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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)



28

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
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