.84)

Fig. 4.4(a) shows the resulting average torque T, as well as its individual com-
ponents: cage torque component T2 and magnet torque component T%, for the
illustrative model. In this case, all parameters are chosen as constant values at
slip = 0. It can be seen that the curve of T is similar to the typical characteris-
tics of induction motor except with a dip at slip slightly less than 0.5. This dip is
caused by the electrical and magnetic unsymmetry between the d-axis and g-axis.
The rotor backward rotating magnetic £eld resolved from the elliptic MMF will
induce current in stator winding with angular frequency (1 — 2s)w and then the
current will produce another rotating magnetic field. These two rotating magnetic
fields both at angular velocity (1 — 2s)w will develop another pair of asynchronous
torque. However, in such a case the rotor should be viewed as the primary and
stator as the secondary, and moreover, s = 0.5 corresponds to their synchronous
speed. Because (1 — 2s)w is of positive value over the smaller range than 0.5 slip,
the stator viewed as the secondary stands a torque in w direction, and thus rotor
will suffer a braking torque with equal magnitude but opposite direction. This
braking torque will reach its maximum value at slip slightly less than 0.5, and leads
to a torque dip on the resulting average torque curve at slip slightly less than 0.5.
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The existence of this torque dip has been pointed out in the literatures[9, 11] and
is usually considered as one of the main concerns for wide potential applications
of PM motors. Fortunately, this concern may turn out to be uncalled-for. This is
attributed to the skin effects which may favorably make rotor dynamic parameters
much less unsymmetrical. Fig. 4.4(b) shows the simulation results of the aver-
age torque characteristics using varying dynamic parameters. The dip in the cage
torque component has disappeared.

The magnet torque T?, at zero speed is zero. The torque after passing through a
‘maximum, usually at a low speed, becomes nearly constant as shown by Fig. 4.4(b).
‘When the magnet torque T?%, is combined with cage torque T, a dip is produced
in the resulting average torque Ty,. This dip may be the main concern for the

successful starting, but not the previous understanding that there exist two dips.

The pulsating torque T} is ised of double-slip-frequency T
and single-slip-frequency component (,f . Of the two pulsating components, the
single-slip-frequency component is much larger than the double-slip frequency com-
ponent. Fig. 4.5 shows the magnitude envelopes of these two components for the
illustrative model. The average torque is responsible for propelling the rotor for-

ward while the pulsating torque only produces noise and vibration during starting.
4.4.2 Transient Analysis

The analysis consists of both mechanical and el i i Itis

well described by state-variable equation (2.32). The transient performances are
computed by solving the state-variable equation numerically. It is expected that

accurate results can be obtained when using those properly identified starting pa-
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rameters. Fig. 4.6 and Fig. 4.7 show the torque versus time and speed, respectively,
with the load torque chosen at 25 N-m for a coupled inertia of three times the rotor
inertia. Fig. 4.8 shows the speed versus time curve and Fig. 4.9 gives the details
of the starting phase current. These computed results are useful in order to ensure
that a PM motor is well designed to start and synchronize properly. A general pro-
cedure for stating performance analysis based on finite element method is indicated

by the flow chart as shown in Fig. 4.10.
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Chapter 5

Experimental Study

As an integral part of this study, an attempt is made to deal with some testing
problems. In this chapter, the experimental setup is first outlined. A discus-

sion on how to ine the load-d d X4, Xq and
magnet-excited voltage E; is presented. A microprocessor-based digital torque an-
gle b-system is described in detail. Finally, a scheme for accurately
locating the position of zero torque angle is presented[45].

5.1 Experimental Setup

The experimental setup for the test investigation is shown in Fig. 5.1. The
left side is the PM motor under investigation. In order to cover the full range of
load angles, the test PM motor is coupled to the wire-wound synchronous machine
as shown on the right side of Fig. 5.1. The synchronous machine is operated in
generating mode to provide a required load torque. The stator current of the loading
synchronous machine is dissipated in a large 3-phase power resistance bank.

A torque transducer is connected between the PM motor and the generator. The

transducer is capable of accurately measuring cyclic torque variation and torque
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transient. The torque signal is amplified by a low pass filter with a gain of 20dB

and recorded by a multiple-channel storage osci Torque angle

is achieved by using  digital torque angle measurement subsystem (described in

section 5.3), which includes a magnet-excitation voltage d isting of
a rotor shaft-mounted disc and a stator frame-fixed photo-coupler as shown in
Fig. 5.1

The speed response of the PM motor is detected by a tacho-generator which
is mounted on the far left end of the synchronous generator shaft. The output

signal is directly fed into a storage oscilloscope for recording. The transient cur-

rent is monitored through isolation-type current d having a good linear
response over wide range. The input power is measured by the two-wattmeter
method. A Lab-master board with built-in A/D and D/A converters is used for
data acquisition and interface with the microcomputer. Various waveforms stored
on the oscilloscope are printed out by a plotter connected to the parallel printer
interface of the oscilloscope.

1t is assumed that the t i at ambient is obtained

in the usual manner from its dc value corrected by an appropriate factor to allow
for skin and proximity effects.

In practice, owing to the existence of various noise disturbance in the measure-

mental envi random i ies in the d data may occur. For

some i it may be advisable first to smooth the measured data

by digital low pass filter in order to avoid the propagation of errors originating from

this source.



5.2 Modified Load Test Method

In the measurement of machine parameters from test, it is not possible to isolate
the stator leakage reactance from the total direct and quadrature synchronous reac-
tances. It is common practice to lump the leakage into the synchronous reactances,
which leads to the simplified phasor diagram as shown in Fig. 5.2.

Because the parameters Xy, X, and Eq tend to vary widely with loads due
to saturation, the values of these parameters must be quoted together with the
load and voltage conditions under which these were determined. From the phasor
diagram, the following can be obtained as

Eisin§; = LsinfX, (5.1)
Eicos§; = Eo+hcospXs (5.2)
It is noted that once the data of applied voltage V, current I3, input power P; and

torque angle & are known from the load test, other quantities in Equs. (5.1) and
(5:2) can be obtained as

E;=\/(Vsin§ + hry 03 B)? + (V cos 6 — Iy sin f)?, (5.3)
%%&5 54)
‘where
B=F+6-¢ (69)
and
= arcoos 1 69)



107

I

Figure 5.2: PM motor phasor diagram for testing
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It is clear that the g-axis reactance X, can easily be obtained using equation (5.1).
However from Eq. (5.2) itself, it is inadequate to evaluate the two unknown quan-
tities Ep and X,. To this end, a small perturbation of the load is exerted to obtain
another set of test data, which yields the following equation

Eicost; = Eo+ I cos f'Xa (5.7)

As a result, solving the simultaneous algebraic equations (5.2) aud (5.7) gives the
values of the saturated values Eo and X for any operating point. In practice, the
procedure is simply first to produce three curves Ei(8), &(8) and L(f) by curve
fitting from recorded data of applied voltage V, current I;, input power P; and
torque angle &, which cover the entire range of different loads. Then, the required
information for both equations(5.2) and (5.7) is obtained from reading these curves.
Fig. 5.3 shows the values of Xy, X; and Ep for a 1 hp 4-pole interior-type PM
synchronous motor by using the above proposed modified load test method. The
effect of assuming constant Fy, as made in the original load test method[3, 23], on
the value of Xy can be clearly seen from the dashed-line curve in Fig. 5.3(a). Over
a load range around § = 47° where the armature reaction in d-axis is changing from
magnetizing to demagnetizing mode, the value of X; becomes extremely irregular.
This phenomenon was also observed in references(3, 23, 32]. This irregularity is due
to the assumption of constant Ep which, in fact is dependent on the saturation level,
particularly in the region of ferromagnetic bridges. It is evident from Fig. 5.3(c)
that Eyp is load dependent.
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5.3 Microprocessor-based Load Angle Measure-
ment

The torque angle of a synchronous machine is defined as the angular displace-
ment between the excitation voltage Fo and the terminal voltage V/, as shown in
Fig. 5.2. For motoring operation, when the zero crossing of any one of the three
phase terminal voltages is used as the reference to initiate a pulse and the zero
crossing of the magnet excitation voltage in the same phase winding is used to
terminate the pulse, the resulting pulse width represents the instantaneous torque
angle. For generating mode, the reverse will happen.

The signal representing the excitation voltage is derived from a transducer con-
sisting of a rotor shaft-mounted disc with an equi-spaced hole drilled on the cir-
cumference for each pole pair and a stator frame-fixed photo-coupler as indicated
in Fig. 5.1. This photo-coupler can produce a pulse whenever any one of the holes
cut across the photo-coupler governed by the rotation of the shaft. This arrange-
ment can always provide one pulse per cycle of the terminal voltage when the shaft
rotates at synchronous speed. The produced chain of low voltage pulses are then
amplified to TTL level using voltage comparator as shown in the block diagram of
Fig. 5.4. The reference voltage of the comparator is set to 0.6V so as to eliminate
the noise from the photo-coupler signal.

The reference terminal phase voltage signal is derived through a step-down
transformer. Before the reduced sinusoidal voltage is converted into a 5V rectan-
gular pulse by the zero-crossing voltage detector, a phase-lag shifter with a range
of 0 to 180° is employed to provide an approximate means for positioning the zero
torque angle. It is intended to ensure that the photo-pulse at point a in Fig. 5.4



Figure 5.4: Block diagram for torque angle measurement
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will align with the terminal voltage pulse at point b at no-load operation by ad-
justing the variable resistor of the phase shifter. Since the whole circuit operates
on a single 5V supply for the sake of simplicity, the output of the negative half cy-
cle of the phase shifter has been severely distorted, which makes the zero-crossing
from negative to positive of the waveform useless. Therefore, the instant of the
zero-crossing from positive to negative is used to signal the terminal voltage (see
Appendix E). As a consequence of this 180° phase shift, the net effect of the phase
shifter has become a phase-lead network with a range of 0 to 180°. For practical
applications, it is desired to make the phase shifter work as both phase-lead and
phase-lag circuit. To this end, a corpensator is introduced to offset the phase to
a certain degree as desired at the output of the compensator by adjusting the RC
time constant of the compensator.

It is noted that for the motoring mode, the pulses at point b in Fig. 5.4 have to be
taken as reference; while for generating mode, the pulses at point a have to be taken

as reference. Therefore, a multipl circuit (see dix) is employed to enable
this device to be i to both the motoring and generating
modes.

If the output gate pulse of the phase detector at point d of Fig. 5.4 is combined
with the 1MHz clock pulses at point f, a chain of the clock pulses at point g are
produced through an AND gate, and the number of these clock pulses is a measure
of the torque angle. However, when these clock pulses are used to drive a 16-bit
BCD counter, occasionally, false counting may occur. The reason is that in the case
of high machine speed and heavy load, the next output gate pulse at point d may
start before the final settled number of the counting is latched to the buffer and
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counter is cleared. To avoid this undesirable operation, a pulse inhibitor is employed
to ensure that no further gate pulses would pass to the AND gate until the reset
signal is issued, which comes from the reset switch or interrupt acknowledgment
signal (TNTA) from the microprocessor as indicated in Fig. 5.4.

Since 1MHz clock frequency is employed, for a 60Hz power supply system, there
are 8,333 pulses corresponding to 180° electrical, which is the maximum torque angle
to be measured. Thus, a resolution of 0.02 electrical degree per pulse is obtained.
To obtain a stable reading, the buffer is enabled after the counting is over and
hold the information until the arrival of next count. The output of the buffer is

further fed into a mi using 8255 parallel port as the

interface. At the same time, the buffered data are also decoded by display driver
into 7-segment LED display.

The clock signal for latching the buffer and the interrupt signal can be derived
from the output of the pulse inhibitor through a delay element to account for the
propagation delay of the 16-bit cascade counter. The interrupt signal is produced
using a JK flip-flop whose output goes high once the delay is over.

The above discussed torque angle measurement subsystem was designed, built

and tested on the 1 hp, 4-pole PM motor which is eoupled to a conventional syn-

chronous The system functioned properly as desired and

was also found to be very stable over the entire range of operating conditions.
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5.4 Determination of Zero Torque Angle Posi-
tion

Due to the characteristics of 2 PM motor, the precision of measured torque angle
is highly related to the accuracy of the positioning of zero torque angle. For a PM
motor under normal voltage supply, the no-load operation is at § = & as explained
in section 2.2, and therefore can not be used to position the zero torque angle.

Usually, an i method is loyed to d ine the position of § = 0.

As indicated by equation (2.36), the reluctance torque varies as V2 while the magnet
torque varies as V. As a result, a reduction in the terminal voltage causes a much
greater reduction in the reluctance torque than in the magnet torque. This results
in a decreased value of §. When V is reduced to a value very close to Ey, the torque
angle will fall to a minimum value. The value at this point is usually assumed to
be zero torque angle. This angle difference with normal no-load operation at rated
voltage is considered to be approximately &. In practice, this approximation is
identical to neglecting the windage and friction and iron losses. Even though the
approximate method is convenient to employ, it is desirable to find a way which can
accurately locate the zero torque position for precision measurement and control
purposes.

From the above discussion, it is noted that the signal representing the excitation
voltage can be errorless only if the holes on the disc are aligned with d-axis of the
rotor and the photo-coupler is positioned at the axis of that particular stator phase
winding whose applied voltage has been taken as the reference signal. However,
unless special marks were made on the rotor during assembly, there is no obvious
reference to determine the position of the d-axis. In order to overcome this difficulty,
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a scheme is introduced to find out the positions of d-axis of the rotor and the axis of
the referenced stator phase winding with no need for the accessibility to the internal
construction of the motor. The procedure is described in the following steps:

1. Mount the disc with an equi-spaced hole for each pole pair on the rotor
shaft and fix the photo-coupler to the stator frame, with both at arbitrary position.
Then, take any one of three phase voltages as phase A to provide the referenced
phase voltage signal for the primary of the step-down transformer.

2. Turn on the three-phase power supply and run the PM motor at no-load. By
reversing the leads of the phase A power supply to the primary of the transformer,
and/or interchanging the three-phase power supply leads to the three-phase stator
windings, find out the connection which would lead to a minimum torque angle
reading. Under this connection, the stator winding connected to the phase 4 power
supply is then the phase A stator winding.

3. Run the motor first in one direction and get the torque angle reading, then do

the same at the reverse direction by interchanging the phase B and phase C power

supply. Assuming that the photo-coupler was just positioned at the axis of phase
A winding of the stator, then both the torque angle readings should be the same if
the holes on the disc were aligned with the d-axis of the rotor. This suggests that
the disc has to be moved towards the rotating direction which has given the larger
torque angle reading if both readings are not the same, This adjustment is repeated
until the two readings respectively corresponding to forward and backward rotating
directions are reasonably close.

4. In step 3, it is assumed that the arbitrary positioning of the photo-coupler
was just aligned with the axis of phase A winding. Generally speaking, it is not
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true. Hence, an adjustment is needed to relocate the position of the axis of phase
A winding. It can be done by applying a low dc voltage to the three-phase stator
windings with the connection as shown in Fig. 5.5. What happens is that the disc
will rotate in such a way that the holes on the disc, which represents the d-axis of
the rotor, should move to the axis of phase A winding. As a result, one can easily
relocate the photo-coupler to the position as indicated by one of the holes.

Due to the adjustment of photo-coupler position in step 4, the holes on the disc
have to be positioned again by repeating step 3. This iteration process is continued
until no further adjustment is made in step 4. Practical application shows that only
few iterations are required for both the holes on the disc and the photo-coupler to
converge to their correct positions.

By using the proposed scheme, the initial torque angle for the 1 hp laboratory
test PM motor is 29.6°; while using the approximate method, the initial torque
angle is 22.2°. It can be seen that the error caused by the approximate method is
quite significant.
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Figure 5.5: Connection of stator windings for locating the axis of phase A winding



Chapter 6

Application Example

A complete field-circuit bined dure for the simulation of both the

synchronous performance and starting process, along with the improved test tech-
niques, have been discussed in the previous chapters. In this chapter, an application
example is presented to provide a full picture of the usefulness of the proposed anal-
ysis and test techniques.

6.1 Working Model

A laboratory interior-magnet type motor with the configuration sLown in
Fig. 6.1 is employed to serve as the working model. The specifications of perti-
nent design data of this PM motor is given in Table 6.1. The standar< aluminum
rotor cage was used to provide the capability for line frequency starting and syn-
chronization. The SmCos magnets are used in the rotor. The SmCos magnets were
modeled in the finite element analysis by a linear demagnetization characteristic,
having a residual flux density of 0.78 T and a coercivity of 626 kA/m. The initial
finite element discretization of the one pole cross section of the permanent magnet
synchronous motor is shown in Fig. 6.2 by using the mesh scheme as explained in

18



Figure 6.1: Configuration of the worked PM motor
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Figure 6.2: Initial finite element discretization of the worked PM motor
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Table 6.1: Specifications and design data of the worked PM motor

Frame 43T
Power rating 1hp

Tine voltage 208 V
Rated current 3A

Base speed 1800 rpm
No. of phases 3

No. of poles 4

No. of stator slots 36

No. of cage slots 44
Conductors/slot 42

No. of series turns/phase 254

[ i Y

Winding layout double layer
Chording 1-8

Stator outer diameter 147.3 mm
Stator bore diameter 93.5 mm
Airgap 0.45 mm
Rotor inner diameter 31.4 mm
Rotor length 78.8 mm
Magnet dimensions (cross section) 7.7 x 32.5 mm
Moment inertia 0.0032 kg — m?

Appendix F.

Since finite element analysis is limited to 2D, the end effects due to the end-ring
resistance were treated by a modification of the rotor bar conductivity, and the
end ring leakage flux has been accounted for by end ring leakage inductance as
mentioned in section 4.3.

The lumped h and starting were then d from the

static field solutions and eddy-current field solutions, respectively. The availabil-
ity of these accurate parameters has made it possible to provide complete analysis
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of synck f and starting perf

in terms of ing equa-

tions (2.12), (2.30) and (2.31). along with the torque equation (2.19).
6.2 Synchronous Performance Investigation

The calcul; values of load-d ds Xay X, and Eq, using the

proposed loading method, are shown in Fig. 6.3 by the dashed lines. The solid lines
in Fig. 6.3 are the corresponding experimental values obtained from the new load
test method. The operating point where the d-axis armature reaction is changing
from magnetizing to demagnetizing region is around 48° of torque angle. It is noted
that at the torque angle around 25°, there exists a dip on the Eq curve and a crest on

the Xy curve. This ph can be readily iated by ing the flux

distributions between two different operating points as shown in Fig. 6.4, in which
we have introduced programming technique to isolate the d-axis component and the
magnet component from the resultant load fields. Due to the fact that this irregular
operating point lies in the magnetizing region of the d-axis armature reaction, and
the direction of the armature reaction flux in the inter-pole ferromagnetic bridge of
the magnets is opposite to the direction of the leakage flux of the magnets. Even
s0, under most of its operating range, the small magnet leakage flux can easily

make this narrow fe ic bridge highly d. Thus, the main path of

the d-axis component of armature reaction is across the magnet or the inter-pole
magnetic barrier, resulting in a very large reluctance. However, under certain load
condition (for this particular example, around 25°), these two flux components in
the opposite direction turn out to be somewhat balanced and make the magnetic

bridge become least saturated. As a result, the leakage flux of the magnets across
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Figure 6.4: Flux distribution comparison between two load conditions
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the bridge increases rapidly. At the same time, the unsaturated bridge also provides
a shortcut for the d-axis component of the armature reaction flux. Consequently, at
this particular load condition, X4 increases notably with the considerable reduction
of Eq.

It can also be noted from Fig. 6.3(c) that the magnet excitation voltage Ey
varies with load. The tendency for Eo to increase is also attributed to the interaction
between the magnet flux and the armature reaction flux. When the d-axis armature
reaction changes from magnetizing to zero, and from less demagnetizing to heavy
demagnetizing with the increase of the load, the main path of the magnet flux in
the iron part becomes less saturated. In contrast, the leakage path of magnet flux
in the inter-pole ferromagnetic bridge turns to be more and more saturated due to
the same direction of these two flux components in the bridge region. As a result,
both these two factors lead to the increase of the main magnet flux, thus increasing
the value of Eqo.

Figures 6.5 and 6.6 are the simulation results of torque characteristic and power
factor when the worked PM motor is fed by current source supply at rated stator
current, I; = 3A. It is clear from the torque versus torque angle curve that due to

Xy < X,, the pullout torque occurs at torque angle greater than 90°. For the same

reason, the initial torque angle is far from zero value, being around 44° torque angle.
It is noted from the power factor curve that for current source supply, the power
factor can be controlled to any expected value, even in leading power factor region
in favour of load commutaticz for an inverter-driven system. In this example, the
leading power factor values are in the torque angle region greater than 152°.

Figures 6.7, 6.8 and 6.9 show the comparisons between the simulated and mea-
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sured torque characteristic, power factor and efficiency, respectively, when the PM
motor was fed from voltage source. It is observed from Figs. 6.7-6.9 that excel-
lent agreements between simulated and test results are achieved, except for the

discrepancy of the torque values under heavy load. This discrepancy is mainly due

to neglecting the thermally induced resi variation in stator windings, which
would appreciably degrade the capability of torque output with the considerable

temperature rise at heavy load condition.

6.3 Starting Performance Investigation

In directly starting across the line, the motor must pull into synchronism from
some subsynchronous speed to which the motor has just been accelerated by the
asynchronous cage torque. Based on the eddy-current finite element solutions and
using the established lumped parameter model, it is easy to carry out the starting
performance investigation. Fig. 6.10 shows the flux distribution at slip = 1 instant.
Also included in the Fig. 6.10 is a flux plot without eddy current flowing in the
bar (simply let o, = 0) in order to observe the influence of eddy current on flux
penetration. It can be seen from the comparison between these two figures that
the skin effect is very strong and the induced eddy current in the bar caused most
of the armature reaction flux to pass through rotor surface. The speed response of
rotor parameters is displayed in Fig. 6.11. It is explicit from Fig. 6.11 that the skin
effect and nonlinearity have significant effects on rotor starting parameters, thereby
the starting performance.

The simulation results of pseudo-steady state torque versus speed characteristic

is shown in Fig. 6.12. Average value means averaged over 360 electrical degree,
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Figure 6.10; Flux distribution at slip = 1 instant
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and it is assumed that acceleration rate is small enough not to affect the results.
The cage torque component is the torque that would be obtained without the
magnet braking torque component. The braking torque is nonzero at all speed
except standstill, and tends to have a peak value at a fairly low speed. It is implied
again from this example that the near half-speed torque dip doesn’t exist when the
dynamic parameters are employed in the analysis. But the impact of the magnet
braking torque should be properly considered for the successful starting of a PM
motor.

Figure 6.13 shows the simulation and measured results of starting current at
no-load. It is noted that the measured values are slightly less than the ones from
simulation after synchronization is achieved. This is mainly caused by the measure-
ment errors, since the sensitivity of current transducer is not high enough for small
current measurement due to cutoff effect. Figures 6.14, 6.15 and 6.16 show the sim-
ulation results of speed versus time, torque versus time and torque versus speed,
respectively, at no-load. Since the tachogenerator is mounted on the load machine
and the torque transducer is also coupled to the load machine, tlie measurement of
the torque and speed is not ible at no-load ion. The maxi current

information is important for the rating demand of many types of inverters, avoid-
ing permanent demagnetization of magnets and the proper setting of over-current
relay. The time of run-up to stable synchronization needs to be specified for some
applications involving high coupled inertia. The torque levels throughout run-up
and particularly the pull-in torque can be deciding factors in the suitability of a

‘moter for a icull i F all these

can be found from the curves of Figs. 6.11-6.16 to evaluate and optimize the design
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for specified performances.

Figure 6.17 shows the simulated and measured result of speed versus time with
a coupled load of about twelve times the rotor inertia, that is, J; = 0.039 kg —m?.
Figure 6.18 shows the simulated and measured result of torque versus time with the
same load, and figure 6.19 shows the simulated and measured result of torque versus
speed. Figure 6.20 gives the details of starting current obtained from simulation and
measurement, respectively under the same load. It is observed that the agreement
between the measured and simulated results is excellent. Synchronization of a PM
motor is very complex because of the interaction of the inertia torque with two
components of synchronizing torque, one due to the rotor saliency, the other due to
the magnets. These two components can be additive or subtractive depending on
the instantaneous angle between the rotor d-axis and the axis of stator MMF wave.
It is obvious that the synchronization of this worked PM motor is accomplished
successfully, and is well damped with little overshoot beyond synchronous speed. It
is understandable that the effect of magnet flux level in PM machines is important.
The higher the magnet flux the better the pull-in and pull-out torques will be, but
the starting current and input kVA will require the magnet flux level to be kept
within certain limits.
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Chapter 7

Summary and Conclusion

In the design of interior-type permanent magnet motors, proper calculations
of the starling and synchronous performance are necessary. Saturation, complex
shape and placement of magnets and barriers, and the induced eddy currents in the
rotor bars pose difficulties when traditional equivalent circuits and lumped param-

eter models are used. On the other hand, finite element analysis has the potential

to these difficulties. But this is a ti ing process. Therefore, in
this study a complete procedure is developed to combine the finite element analysis
with lumped parameter circuit model to provide desirable engineering information
but at minimum computational effort. The first stage in the analysis procedure
is to develop a unified lumped parameter circuit model. The next stage is to ex-

tract i 1 lumped from the ding finite element solutions.

Therefore, the main difference between the proposed lumped parameter model and
conventional equivalent circuit model is that in the former, all adopted lumped
parameters are load and speed dependent, while in the latter, all the parameters
are considered as constant even though it was recognized that assuming constant
parameters is far from reality.
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In chapter 2, using standard two-axis theory with fixed rotor reference frame and
matrix transformation, a unified lumped parameter model is derived to provide the
basis for the investigation of both the steady-state and dynamic performances. A

per-phase equi circuit is

d to account for the saliency of a PM motor

and the influence of iron losses in favour of th

The starting perfc has been leted by two hes. One
is the quasi-dy ic analysis with pseud tant speed ch istic. The other
is the transient analysis ch ized by stat iable

Static field lation and h i imulation have been dis-

cussed in chapter 3. For a PM motor fed from current source, different load condi-
tions were simulated just by setting the corresponding initial phase angle f of stator
current. For voltage source supply, since the value of stator current satisfying the
prescribed terminal voltage for a specific load is not available until field solutions
are obtained, a Newton-Raphson iterative algorithm in conjunction with a scheme
for effective estimation of initial phase current value has been developed to accom-
modate the static field finite element model to a voltage source supply. Based on
field solutions, a novel method has been proposed to determine the load-dependent
parameters Xy, X, and Ey, in which the effects of the interaction between the d-axis
and g-axis fields are included. In addition, a flux method has been introduced for

torque 50 as to eliminate the sensitivity to mesh discretization. The ef-

fect of magnetic field distortion on iron losses has been accounted for by introducing
eddy current and minor loop hysteresis correction factors.

In chapter 4, in order to alleviate the eddy-current field computation, time-
phasor was applied to the make the finite element analysis independent of time
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factor based on the introduction of equival ivity in terms of
‘magnetic energy. The corresponding finite element formulae for the voltage source
supply have then been derived with complete elimination of the troublesome itera-

tive process for the starting current. Based on the eddy-current field solutions,
a dure for ing the starting has been developed. First,

voltage-source finite element model was applied to get the starting current and
stator leakage reactance. With the starting current determined, the current-source

finite element model was applied to extract d-axis and q-axis

and rotor starting parameters. Since in the starting process, the magnets do not
induce eddy-current in the rotor part, the rotor starting parameters are determined
in the absence of magnets. The effects of magnets on magnetic saturation have
been taken into account by the introduction of auxiliary complex vector potential
and auxiliary real vector potential. With accurate field-based starting parameters
known, the lumped parameter model was then used to evaluate the starting per-
formance. The average and pulsating torque components were obtained by means
of quasi-dynamic analysis. Transient analysis approach was employed to obtain
the speed response, transient torque, and instantaneous current during the run-up
including the synchronization process.

The experimental study was carried out in chapter 5. A novel load test method
has been proposed to d ine the load-depend Xq4y X, and Ey

based on the measurement of load angle, input power and input current. This
method not only takes into account the variation of Ey with load and the interaction

between the d-axis and q-axis ities, but also is jent to imple

The developed microprocessor-based torque angle measurement system is able to
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provide fast transient response and adequate resolution for measuring and control
applications. This designed and built prototype system is general and can be used
for both motoring and generating modes for all kinds of synchronous machines. A
scheme of accurately locating the position of zero torque angle has been developed
to ensure the accuracy of the torque angle measurement but with no need for the
accessibility to the internal construction of a PM motor.

A practical application example was presented in chapter 6 to show the useful-
ness of the developed analysis and test techniques in chapter 2 to 5. The detailed
experimental and simulation results of starting and synchronous performances have
been given with regard to a 1 hp laboratory PM synchronous motor. If. is shown
that experimental and simulation results are in excellent agreement.

In short, the major contributions of this thesis are:

® A complete procedure to combine finite element analysis with lumped param-

eter circuit model.

o A unified lumped circuit model applicable for both steady-state and transient

operations.

® Anewsi ion method for d ining the load-d d Xy

X, and Eo.

o Improved eddy-current finite element formulae directly starting with voltage

source.

o A novel approach for obtaining the starting current and starting parameters.
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© A new test method for determining the load-dependent paramete's Xa, X,

and By

o A novel mi based load angle system.

® A novel scheme for locating the position of zero torque angle.
Some major conclusions of this study are:

o Field and circuit combined analysis is a feasible, accurate and efficient ap-

proach for the simul of starting and h rfc

of per-

manent magnet synchronous machines.

® Saturation can cause significant variation in magnet excitation and d-axis and
q-axis synchronous reactances. Therefore, there is a need for more knowl-
edge of parameters than is usually sufficient for conventional synchronous
machines, with particular attention to the effects of ferromagnetic bridge due

to its easily changeable saturation state.

o The irregularity of Xy value over a load range is caused by the assumption
of constant Ey. The assumption that any one or more of the parameters Xy,
X, or E, are constant can lead to significant errors in the motor performance

predictions.

The previous concern that there exists a dip near half speed on the average
torque curve is unwarranted due to the fact that skin effect may favourably

make rotor dynamic parameters much less unsymmetric.
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o The error of positioning the zero torque angle caused by using the approximate
method is not too small to be neglected for precision measurement and high

quality control applications.

This study has focused only on the sinusoidal inverter source supply. But,
in practical inverter drive applications, the existence of harmonics is unavoidable.
Fortunately, the effects of harmonics on motor performance may still be properly

assessed during the performance evaluation by using circuit models in conjunction

with certain modification of i d

I lumped ding to the har-
monic frequency being considered. However, in the case of high quality motor drive
fed from a supply with large harmonic components, it is desirable to use more ad-
equate simulation model. Thus, some of the suggested further works may include

the following:
® Modeling of harmonics in stator mmf including both time and space harmon-
ics.
o Prediction of cogging torque arising from the interaction between mmf har-
monics and airgap permeance harmonics[46].

. i i igation of the effects of h ics on motor

inverter power capability and control strategies.
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Appendix A
Static Inductance Method

The measurement circuit shown in Fig. A.1 is composed of two non-inductive
resistors (r3 and ry) and one variable non-inductive resistor (r;) used to balance
the bridge circuit. The r; and L represent the resistor and self-inductance of the
stator winding. When the switck. is closed with the rotor and stator aligned along
the d-axis (or g-axis), a constant current I established a field in the stator wind-
ing. After balancing the bridge (i.e. vy = 0) and then opening the switch the
current I through the inductor will fall exponentially to zero. Assuming V,, is the
instantaneous voltage across the bridge during this transient period, then,

v

U3 = "Jm ) (A1)
v 1 di
Oy = "z[m—ml;z (A2)
and
Vab = Ur3 = Ur2
S, B I (T
e e (A3)
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Ve " orientation for messuring Lg

2
/rotor d-axis
orientation for measuring Lg

Figure A.1: Static inductance measurement circuit



156
Since the bridge is balanced,

. Ts
non

(A4)
Thus,

r2 di
=g (a5)
The flux linkage can be obtained by integrating this transient voltage

oo
[ vt
o
Lry
I ri+rs
™2

13

dt

= n +rzL1

(A6)
Therefore,

ntry [*
L=ntn /0 vap dt (A7)

As a result, integrating the voltage across the bridge gives rise to the inductance
along the axis of the alignment.



Appendix B

Variational Calculus

calculus is d with the d: ination of unknown functions

by extremizing integral expressions that contain those functions.

In order to derive the equivalent variational formulation to Poisson boundary-

value problem in Eqn. (3.1), multiply every term of the first equation by the first

variation 6A of potential function A, and then the integration is performed over

entire region €,

/[a 24, 3(”8A
5%t 5y

Applying Green's theorem
j/(E + iQ—)dzdy = f1P cos(n, =) + Q cos(m, )] ds
The left side of Eqn.(B.1) becomes

//13 o4, a(ya—'-;)]JAd:dy

// (BABM JABSA
== Jh"%z e Ty oy

Substituting Eqn.(B.3) into Eqn.(B.1), one gets

Né6Adzdy = —[/ J6Adzdy

24
)dzdy+f‘v$6/1da

(B.)

(B2)

(B3)

// y(g’:im+“ 0 5 4)dzdy -// JsAdzdv—fu—sAa 0 (B4)
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Using the properties of variation operator §

a dA, 8 A
50A=05) A= 6(5)
and
A
B= G+ G
then

040, 04D 04 DA,  0A OA
/AV(EEEA+a—y5—!;EA)dzdy = //nu[gﬂ(z)d-a—y-ﬁ(a—y)]dzdy

= = / L vB6Bdzdy (B5)

Without loss of generality, assuming the region Q consists of two sub-regions , and

Q, the enclosed line i ion path § ises Dirichlet boundary s;, Ne

boundary s; and the interface I, and I, which are essentially the same surface [ but

have equal and opposite normal vector 7. Then

24 o4 24 oA 04
f;"g 6Ads = ]{‘ v sAds + f;: v SAds+ }f(""E - wg)SAds (BS)

an
Considering
SA=0 overs (B.7)
and
v =—H=J, overs, (B.8)
as well as
v v =H -H=J ovel (B.9)

where J! denotes the surface current density which may exist over the interface,
thus
24 24 .
J‘E"an 6Ads= f.z"an 6Ads +}f.l,aAds (B.10)
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If the interface which exists surface current density is also considered as generalized

Neumann boundary, then Eqn. (B.10) can be reduced to the form
24
f.vaﬁAd.l _/ﬂJ,EAda (B.11)
Substitution of Eqn. (B.5) and Equ. (B.11) into Eqn. (B.4) gives
//nVBdEdzdy—/AJﬁAd:dy—/ﬂJ,&Ads=0 (B.12)

The left hand side of Eqn. (B.12) can be viewed as the first variation §W of the
functional W. Then, the original functional
B
W(4) = j/ﬂ(/ﬂ vbdb)dz dy -/jn JAdzdy—j‘z JAds (B.13)
It can be verified that
#>0 (B.14)

Thus, Eqn.(B.13) corresponds to a minimum problem. Since Neumann boundary

condition and interface condition have been implicitly satisfied in Eqn. (B.12),

only Dirichlet boundary condition is to be ined. Therefore, the equi

conditional variation problem is given by

{ W EA) = f{"fi vbdb — JA)dzdy - f;J,Ads = min (B.15)



Appendix C

Virtual Work Principle Based
Flux Method

For a conservative system, when the currents in the system are held fixed by

suitable terminal voltage supply, the power equation can be expressed as
{i}4{v} = (}RHi} + (Y'p(ILH) = (i [RMi} + GY'plLHEY  (C1)

where {i} is the current vector; {v} is the voltage vector; {i}* is the transpose of
current vector {i}; [R] is the resistance matrix; [L] is the inductance matrix and p
is the time-derivative operator &. The second term of right hand side of Eqn. (C.1)
represents the sum of the rate of change of the magnetic stored energy and the
mechanical power output converted from magnetic energy. If one allows an angular
displacement Af, inductance change [AL] will occur. Consequently, the change of

magnetic stored energy is
1. a1, I .
AW =2 (i) (L) + [AL) - {3} — 5 G} [£)- {6} = 5 )+ [AL)- (i} (C2)
According to the virtual work principle, the electromagnetic torque is given as
w AL L]
=-% = hm - dGh-w - Pow
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=-%{i;h%.%m (.)' a{L] ¥ (€9

where power angle 6 is in electrical degree. Introducing the synchronously rotating

d-q axes system for a PM motor operating at synch speed, one obtains(37]
(La=Ly) 0
6[L] (La—L,) 0 1 (c4)
1 0
and
(i} = i ¥y} (C5)

where ig, i, are the equivalent d-axis and g-axis current components in the stator
windings, respectively. 1 is the flux linkage produced by the permanent magnets.
Substitution of %‘l and {i} from Eqns. (C.4) and (C.5) into the Eqn. (C.3), and
with the help of Eqns. (3.34), (3.35) and (3.48), the torque expression becomes

5 g P, i 5
T, = P{(La— L)iaiq +rie) = " ((Xma = Xmg)icia + o)
PE; P P .
= (I con6 — Lusing) = %N.k.l(a,mﬁm(lq cos6; — Iysiné)  (C6)

Equation (C.6) is noted as Eqn. (3.57). Therefore, from a theoretical point of view

the flux method is equivalent to using the conventional virtual work method.



Appendix D

Resultant Magnetic Flux Density

Let B. and B, be equal to

B, = Bysin(wt + 1)

B, = Bsin(wt + ¢3) (D.1)
respectively, then the expression of resultant of magnetic flux densities can be
derived as follows;

B(t) = BXt)+Bi(t)

B sin(wt + 1) + Bj sin®(wt + ¢3)

1
= §{133 + B} — (B cos(2wt + 2p1) + B cos(2wt + 2¢)]}
- é{sf + B} — [B}(cos 2¢, cos 2wt — sin 2, sin 2wt)

+Bj(cos 2¢p; cos 2wt — sin 2y sin 2wt)]}

%{B,’ + B} — (B} cos 201 + B} cos 2¢0,) cos 2wt
—(B?sin2¢, + B sin2;) sin 2wt)]}

- %{Bf 4 B2 — Acos(2ut + )] 02)
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where

A = [(B}cos2p + B} cos2ps)* + (B} sin 2, + Blsin2p,)7]}
= (B! + B} + 2B B(cos 21 cos 2z + sin 2y sin 2,)J}
= [B{ + B} + 2B} B} cos2(p1 — ¢a)}} (D3)

and

B?sin2p, + B} sin 2,
- il £
B = arctan B costiy + Bl cos2p; (D.4)



Appendix E

Circuit Layouts of Torque Angle
Measurement System

Figure E.1 shows the circuit and waveforms at different points of the voltage phase
meter. The applied phase voltage signal is obtained through a 110:3 V step-down
transformer. Before the reduced sinusoidal voltage is dtoa5V 1

pulse by the zero-crossing voltage detector, a phase-lag shifter with a range of 0° to

180° is employed to provide an i means for positioning the zero torque

angle. As the whole circuit operates on a single 5V supply, which makes the zero-
crossing from negative to positive of the waveform become useless, the instant of
the zero-crossing from positive to negative is used to signal the applied voltage.
As a consequence of this 180° phase shift, the net effect of the phase shifter has
become as a phase-lead network with a range of 0° to 180°. In order to make the
phase shifter able to work as both phase-lead and phase-lag circuit, a compensator
is introduced to offset the phase to a certain degree as desired at the output of the
compensator by adjusting the RC time constant of the monostable.

In order to enable this device to be applicable to both the motoring and generat-
ing modes, a multiplexer circuit as shown in Fig. E.2 is employed. The output 1Y of
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Figure E.1: Circuit and waveforms of voltage phase meter
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Figure E.2: Multiplexer circuit
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the multiplexer is now fixed as the reference signal only, and the phase displacement
signal will always be output from 2Y.

Once the signal from MUX 1Y to start a pulsc and the signal from MUX 2Y to
stop the pulse are fed into the phase detector as shown in Fig. E.3(2), a pulse of
width equal to the phase shift between the induced excitation voltage and applied
voltage is produced in the output Q of the positive-edge-triggered D flip-flop. The
pulse inhibitor is employed to ensure that no further gate pulses would pass to the
AND gate at point f until the reset signal is issued. The waveforms at various points
are shown in Fig. E.3(b). To obtain a stable reading, the buffer is enabled after
the counting is over and hold the information until the arrival of next couwt. The
output of the buffer is further fed into a mi using 8255
peripheral interface. The 8255 is configured as mode 0. Port A cnd port B are used

as input ports to the microprocessor for the 16-bit data transfer. Port C upper
(Cs— C3) is used as output port for interrupt acknowledgment (TNTA) to restart
the measurement of torque angle and port C lower (Co — C3) is used as input port
for interrupt signal to request a read from microprocessor when the updated buffer
data is ready. At the same time, the buffered data are also decoded by display
driver into 7-segment LED display.

The clock signal for latching the buffer and the interrupt signal can be derived
from the output of the pulse inhibitor at point f of Fig. E.3. Since for a 16-bit
cascade counter, the input signal must propagate through various flip-flops before
the counter settles to its final steady-state value, a delay element is employed to ac-
count for the propagation delay as shown in Fig. E.4(a), where the first monostable
provides 40 us time delay. Because the latching takes place on the positive-going



(a) circuit layout

<L

00 3

(b) waveforms at various points

Figure E.3: Circuit layouts and waveforms of torque angle detector
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(a) circuit layout

a
b

e delay
o
4

(b) waveforms at various points

Figure E.4: Circuit and waveforms of buffer clock and interrupt signal generator
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edge of the clock pulse, another monostable is used to generate the required buffer
clock pulse. The interrupt signal is produced using a JK flip-flop whose output

becomes high once the delay is over, as shown in the waveforms Fig. E.4(b).



Appendix F

Grid Generation

The entire stator grid and the partial rotor grid in slot region are generated au-
tomatically by means of generalized half slot pitch modules as shown in Fig. F.1(a).
The remainder rotor grid is generated in a similar manner using the generalized half
pole module as shown in the Fig. F.1(b). These modules are fully flexible in the
sense that all major geometrical dimensions can be specified at will. The stator and
rotor grids are joined together in the airgap by means of an airgap fitting algorithm.
The algorithm combines the two grids by the generation of a row of clements in

airgap. The following steps summarize the salient features of this algorithm.

1. The nodes of the tip points of teeth on stator inner surface and rotor outer
surface are identified as pivot nodes. These pivot nodes on both sides are
radially mapped onto each other in order to generate new nodes which will

not be considered as pivot nodes as concerns the projected surface.

o

. Relocate all non-pivot nodes in equal interval between every and each pair of

pivot nodes on both surfaces.

(2

Generate triangle elements one by one in entire airgap according to the fol-

lowing notion of quality factor{47). Let triangle have side lengths a,b and c,
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then the quality factor of a triangle is defined as

g Yemalo=bs=)

= (F.1)
Where s is semi-perimeter of the triangle, that is
an %"*‘ (F2)

An optimal triangle is the one which has maximum g¢. The best triangle
shape is equilateral, for which ¢ = 1. Slender triangles have appropriately
low g value. If the triangle degenerates to a set of co-linear points, ¢ = 0.
Thus, all possible triangles are in the range:

0<g<1

Referring to Fig. F.2, an element is formed in the following manner. Suppos-
ing node 1 and node 2 have been connected. It is obvious that either way of
connecting node 2 with node 3 or connecting node 1 with 4 will work for the
generation of a new element. However, the quality factor g of the 1 —2 —4
triangle is larger than that of the 1-2-3 triangle. Therefore, connecting node
1 with node 4 is preferred. This process is repeated until all the nodes along
the stator inner and rotor outermost surfaces are covered.

. Make necessary adjustment to the inner layer grids of the stator and the
outmost layer grids of the rotor due to the addition and movement of the
nodes along the surfaces of both sides in airgap, as above mentioned in step 1
and step 2. This adjustment is processed in a similar way as the generation of
airgap elements in step 3 in terms of the notion of quality factor of a triangle.
However, it should be noted that, due to the alternate encounter of slots and
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Stator

==

Rotor
a) Half Slot Pitch Modules b) Half Pole Module

Figure F.1: Finite element grid of generalized modules

Figure F.2: Formation of triangle elements using the notion of quality factor
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teeth, the application of quality factor for the formation of these elements
must be confined to the same material individually, so as to avoid such an
element that consists of different mediums.
After the initial finite element grid is generated using above scheme, the notion
of Delaunay triangulation may be applied to consequent refining in the locations
with greater error(48].
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