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ABSTRACT

When permanent magnet synchronous machines are subjected to short-circuit, voltage
sags, or voltage swells at their terminals, the accurate calculation of the machine transient
performance depends on the short-circuit, voltage sag, or voltage swell profile and the
saturation condition of their main flux paths. In this research work, computer models for
permanent magnet synchronous machines have been developed using the machine flux
and current differential equations considering saturation. A voltage profile due to fault at
the machine terminal is proposed. The machine terminal voltage takes a certain period of
time to fall to final fault value and preceding the fault clearing, to recover to final post-
fault value. The effect of the main flux saturation both in the direct and quadrature axes
on the determination of the transient performance of permanent magnet synchronous

machines employing the proposed voltage profile is demonstrated in this research work.

iii
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1. INTRODUCTION

1.1 Background
1.1.1 Permanent Magnet Synchronous Machine Review

Permanent magnet synchronous machines (PMSM) have attracted increasing interest
in recent years and are being used increasingly in a wide range of industrial drives and
servo applications [1]. The main advantages of permanent magnet synchronous machines
over other machines [2]-[6] are as follows:

e There are no brushes and slip rings

e The absence of rotor excitation windings eliminates the field winding copper loss

e More efficient

e Posses higher power density

e Smaller frame size

e Higher torque to inertia ratio

e Lower rotor inertia for a given output.

The disadvantages of the permanent magnet synchronous machines [7] are:
e The higher costs of material and manufacture of their rotor
e Higher cost of maintenance
e Possible loss of permanent magnet magnetization
e Thermal limitation

e There is no control over the permanent magnet flux which leads to less flexibility.
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However, developments in rare earth based permanent magnets are continually
leading to both reduced material cost and higher stored energy characteristics and, thus,
reducing the amount of material required. In this thesis, only interior permanent magnet
synchronous machines which have the permanent magnets buried inside the rotor are
considered. The interior magnet design offers the advantages of mechanical robustness
and a smaller air gap [8]-[10]. The standard two-axis (d- and g-axis) theory with fixed
rotor reference frame will be used, since when viewing the machine from the d- and g-
axis fixed on the rotor, the reluctances along the direct and quadrature axes are constant
regardless of the rotor position. The machine quantities in the abc reference frame can be
converted into d- and g-axis quantities by using the Park’s transformation [11], [12]. The

d-q model of permanent magnet synchronous machine is shown in Fig. 1.

Armature q-axis

winding ,/

g-axis damper, - ¢
winding ,-°

stator

d-axis damper
winding

N« Armature
winding
.

\

d-axis

Fig. 1. d-q model of permanent magnet synchronous machine.
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Damper windings can be added to the rotor of the machine to increase performance
and dampen out speed oscillations, as well as aid in starting. However, damper winding
effects (because of the induced eddy current in the rotor [13]) can still be present in a

permanent magnet synchronous machine that does not have physical damper windings.

1.1.2 Existing Models of Permanent Magnet Synchronous Machines

The wide field of applications of the permanent magnet synchronous machine
includes those areas where dynamic performance is critical. In such cases, it is important
to model the machine behavior to sufficient accuracy [14]. So, it is essential to predict
synchronous and dynamic performances of a permanent magnet synchronous machine in
order to avoid the design misjudgment that can prove costly once the motor is
manufactured and to have better understanding of the permanent magnet synchronous
machine dynamic performance [8].

Various mathematical models are available to describe the transient behavior of
permanent magnet synchronous machines. Although they may differ in degree of
complexity and accuracy, most of them are based on the well known two-axis (d- and g-
axis) theory, and are solved by numerical integration. But modeling of permanent magnet
synchronous machines presents difficulties due to permanent magnet excitation and
machine’s magnetic parameter variations due to saturation. Since there is no unified
method of modeling permanent magnet synchronous machines, some researchers in the
machine modeling ignore the need and effect of damper winding [15] and some
researchers consider damper winding in the rotor [16]. In [17] iron and core losses are

neglected, while in [18], iron and core losses are incorporated. Some researchers ignore
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the effect of cross-magnetization [4] and some researchers account for the effect of cross-
magnetization [19]. The effect of the saturation is neglected in [20], [21] while the
authors in [22], [23] have taken the effect of saturation along the quadrature axis into

account and disregarded saturation along the direct axis.

1.1.3 Saturation

In the analysis of the transient performance of saturated permanent magnet
synchronous machines using the two-axis (d- and g-axis) frame model, particularly
during the first few cycles after the occurrence of the fault (the subtransient period), the
accurate calculation of the stator and rotor damper winding currents, the air-gap torque
and the load angle depends on the saturation condition of their main flux paths [24], [25].
Interior permanent magnet synchronous machines have larger ferromagnetic path along
the quadrature axis and, as a result, the q-axis magnetizing reactance saturates
significantly under normal operating conditions [26]. On the other hand, the effect of
saturation along the direct axis is usually ignored as the effective air-gap path length
along the direct axis is large [1], [22], [27]. Since the relative magnetic permeability of
the permanent magnet is close to unity, the magnetic reluctance along the quadrature axis
is considerably smaller compared with the magnetic reluctance along the direct axis [28].
Consequently, the interior permanent magnet synchronous machines present inverse
saliency and the g-axis magnetizing reactance is larger than the d-axis magnetizing
reactance such as X,,q < X, However, since there is saturation along the direct axis up to
a certain level, it is important to include direct axis saturation in addition to the

quadrature axis saturation for more accurate transient behavior analysis.
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In this research work, the effect of the main flux saturation both in the direct and
quadrature axes on the determination of the transient performances of permanent magnet

synchronous machines has been demonstrated

1.1.4 Electrical Transients

The term ‘transients’ has been used in the analysis of power systems for a long time.
Its name immediately conjures up the notion of an event that is undesirable but
momentary in nature. The primary definition uses the word rapid and talks of frequencies
up to 3 MHz. Other definitions simply state that a transient is “that part of the change ina
variable that disappears during transition from one steady-state operating condition to
another.”

Broadly speaking, transients can be classified into two categories; impulsive and
oscillatory [29]. These terms reflect the waveshape of a current or voltage transient. An
impulsive transient is a sudden, nonpower frequency change in the steady-state condition
of voltage, current or both, that is unidirectional in polarity (primarily either positive or
negative). The most common cause of impulsive transients is lightning. Fig. 2 illustrates a
typical current impulsive transient caused by lightning.

An oscillatory transient consists of a voltage or current whose instantaneous value
changes polarity rapidly. It is described by its spectral content (predominant frequency),

duration, and magnitude as shown in Fig.3.
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Fig. 2. Lightning stroke current that can result in impulsive transients on the power

system [29].
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Fig. 3. Oscillatory transient caused by back-to-back capacitor switching [29].
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Electrical transients can include other terms such as short duration variations. This
category encompasses voltage sags or swells, and each type can be designated as

instantaneous, momentary, or temporary depending on its duration as shown in Figs. 4-6.

150
10 L
50 4
0
-3 -
-100 |
W
0 25 X 75 100 125 10 175 200

Time (ms)

Voltoge (%)

Fig. 4. Instantaneous voltage sag caused by a SLG fault [29].
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Fig. 5. Momentary interruption due to a fault and subsequent recloser operation [29].
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Fig.6. Temporary voltage sag caused by motor starting [29].

As mentioned above electrical transients can be classified according to the duration
as:
1) Instantaneous
1.1)  sag for a duration of 0.5-30 cycles
1.2)  swell for a duration of 0.5-30 cycles
2) Momentary
2.1) sag for a duration of 30 cycles-3 sec
2.2) swell for a duration of 30 cycles-3 sec
3) Temporary
3.1) sag for a duration of 3 sec-1 min

3.2) swell for a duration of 3 sec- 1 min
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Modeling of permanent magnet synchronous motors has been examined and useful
results have been reported in [30]-[35]. However, the effect of electrical transient and the
dynamic performance have not been widely investigated on the permanent magnet
synchronous machine [2]. In this research work electrical transients such as short-circuit,
sag, and swell will be applied to a typical permanent magnet synchronous machine to
study and analyze the effect of the electrical transients on the performance of permanent
magnet synchronous machine.

Sag magnitude is the net root mean square (r.m.s) voltage available during the fault
expressed in percent or in per unit of nominal voltage. Voltage sag is defined as
momentary decrease in the r.m.s (rated) AC voltage (10%-90%), with a duration ranging
from 0.5 cycle to 30 cycles [29]. Some common reasons for voltage sags are fault
conditions within the plant or power system, short-circuits and starting of large motors
that require high starting currents, large load changes, equipment failures, accidental
contact with power lines, or intermittent loose connections in power wiring and it lasts
until the fault is cleared [36]-[43]. Severe sags can result in the malfunctioning of some
sensitive loads, cause large torque peaks in electrical machines or may cause tripping of
the machine by the action of the undervotlage protection or overcurrent protection relays
and the longer the voltage sag lasts, the more probable the chances of malfunction [44],
[45]. Voltage sags can be characterized by their magnitude (voltage during the fault) and
their duration [46]-[48]. The magnitude is determined by the electrical distance to the
fault and duration by the fault clearing time. Magnitude and duration are two essential
and important sag characteristics which determine the equipment behavior. Figure 7

illustrates typical instantaneous voltage sag of duration of 3 cycles (50 ms). In this figure
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the voltage amplitude during the sag drops to a value of 20% (80% reduction) of the pre-
sag voltage and post-sag voltage returns after the sag duration to its pre-sag value [49],

[50].

15T —— Phase Voltage

/\ ——rms voltage
1

0.5 1
2 ~ ) o
g A v A wwA ,
=) 0102 \9/ \)/AG 08 0.1
>

-0.5 +

a4

154 Time (Sec)

Fig. 7. Voltage sag in one phase for duration of 50 ms

When a three-phase permanent magnet synchronous machine is subjected to a sudden
three-phase-to-ground short-circuit at its terminals, asymmetrical, short-circuit currents
will flow in its stator and rotor damper windings. The resulting transient short-circuit
currents are determined by the internal voltage of the motor and by the system impedance
between the machine internal voltage and the fault. These asymmetrical transient short-
circuit currents may be several orders of magnitude larger than normal operating currents
and if allowed to persist may cause the motor thermal damage. These transient short-
circuit currents have mainly two components: a symmetrical ac component and a dc

component. While the fundamental frequency ac component decays to the sustained ac

10
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steady-state short-circuit current, the dc component decays to zero at a relatively faster
rate. The initial values of the dc components of the stator currents differ in magnitude in
the three phases of the stator winding, but they decay at the same exponential rate. The
unequal dc currents in the three stator phases give rise to fundamental component
currents in the rotor damper windings. The values of the dc components in the three stator
phases depend on the particular point in the cycle at which the short circuit occurs

[36].[51].

Instantaneous voltage swells are short duration increase (110% - 180%) in the root
mean square (rms) voltage magnitude and lasting from 0.5 cycle to 30 cycles, and are
usually associated with systems disturbances such as switching off a large load or
energizing a large capacitor bank or by faults produced within power systems [35].
Voltage swells are usually characterized by the swell magnitude and the duration of the
swell [52]-[54]. If a permanent magnet synchronous machine is subjected to
instantaneous voltage swell, high torque peaks may damage the machine shaft or
equipment connected to the shaft. Also, it is possible that the voltage swell may cause
overheating, destruction of equipment or even tripping and machine shut down by the
action of the overvoltage protection or overcurrent protection relays. Voltage swells
might not be as common as voltage sags, however are much more harmful to some power

equipments. Figure 8 illustrates a typical instantaneous voltage swell of duration of 3

cycles (50 ms). In this figure, the voltage amplitude during the swell increases to a value
of 150% of the pre-swell voltage and the post-swell voltage returns after the swell

duration to its pre-swell value.

11
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Fig. 8.Voltage swell in one phase for duration of 50 ms.

1.1.5 Voltage Profile

Transient voltage profile at the terminal of an electrical machine is usually
represented by a rectangular shape [55]. In this case, the occurrence of the fault is
represented by an immediate fall of the machine terminal voltage from its pre-fault value
to the fault value (short-circuit/sag/swell) and the clearing of the fault is represented by
an immediate recovery of the terminal voltage from fault (short-circuit/sag/swell) value
to a post-fault value. However, in reality, when fault occurs or when it is cleared, the
machine terminal voltage does not change instantly, but rather it takes a certain period of
time to reach to fault or a post-fault value due to the reactive elements of the system. In
their effort to prevent instantaneous changes in voltage (due to capacitors) and current
(due to inductors), the network reactive elements establish voltage fall/recovery periods
[56]-[58]. In the analysis of voltage profile, one of the severest fault types will be applied

to the machine, namely three-phase short-circuit fault.

12
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1.2 Objective

The aim of this research work is to demonstrate the importance of the inclusion both
d- and g-axis saturation on the transient behavior of permanent magnet synchronous
machines in the case of a fault (i.e. bolted three-phase symmetrical short circuit, voltage
sag, and voltage swell).

Moreover, this research work proposes a voltage profile due to fault at the machine
terminals considering the terminal voltage fall and recovery durations. Also, the effect of
the proposed transient voltage profile on the performance of saturated permanent magnet
synchronous machines will be demonstrated.

In addition, the goal of the work presented in this research is to demonstrate that the
impéct of voltage sag/swell magnitude and duration on the transient behavior of saturated

permanent magnet synchronous machines.

1.3 Scope

For a specific known load toque, frequency, real and reactive power, and terminal
voltage; it is required to predict the current that will flow in the stator winding as well as
the electromagnetic torque for machine analysis. In this case, there is no direct solution to
the equations that describe the phasor diagram and instead a solution can only be
obtained by using a step by step integration method. A computer program has been
developed to solve the nonlinear equations using a standard numerical integration
technique with an iterative procedure based on Runge-Kutta algorithm. Therefore, a

general model (with two methods) of interior permanent magnet synchronous machines

13
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has been developed using the permanent magnet synchronous machine equations. The
back electromotive force produced by a permanent magnet synchronous machine can be
assumed to be equivalent to the one produced by an excitation coil. Hence the
mathematical model of a permanent magnet synchronous machine is similar to that of the
conventional synchronous machine [16]. As mentioned above the developed general
unsaturated model, can be solved using two methods. In the first method, flux differential
equations have been used and in the second method, current differential equations have
been used.

Using the proposed unsaturated model; two other models representing the main flux
saturation are developed. In the second model, one saturation factor is used to modify the
unsafurated g-axis magnetizing reactance. This g-axis saturation factor can be determined
from the q-axis saturation characteristic corresponding to the g-axis magnetizing ampere-
turns. In the third model, two saturation factors are used to modify the unsaturated g- and
d-axis magnetizing reactances. These q- and d-axis saturation factors can be determined
from their respective g- and d-axis saturation characteristics corresponding to the g- and
d-axis magnetizing ampere-turns. A comparison will be made between the results
calculated by using these three models to demonstrate how important it is to include
saturation in both d- and g-axis for more accurate dynamic performance prediction of the
permanent magnet synchronous machine.

Electrical transients are short-circuiting, sag, and swell and generally, caused by fault
in the electrical system and can cause electrical machine damage if they are allowed to
persist. Since the effect of electrical transient and the dynamic performance have not been

widely investigated on the permanent magnet synchronous machine, this research work is

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



an attempt to study and analyze the transient behavior of permanent magnet synchronous
machines. When a fault (i.e. three-phase symmetrical short-circuit, voltage sag, and
voltage swell) is occurred at the terminals of the machine, the system reactive elements
establish fall/recovery durations during the initiation and clearing of the fault. In this
thesis, the effect of the voltage fall/recovery durations on the transient performance of

saturated permanent magnet synchronous machines is also investigated.

15
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2. Problem Definition

2.1 Modeling of Permanent Magnet Synchronous Machines

The published methods of solving the two-axis equivalent circuit are based upon a
known input of load angle. However, in practice, a permanent magnet synchronous
machine will be operated at a fixed terminal voltage and frequency, loaded at some
torque and all other quantities are generally unknown including the load angle. These
difficulties can be overcome by using analysis techniques that avoid the use of load
angle. This research work shows that it is possible to accurately model the two-axis
equivalent circuit without using the load angle technique. Through the use of iterative
procedure, a solution to the two-axis model of a permanent magnet synchronous machine
is obtained which does not require an input of load angle but allows for the parameter
variations. The solution is able to predict machine current, speed, load angle and air-gap
torque. The assumption that g-axis synchronous reactance X,, or d-axis synchronous
reactance Xy, are constant and are unaffected by saturation can lead to significant errors
in the machine performance predictions [4].

As discussed before, different permanent magnet synchronous machine models have
been developed by many researchers. Some being complex, not precise, especially that
the synchronous nature of these machine, has led to problems in obtaining good dynamic

performance [59]. But in this research work, an original approach to modeling and

analysis of permanent magnet synchronous machine is presented, with special attention to
the determination of its dynamic and transient behavior. So, to carry out the

investigations, a computer model (using two methods) for an unsaturated permanent
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magnet synchronous machine has been developed such as:
1) Method 1: Using the machine flux linkage differential equations to calculate
transient air-gap torque, speed, load angle, stator and rotor currents, etc.
2) Method 2: Using the machine current differential equations to calculate

transient air-gap torque, speed, load angle, stator and rotor currents, etc.

2.2 Saturation

In interior permanent magnet synchronous machines, since the effective air-gap
length on the quadrature axis is small, the saturation in this axis is significant. On the
other hand, the relative magnetic permeability of the permanent magnet is close to unity
so, the effective air-gap length on the direct axis is large and the variation of the
corresponding magnetizing reactance X4, due to magnetic saturation, is minimal, but
there is saturation up to certain extent [60] in this axis. In the two-axis (d- and g-axis)
frame transient analysis of these machines, usually the impact of the saturation, especially
the effect of the d-axis saturation is ignored. As rather large values of current flow in the
stator circuits of a permanent magnet synchronous machine, a sort of flux redistribution
occurs due to saturation and this happens even at no-load operations. Modification of the
reluctance of the main flux path especially on the quadrature axis is the most important
effect of saturation and it can be taken into account by changing X, according to the
saturation curve in the quadrature axis [61], [62]. This research work demonstrates the
effect of the main flux saturation both in the direct and quadrature axes on the
determination of the transient performances of permanent magnet synchronous machines.

Furthermore, this thesis presents a model that ignores saturation (using two methods)

in the machine and two more models that consider the effect of the main flux saturation.
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So, three models will be investigated such that:
Model 1: saturation is ignored
Model 2: saturation only in the quadrature axis is considered

Model 3: saturation in both the direct and quadrature axes is considered

A comparison will be made between the results calculated by the three models to show
the importance of inclusion of saturation in both direct and quadrature axes for more
accurate dynamic performance prediction of the permanent magnet synchronous

machine.

2.3 Electrical Transients

Electrical transient as described in [29] is an event that is undesirable but could be
classified as being instantaneous, momentary, or temporarily in nature. Electrical
transient though is a problem for electrical power systems and could lead to mis-
operation of electrical equipment in the power system, overheating, damaging of
electrical machine, tripping of the machine or possible shut down. Even though,
understanding and being able to predict the dynamic performance of permanent magnet
synchronous machine subjected to an electrical transient is essential; the effect of
electrical transients on the machine dynamic performance has not been widely

investigated.

So, in this research work three types of electrical transients (such as, short-circuit,

voltage sag, and voltage swell) will be investigated in order to have better understanding

and analysis of the transient behavior of permanent magnet synchronous machines.
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2.4 Voltage Profile

As mentioned in the introduction, during the occurrence and clearing of fauit, the
machine terminal voltage does not change instantly but rather it takes some time to reach
fault or a post-fault value. The reactive elements of the system, in their effort to prevent
instantaneous change in voltage due to the presence of capacitors and instantaneous
change in current due to the presence of inductors, establish voltage fall and recovery
durations of the pulse waveform as shown in Figs. 9(a-c). The most commonly used
transient voltage profile is illustrated in Fig. 9(d) [55]. The voltage fall and recovery
durations in Figs. 9(a-c) have been represented by exponential function in [56] and by
immediate fall/recovery then exponential function in [57], [58] as shown in Figs. 9(b) and
9(c), respectively. In [57], a voltage fall/recovery duration of 90 ms was used, while in
[58], a voltage fall/recovery duration of 200 ms was used. The effect of the voltage fall
and recovery durations on the machine performance was not demonstrated in these
papers. This thesis proposes a transient voltage profile which will be used to investigate
the effect of the voltage fall and recovery durations on the machine transient

performance.
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Fig. 9. Numerous voltage profiles to represent the occurrence and clearing of a short-

circuit fault.

3.  Fault duration

1. Voltage fall duration from steady-state value to fault value
2. Voltage recovery duration from fault value to a post-fault value
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3. | PMSM Modeling for Electrical Transient Analysis

3.1 Equivalent Circuits

The d- and g-axis equivalent circuits of permanent magnet synchronous machine are

shown in Fig. 10. The machine phasor diagram is illustrated in Fig. 11. One damper

winding in the direct axis and one damper winding in the quadrature axis have been

considered.
Or\Yq R
- +
" i
— 4 imd L
* Riar PVkdi
Vs PYa =3 X b Yiom
- Xiar
(a) d-axis
Or\Yd R Xu
+ —
+ -
e } imq gl +
* Ry PViq1
Vq PVYq qu
(b) g-axis

Fig. 10. d- and g-axis equivalent circuits.
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d-axis

a) Lagging power factor

b) Leading power factor

Fig. 11. Machine phasor diagram

The following assumptions in the development of the models are made:

(a) Effect of iron, stray losses and mutual coupling effects between d- and g-axis are

assumed negligible.

(b) The machine permanent magnet excitation has been represented by an equivalent
current source as that presented in reference.
(c) The machine operated from a balanced source.

(d) The machine speed is variation is considered.
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3.2 Unsaturated Model

A model for unsaturated permanent magnet synchronous machines has been
developed for the following two cases:
1) Using the flux differential equations and

2) Using the current differential equations.

3.2.1 Model Using Flux Differential Equations
The permanent magnet synchronous machine stator and rotor circuit voltage

equations can be expressed in the following form:

N

d
‘—%{‘=Vd +Rid +w, Wq

dt
dy, :
-E—:Vq +qu -0, Y4
’ 1)

Ay

0=de1 ikdl +

The mechanical equations can be expressed as

do, (T, -T,)
dt J
dé

Z"_'ws (wr _l)

)

where
T, =Yaly ~Vgld 3)
In the determination of the transient performance due to fault at the machine
terminals, the initial steady-state values of the machine currents and flux linkages are

calculated first for a particular loading condition. To simulate the effect of the fault, the
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d- and g-axis components of the terminal voltage ¥, and ¥, in (1) are made equal {o fault
values. These initial steady-state values of the currents, flux linkages, speed and load
angle at the beginning of the time step are used to find the flux linkages, speed and load
angle.

The calculated flux linkages at the beginning of the step are then used to calculate the
armature (stator) and damper winding (rotor) currents at the end of the step by using

following the permanent magnet synchronous machine current equations:

-1

iy “~Xpay +Xy) 0 Xpg 0 Ya Y pm

Iq _ 0 ~Xmgu+Xy) 0 X mqu 2N @
Ikt | |~ X meu 0 Xpau+Xp) O Yial | |V pm

ixgl 0 ~Xmgu 0 X mqu + Xigq1) Wi | |0

3.2.2 Model Using Current Differential Equations

The permanent magnet synchronous machine stator and rotor circuit current

differential equations can be expressed in the following form:

di,
dr -1
diq — (X + X 1) 0 X mdu 0
at | 0 ~Xopgu +Xy) 0 X mgqu
iy s = X i 0 Kpgu+Xpm) O
dt 0 —quu 0 ()(mqu+qu1)
diyg: )
L dt |
Vy+Ri;—w, (quu + X”)iq + w,quu.ikdl
Vg +Rig + o, (X + Xy )ig — 0, X gy dgay = ©p X gy 4 pm
= Riarikan
- Rk
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The mechanical equations and electromagnetic equations are given in (2) and (3),
respectively.

In the determination of the transient performance due to fault at the machine
terminals, the initial steady-state values of the machine currents and flux linkages are
calculated first for a particular loading condition. To simulate the effect of the fault, the
d- and g-axis components of the terminal voltage V; and V; in (1) are made equal to fault
values.

The differential equations in (2) and (5) are solved using the 4" order Runge-Kutta
method. These calculated current differential equations at the beginning of the step are
then used to calculate the armature (stator) and damper winding (rotor) flux at the end of

the step by using following the permanent magnet synchronous machine flux equations:

Ya - (‘deu +X 17 ) 0 X mdu 0 id X, mduipm

Yy _ 0 - (quu + XII) 0 quu iq + 0

Yial |- deu 0 ()(mdu + Xkdl) 0 . ikdl deuipm (6)
Viq1 0 - quu 0 ()(mqu + qul) ikql 0

The calculated currents, flux linkages, speed and load angle at the end of the step can
be used to find the transient performance for the next time step. Upon restoration of the
normal voltage, ¥z and ¥, in (1) are calculated using the new post-fault voltage and the

machine load angle. The calculation of the motor dynamic performance continues for the

post-fault condition.
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3.3 Saturated Machine Models
Models of permanent magnet synchronous machines considering the saturation along
the direct and quadrature axes have been obtained by modifying the unsaturated model

that was described in the previous section.

3.3.1 Model Considering only g-Axis Saturation

In this approach, the unsaturated g-axis magnetizing reactance (Xq.) is replaced by
its corresponding saturated value. This g-axis saturated magnetizing reactance X, is
obtained by modifying the corresponding unsaturated value, Xug,, With saturation factor
K,, corresponding to the saturation condition along the quadrature axis as in (7). The q-
axis magnetizing ampere-turns is used to locate the operating points on the g-axis
saturation characteristics,

qus =Kq/quu' (7)

3.3.2 Saturated Model Considering both d- and g-axis Saturation

In this case, both d- and g-axis saturation are considered. The unsaturated d- and g-
axis magnetizing reactances are replaced by their corresponding saturated values. These
d- and g-axis saturated magnetizing reactances, Xqs and X, are obtained by modifying
the corresponding unsaturated values, X4, and X, with two saturation factors, K; and

K,, corresponding to the saturation conditions along the direct and quadrature axes,
respectively as in (8). The d- and g-axis magnetizing ampere-turns are used to locate the

operating points on the d- and g-axis saturation characteristics, respectively.
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Xmas =Ka X mau 5 qus = Kququ . (8)

By applying the procedure described above, the transient performance of permanent
magnet synchronous machines considering the saturation along the direct and quadrature
axes can be calculated. However, in this case, an iterative technique has to be applied to
determine the transient performance as the saturated d- and g-axis magnetizing reactances

in (4) and (6) depend on the saturation level.
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4. Numerical Investigation

4.1 System Studied and Machine Parameters

The three-phase permanent magnet synchronous machine under investigation is
connected to the infinite bus through a transmission line as shown in the one line diagram in
Fig. 12. A fault (i.e. three-phase short-circuit, voltage sag, or voltage swell) at the terminal of

the machine occurs at 4.167 ms (or 12.5 ms) and remains for 33.33 ms.

4.1.1 Machine Parameters

To investigate the effect of the faults applied (short-circuit, voltage sag, or voltage swell)
on the transient performance of saturated permanent magnet synchronous machines, the
proposed models have been applied to a three-phase, 4-pole, 37.5 V, 7 A permanent magnet
synchronous machine [14]. The transient performance have been calculated considering and

ignoring the saturation for a loading condition corresponding to active power 0.75 pu and

Velo

Infinite Bus
3-¢ fault &

Fig. 12. Single line diagram for the system studied.
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reactive power 0.5 pu under both lagging and leading power factor conditions at the terminal

of the machine. The time step used in the numerical investigations is 1/2400 sec.

Table 1. Machine parameters

Rated power 0.46 kVA
Rated voltage 375V
Rated current 70 A
Unsaturated d-axis reactance 0.366 PU
Unsaturated q-axis reactance 0.83 PU
Magnetizing d-axis reactance 0.26 PU
Magnetizing g-axis reactance 0.724 PU
k Leakage reactance 0.106 PU
d-axis damper reactance 0.06 PU
q-axis damper reactance 0.06 PU
Armature (stator) resistance 0.04 PU
d-axis damper resistance 0.148 PU

q-axis damper resistance

0.148 PU

Table 2: Operating Conditions

Terminal voltage 1.0 PU
Terminal real power 0.75PU

Terminal reactive power

0.5PU
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4.1.2 Machine Saturation Characteristics

The d- and g-axis saturation characteristics of the permanent magnet synchronous

machine used in the investigations are shown in Fig. 13.
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Fig. 13. d- and g-axis linear and open circuit characteristic curves.

4,2 Simulation Flowcharts

4.2.1 Procedures of Simulation

In this section, the basic procedures used to perform the initial value calculation and
transient simulations by the proposed models are explained.

Figure 14 shows flowchart to calculate the initial values, where, terminal voltage, real
and reactive power are given as an input. Then, the load angle (&) of the machine can be
calculated. Then, the d- and q axes components of the stator voltage and current, fluxes and
electromagnetic torque of the machine are determined. Both method land 2 in model 1 will

have the same flowchart for initial value calculation.
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Fig. 14. Initial value calculation for the unsaturated model (methods 1 and 2 in model 1).
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In general, there are two methods for the integration of differential equations in power
system simulation; one is an explicit method, such as the 4™ order Runge-Kutta method, and
the other is an implicit one, such as the trapezoidal rule. The flowcharts shown in Figs. 15,
16, and 18 are for the explicit method. Figures 15 and 16 show flowcharts of step-by-step
simulation for the calculation of transient values, such that in each of these flowcharts, fault
is initiated and then sustained for a few cycles before the fault is cleared. For the method that
uses flux differential equations as shown in Fig. 15, after applying Runge-Kuatta algorithm,
the new values of fluxes are calculated, then, using the calculated flux values and the
unsaturated reactances, current values are determined. In the case of the method using the
current differential 'equations as shown in Fig. 16 the new values of currents are calculated,
then, using the calculated current values and the unsaturated reactances, flux values are
determined. The calculation of thé motor dynamic performance continues for the post-fault
condition.

Figure 17 illustrates the flowchart for the saturated case. The same procedures will be
followed as for Fig. 14 to calculate the initial values of the d and q axes components of the
stator voltage and current, fluxes and electromagnetic torque of the machine. However, in
Fig. 17 for the saturated model, determination of the initial values of currents and fluxes
involves an iterative process because X; and X; depend on the saturation level. So, after the

currents converge, initial values of currents, load angle, flux linkages, etc. are determined.
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Fig. 15. Calculation of transient values using flux differential equations (method 1).
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Fig. 16. Calculation of transient values using current differential equations (method 2).
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Fig. 17. Initial values calculation for models considering saturation (cont’d).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

35



ik +1)-igcr)>1074
|iq(/¢ +1)—iq(k)| >1074

|ip,,,(k+1)-ip,,,(k)|>1o“‘

Va =~Xgig+Xpasigar + X masd

Vg ==Xgdg +X s dpgi

Viar = X masda + (X mas + X gar Vigar + X s 1 pm
Vigl =X mgsdg + (X mgs + X g1 )igg1

Y om =Epm /oy

Te =Wd'iq —Wq'id

No
n=ntl = C
Go to
Transient

Fig. 17. Initial values calculation for models considering saturation.

Figure 18 shows flowchart of step-by-step simulation. Fault is initiated and sustained for

a few cycles before it is cleared and machine terminal voltage goes back to normal value. For

the method that uses flux differential equations as shown in Fig. 18, after applying Runge-
Kutta algorithm, the new values of fluxes are calculated, then, currents values are
determined. However, the mathematical model will be modified to take the d- and g-axis

saturation (the changing of X4 and Xg) into consideration in the iteration process in order to
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calculate new magnetizing reactances and currents in each time step. Then at the end of

iteration process the fluxes and currents values are determined and the program is ready to go

to the next time step. The calculation of the motor dynamic performance continues for the

post-fault condition.

Ya: Vg Vidr Vig1 have already been obtained

Ig g, g Tggripm  have already been obtained

<.

I
|tn+1 =, +At; At time step]
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Fig. 18. Transient value calculation using flux differential equations using saturated mode! (cont’d).
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ATq = l—id +ikdi +ipm’
K g is calculated using the d - axis saturation characteristics corresponding to the ATy

ATg =|-ig +ikgl|
K g is calculated using the q - axis saturation characteristics corresponding to the AT

ik +1)-ig(k)>1074
ig(k+1)=ig(k) >1074

i pm(k+1)~ipm(k)| > 10
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n=ntl = F

Fig. 18. Transient value calculation using flux differential equations using saturated model.
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4.3 Numerical Calculation

4.3.1 Comparison of the Results Calculated by Methods 1 and 2.

To investigate the performance of the machine using model 1 (unsaturated); the proposed
two methods in model 1 have been applied to a typical permanent magnet synchronous
machine. In these investigations, the following are assumed:

1. A symmetrical three-phase short-circuit (SC) has been considered.

2. Upon voltage restoration, the post-SC terminal voltage comes back to the pre-short

circuit voltage level 1.0 pu immediately.

3. The rotor speed remains constant and is equal to 1.0 pu.

The transient performance has been calculated ignoring the saturation for a loading
condition (both generating and motoring modes of operation) corresponding to active power
P = 0.75 pu and reactive power Q = 0.5 pu under different power factor conditions at the
terminal of the machine. The pre-SC terminal voltage ¥, is 1.0 pu and during the short-circuit
the terminal voltage amplitude drops to 0 pu and the short-circuit continues for 41.67 ms
(100 time steps). After the resumption of normal operation, the post-SC terminal voltage
comes back to 1.0 pu. Figures 19 to 30 show some of the results of these investigations.

The produced air-gap torque values for the short circuit duration of 41.67ms for different
machine operating conditions are shown in Figs. 19 to 22. As it can be seen from these
figures, the two modeling methods produce the same air-gap torque. The post-SC peak air-
gap torque has a higher negative average value for motor under leading power factor
condition as shown in Fig. 20, while it has a higher positive average torque value for the

same short circuit duration for generator under lagging power factor condition as shown in
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Fig. 21. Also it is noticeable that when the machine is operating as a motor, the steady-state
torque has negative values, since power is being absorbed from the grid. While when
machine is operating as a generator, the steady-state torque has positive values, since power

is being delivered to the grid.

Torque by Method 1

4+ Torque by Method 2

Air-gap Torque (pu)

0 /\v/:‘ —r t t J
\K.oz 0.0 0}06 WMM

14

-2 +

-3 J Time (Sec)

Fig. 19. Electromagnetic torque for motor under lagging power factor condition and short-

circuit duration of 41.67ms.
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Fig. 20. Electromagnetic torque for motor under leading power factor condition and short-

circuit duration of 41.67 ms.
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Fig. 21. Electromagnetic torque for generator under lagging power factor condition and

short-circuit duration of 41.67ms.
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Fig. 22. Electromagnetic torque for generator under leading power factor condition and short-

circuit duration of 41.67 ms.

It can be noticed from Figs. 19 to 30 for permanent magnet synchronous machine operating
as motor or generator under both lagging and leading power factor conditions that method
using flux differential equations yields the same results as the method using current
differential equations. In order to save time and effort, only the method using flux differential

equations will be used in the rest of the analysis.
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Fig. 23. d- and g-axis stator currents for motor under lagging power factor condition and

short-circuit duration of 41.67 ms.
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Fig. 24. d- and g-axis damper winding currents for motor under lagging power factor

condition and short-circuit duration of 41.67 ms.
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Fig. 25. d- and g-axis stator currents for motor under leading power factor condition and

short-circuit duration of 41.67 ms.
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Fig. 26. d- and g-axis damper winding currents for motor under leading power factor

condition and short-circuit duration of 41.67 ms.
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Fig. 27. d- and g-axis stator currents for generator under lagging power factor condition and

short-circuit duration of 41.67 ms.
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Fig. 28. d- and g-axis damper winding currents for generator under lagging power factor

condition and short-circuit duration of 41.67 ms.
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Fig. 29. d- and g-axis stator currents for generator under leading power factor condition and

short-circuit duration of 41.67 ms.
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Fig. 30. d- and g-axis damper winding currents for generator under leading power factor

condition and short-circuit duration of 41.67 ms.
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4.3.2 Short-Circuit Analysis

To analyze the effect of three-phase short-circuit fault on the motor transient
performance, the developed unsaturated and saturated models have been applied for the same
loading conditions mentioned in section 4.1.1 and under lagging power factor condition.

The pre-short-circuit (steady-state) terminal voltage is 1.0 pu and the short-circuit
occurred at 12.5 ms (30 time steps) and after a voltage fall duration of 2.5 ms, the terminal
voltage becomes zero. Short-circuit continues for two cycles. After the resumption of normal
operation, the post-short-circuit terminal voltage comes back to 1.0 pu following a 2.5 ms
recovery duration. Figures 31 to 33 show some of the results of these investigations.

The produced air-gap torque and phase ‘a’ current calculated by considering and ignoring
the saturation for fault duration of 33.33 ms are shown in Figs. 31 and 32, respectively.
Voltage fall and recovery durations are 2.5 ms each. It can be seen from these figures that
there are considerable discrepancies between the results calculated by the model ignoring
saturation and the ones calculated by the models that consider saturation. Moreover, as
illustrated in these figures, the effect of the inclusion of saturation along the direct axis on the
air-gap torque and phase ‘a’ current is signiﬁcanf.

The dynamic performance of the permanent magnet synchronous motor during and after
fault is illustrated in Fig. 33 for different saturation conditions. The amplitude of the load
angle swings is relatively smaller in the case of the models that consider saturation. It can be
seen from Fig. 33 that the saturation contributes negative damping and higher synchronizing
torque (higher frequency of load angle swing) as compared to the ones by the model ignoring
saturation. Moreover, there are discrepancies between the results calculated by the models

considering saturation.
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Fig. 31. Air-gap torque by the three saturation models under lagging power condition for

short-circuit duration of 33.33 ms and voltage fall/recovery duration of 2.5 ms.
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Fig. 32. Phase ‘a’ current by the three saturation models under lagging power condition for

short-circuit duration of 33.33 ms and voltage fall/recovery duration of 2.5 ms.
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Fig. 33. Load angle by the three saturation models under lagging power condition for short-

circuit duration of 33.33 ms and voltage fall/recovery duration of 2.5 ms.

4.3.3 Voltage Sag Analysis

To investigate the effect of voltage sag on the transient performance of saturated
permanent magnet synchronous motors, the proposed models have been applied to a typical
permanent magnet synchronous motor. In the simulations the impact of voltage sag
magnitude and duration are investigated. The following are assumed:

1) A symmetrical three-phase voltage sag of constant magnitude of 0.2 pu (80%

reduction) has been considered.

2) Upon voltage restoration, the post-sag terminal voltage comes back to the pre-sag
voltage level 1.0 pu while considering a fall/recovery duration of 2.5 ms.

3) Voltage sag is initiated at 12.5 ms (30 time steps).
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The transient performance has been calculated ignoring and considering the saturation for
a loading condition corresponding to active power 0.75 pu and reactive power 0.5 pu under
lagging power factor condition at the terminal of the motor. The transient performances of
the saturated motor have been determined for voltage fall and recovery durations equal to 2.5
ms. Figures 34 to 41 show some of the results of these investigations.

The produced air-gap torque for the two sag durations (28.33 ms and 38.33 ms) and sag
magnitude equal to 0.2 pu are shown in Figs. 34 and 35. As it can be seen from these figures,
the post-sag peak air-gap torque has a higher negative magnitude for the sag duration of
38.33 ms in comparison to the one for a sag duration of 28.33 ms. Also, it can be seen that
there are discrepancies between the results calculated by the three models.

This negative peak value of the air-gap torque also changes as a function of the sag
magnitude as demonstrated in Fig. 36 for the case of the sag duration of 38.33 ms. In this
figure it can be seen that there are discrepancies between the results calculated by the three
models which show the importance of including both the d- and g-axis saturation in the
transient analysis of interior permanent magnet synchronous machines. So, as it can be seen
from Figs. 34-36, the effect of the sag magnitude and duration on the post-sag air-gap torque
is appreciable. Moreover, there are discrepancies between results calculated by the three

models.
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Fig. 34. Motor air-gap torque calculated by various models under lagging power factor

condition for sag duration of 28.33 ms.
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Fig. 35. Motor air-gap torque calculated by various models under lagging power factor

condition for sag duration of 38.33 ms.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



£)
&
]
g
=
H
o
~
&
7] 1 4
& | e Unsaturated model
S
= 054 ———-Only g-axis saturation model
d- & g-axis saturtion model
0 = +— : - 4
0 0.2 0.4 0.6 0.8 1
Sag M agnitude (pu)

Fig. 36. Peak torque vs sag magnitude calculated by the various models under lagging power

factor condition for sag duration of 38.33 ms.

The pattern of the changes of the peaks of the various post-sag phase currents with the
sag duration and magnitude is similar to the change of the peaks of the post-sag air-gap
torque. For example, the post-sag peak phase ‘a’ current has a high positive magnitude for
the sag duration of 38.33 ms, while it has a relatively smaller value for the sag duration of
28.33 ms as shown in Figs. 37 and 38. The peak value of the phase ‘a’ current also changes
with the sag magnitude as demonstrated in Fig. 39 for the case of the sag duration of 38.33
ms. As can be seen from Figs. 37-39, the effect of the sag magnitude and duration on the
post-sag phase ‘a’ current is appreciable. As well there are noticeable discrepancies between

the results calculated by the three saturation models as shown in Figs. 37-39.
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Fig. 37. Motor phase ‘a’ current calculated by various models under lagging power factor

condition for sag duration of 28.33 ms.
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Fig. 38. Motor phase ‘a’ current calculated by various models under lagging power factor

condition for sag duration of 38.33 ms.
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Fig. 39. Motor peak phase ‘a’ current vs sag duration calculated by the various models under

lagging power factor condition for sag duration of 38.33 ms.

The dynamic performance of the permanent magnet synchronous motor during and post-
sag durations are illustrated in Figs. 40 and 41 for the two sag durations 28.33 ms and 38.33
ms and sag magnitude of 0.2 pu and a voltage fall and recovery durations of 2.5 ms. As can
be seen from these figures, the magnitude and frequency of the load angle swings are
relatively higher in the case of the sag duration of 38.33 ms in comparison to the ones for the
sag duration of 28.33 ms. It can be seen from Figs. 40 and 41 that the models that consider
saturation contribute to more negative damping and higher synchronizing torque (higher
frequency of load angle swing) as compared to the ones by the model ignoring saturation.

Among the two saturation models, the model considering saturation in both d- and q-axis

introduces the more negative damping and the higher synchronizing torque.
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Fig. 40. Motor Load Angle calculated by various models under lagging power factor

condition for sag duration of 28.33 ms.
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Fig. 41. Motor Load Angle calculated by various models under lagging power factor

condition for sag duration of 38.33 ms.
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4.3.4 Voltage Swell Analysis

In the analysis of the transient performance of permanent magnet synchronous motors
during and after the swell, the accurate calculation of the stator and rotor currents, load angle
and air-gap torque depends on the saturation conditions. So to investigate the effect of
voltage swells on the transient performances of saturated permanent magnet synchronous
motors, the proposed models have applied to a typical permanent magnet synchronous motor.
In these investigations, the following are assumed:

1. A symmetrical three-phase voltage swell of magnitude 1.5 pu has been considered.

2. Upon voltage restoration, the post-swell terminal voltage comes back to the pre-swell

voltage level 1.0 pu while considering a fall/recovery duration of 2.5 ms.

3. Voltage swell is initiated at 12.5 ms (30 time steps).

The transient performance has been calculated considering and ignoring the saturation for
a loading condition corresponding to real power = 0.75 pu and reactive power = 0.5 pu under
lagging power factor condition at the terminal of the motor. The pre-swell terminal voltage V,
is 1.0 pu and the terminal voltage amplitude increases to 150% (1.5 pu) of the pre-swell
voltage at 12.5 ms and the voltage swell continues for either 28.33 ms or 38.33 ms and
voltage fall and recovery durations are 2.5 ms each. After the resumption of normal

operation, the post-swell terminal voltage comes back to 1.0 pu. Figures 42 to 50 show some

of the results of these investigations.
The proposed air-gap torque for the two 28.33 ms and 38.33 ms swell durations are
shown in Figs. 42 and 43. As can be seen from these figures, the peak values of the post-

swell air-gap torque have larger positive magnitudes for the swell duration of 28.33 ms in
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comparison to the one for a swell duration of 38.33. Moreover, The largest positive peak
values of the post-swell air-gap toque also change as a function of the swell magnitude as
demonstrated in Fig. 44 for the case of a swell duration of 38.33 ms. As it can be seen from
Figs. 42 to 44 the effect of the swell magnitude and duration on the post-swell air-gap torque
is appreciable. Also, the saturation representation (both d- and g-axis saturation model &
only g-axis saturation model) in the permanent magnet synchronous motor modeling can

affect the accuracy of calculating this torque.

- Time (Sec)

Air-gap Torque (pu)

------- Unsatuated model

— — — - Only g-axis saturation model

d- & q-axis saturation model

Fig. 42. Motor air-gap torque calculated by the various models under lagging power factor

condition for voltage swell duration of 28.33 ms.
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Fig. 43. Motor air-gap torque calculated by the various models under lagging power factor

condition for voltage swell duration of 38.33 ms.
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Fig. 44. Largest positive peak value of the post-swell air-gap torque vs swell magnitude

calculated by the various models under lagging power factor condition for voltage swell
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The changes of the peaks of the post-swell phase currents depend also on the swell
duration and magnitude. For example, the peaks of the post-swell phase ‘a’ current have
larger positive magnitudes for the swell duration of 28.33 ms in comparison to the one for a
swell duration of 38.33 ms as shown in Figs. 45 and 46. It can also be Fig. 47 that the change
of the largest negative peak value of the phase ‘a’ current changes with the swell magnitude
for the case of a swell duration of 28.33 ms. So, as it can be seen from Figs. 45-47, the effect
of the swell magnitude and duration on the post-swell phase ‘a’ current is appreciable. Also it

is noticeable from Figs. 45-47 that there are discrepancies between the results calculated by

the three saturation models.

Time (Sec)

Phase 'a’ Current (pu)
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Fig. 45. Motor phase ‘a’ current calculated by the various models under lagging power factor

condition for voltage swell duration of 28.33 ms.
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Fig. 46. Motor phase ‘a’ current calculated by the various models under lagging power factor

condition for voltage swell duration of 38.33 ms.
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Fig. 47. Largest negative peak value of the post-swell phase ‘a’ current as a function of the

swell magnitude calculated by the various models under lagging power factor condition for
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The dynamic performance of the permanent magnet synchronous motor as affected by the
voltage swell and the saturation modelling, is illustrated in Figs. 48 and 49 for the two swell
durations 28.33 ms and 38.33 ms and a swell magnitude of 1.5 pu and voltage fall and
recovery durations of 2.5 ms. As can be seen from these figures, the amplitude of the load
angle swings is dependent on the swell duration. For example, this amplitude of the load
angle swings is relatively larger in the case of 38.33 ms swell duration. The saturation
representation in the motor modeling can also affect the damping and the frequency of the
load angle swings as shown in Figs. 48 and 49. For example, the models that consider
saturation contribute to more negative damping and larger synchronizing torque (higher
frequency of the load angle swing) as compared to the ones by the model ignoring saturation

for both the 28.33 ms and 38.33 swell durations.
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Fig. 48. Motor load angle calculated by the various models under lagging power factor

condition for voltage swell duration of 28.33 ms.
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Fig. 49. Motor load angle calculated by the various models under lagging power factor

condition for voltage swell duration of 38.33 ms.

4.3.5 Voltage Profile Analysis

As mentioned in the introduction, during the occurrence and clearing of a fault, the
machine terminal voltage does not change instantly but rather it takes some time to reach
fault value or a post-fault value. The reactive elements of the system, in their effort to prevent
instantaneous change in voltage due to the presence of capacitors and instantaneous change
in current due to the presence of inductors, establish voltage fall and recovery durations of
the pulse waveform that has been shown in Figs. 9(a-c). However, the effect of the voltage
fall and recovery durations on the machine performances has not been demonstrated in the

literatures. In this section, the following are assumed:

1. A three-phase short-circuit at the motor terminals has been considered.
2. Upon voltage restoration, the post-SC terminal voltage comes back to the pre-SC
voltage level 1.0 pu while considering the delay fall/recovery duration of 2.5 ms.

3. Short-circuit is initiated at 12.5 ms (30 time steps).
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The most commonly used short-circuit voltage profile has been illustrated in Fig.

9(d). The short-circuit voltage profile which will be used in the investigations of this

research work is illustrated in Fig. 50. As can be seen from Fig.50 different voltage fall

and recovery durations will be considered to demonstrate their effect on the motor

transient performances. In this figure, short-circuit duration of 2 cycles (for a power

system frequency of 60 Hz) has been considered. Transient results have been calculated

considering and ignoring the saturation for a loading condition corresponding to real

power = 0.75 pu and reactive power = 0.5 pu under lagging power factor condition at the

terminals of the motor.
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Fig. 50. Proposed voltage profile due to short-circuit at the motor terminals with different

voltage fall and recovery durations.
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The effect of voltage fall/recovery durations on the motor air-gap torque and the phase ‘a’
current is illustrated in Figs. 51 and 52, respectively. It is noticeable from these figures that
the motor transient performances are highly dependent on the durations of voltage fall and
voltage recovery. The oscillations in the air-gap torque and phase ‘a’ current are the highest
if the terminal voltage falls to zero value immediately and recovers to the post-short-circuit
value immediately. On the other hand, as it might be expected, the oscillations in the air-gap
torque and phase ‘a’ current reduce significantly with the consideration of the voltage
fall/recovery time. The effects of the saturation modeling and the voltage fall/recovery
durations on the motor load angle are illustrated in Fig. 53. As can be seen from this figure,
the load angle swing reduces with the increase of the voltage fall/recovery duration and the
effect of voltage fall/recovery duration on the load angle swing becomes less if saturation is
considered in the machine modeling.

The effects of the saturation modeling and the voltage fall/recovery duration on the motor
critical clearing time are illustrated in Fig. 54. As can be seen from this figure, the motor
critical clearing time increases with the increase of the voltage fall/recovery durations and the
effect of the inclusion of saturation in the motor modeling is also to increase the critical

clearing time.
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5. Conclusion

This research work is an attempt to develop mathematical models of interior

permanent magnet synchronous machine considering machine magnetic parameter

variations due to saturation to predict the machine transient performance accurately. The

following conclusions can be made from the finding of these investigations:

1.

The flux differential equations method and the current differential equations
method give the same results. So modeling the permanent magnet synchronous
machines using either of these methods will produce the same result.

The use of the unsaturated values of the d- and g-axis magnetizing reactances can
lead to significant errors in the machine transient performance predictions.

There are noticeable discrepancies between the results of the air-gap toque, load
angle and the current values calculated by the models considering saturation and
those calculated by the model ignoring saturation.

The effect of inclusion of d-axis saturation on the motor transient performance is
significant.

Saturation contributes negative damping and results in an increased frequency of
the load angle swings.

Deeper voltage sags generally cause larger torque peaks.

Deeper voltage sags generally cause higher current peaks.

The effect of the voltage sag magnitude and duration on the transient performance
of saturated permanent magnet synchronous motor is extremely large.

The effect of the voltage swell magnitude and duration on the transient

performance of saturated permanent magnet synchronous motors is large.
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10. There are also discrepancies between the results of the air-gap torque and the
stator current calculated by saturation models and unsaturated model.

11. The dynamic performance (the load angle swing) is dependent on the swell
duration and the saturation representation in the permanent magnet synchronous
motors modeling.

12. The damping and the frequency of the load angle swings are dependent on the
saturation representation in the permanent magnet synchronous motors modeling.

13. The effect of the voltage fall/recovery duration on the transient performance of
saturated permanent-magnet synchronous motor is significant.

14. The amplitudes of the motor transient oscillations reduce with the increase in the
voltage fall/recovery duration.

15. Critical clearing time increases with the increase of the voltage fall/recovery

duration and with the inclusion of saturation in the motor modeling.
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