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ABSTRACT

A steady-state model and a transient model of self-excited synchronous reluctance
generator are developed for stand-alone operation. Saturation is considered to predict the
actual behavior of the machine. The proposed linearized model is applied to obtain
eigenvalues for steady-state stability analysis under different loading conditions. The
effects of active, reactive, apparent power output and excitation capacitance on the
steady-state performance of self-excited synchronous reluctance generator are analyzed.
Eigen value sensitivity is calculated by varying circuit parameters from 50% to 150% of
their standard values at 100 pF, 125 pF and 150 pF excitation capacitances. The
proposed transient model is applied to observe the transient behavior of machine such as
load angle, speed and electromagnetic torque when the machine is subjected to a three-
phase symmetrical short-circuit fault across the machine terminals. The load angle

sensitivity to machine circuit parameters is investigated.
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1 INTRODUCTION

1.1 Background

Synchronous generators are the primary source of electric power generation
across the globe. The power network mostly depends on synchronous generators.
Induction generators are a good alternative to substitute the synchronous generators to
produce electrical power over a wide range of speeds. However, their generated voltage
and frequency varies with the load and with excitation changes [1]-[3]. Another type of
generator which has the same advantages of the induction generators with lower
maintenance costs is the synchronous reluctance generator [4].

The primary reason for the popularization of the synchronous reluctance generator
is its suitability for wind power generation [5]-[6]. The reluctance generator is a
synchronous machine with a specially designed rotor which does not require field
excitation. The stator is a conventional polyphase AC stator used for induction and
synchronous machines. In rotors, conductors are not required because the torque is
produced by the tendency of the rotor to align with the stator produced flux.

A synchronous reluctance generator has the following advantages:

e Rugged and inexpensive

e Robust and simple rotor construction due to the absence of field windings

¢ Low maintenance requirements

e Core and copper losses are lower

e The frequency of the voltage is independent of load or excitation changes

e Improved voltage regulation by machine design

o Suitable for wind power application

Synchronous reluctance generators can be operated in isolated or grid connected
mode. For the grid connected mode, the required excitation is received from the grid. The
voltage build-up in the case of a stand-alone synchronous reluctance generator is
achieved through self-excitation. Self-excitation in an isolated reluctance generator is

achieved when the rotor is driven by the prime mover and its stator terminals are



connected to a suitable capacitor bank. The self-excitation process attains equilibrium due
to the action of magnetic saturation [7].

Electrical generators are the backbone of power system, therefore stability
analysis of electrical machines are very important. Stability is the ability of an electrical
machine for a given initial operating condition, to regain a state of operating equilibrium
after being subjected to a physical disturbance. Stability of electrical machines can be
affected by steady-state disturbance and transient disturbance. Steady-state stability
means the capability of the machine to maintain synchronism under small disturbances.
Such disturbances occur because of small variations in loads. Transient stability means
the capability of the machine to withstand or survive a sudden change in system
characteristics loss of load or faults on the transmission line e.g. symmetrical three-phase
short-circuit fault without loss of synchronism [8].

In order to investigate the steady-state and transient stability of reluctance
generators, it is important to develop a mathematical model of machine based on the
machine equations. A proper machine model can predict the actual machine behavior.
The performance of an electrical machine is greatly influenced by the saturation in the
magnetic core [9]-[11]. Unsaturated values of the magnetizing reactances in both direct
and quadrature axes are reduced as a result of nonlinear behavior of saturation, both for
the steady-state and transient modes. To get accurate results from the machine model, the
effect of magnetic saturation should be considered [12]-[18]. The effect of saturation is
usually ignored in the quadrature axis because of modeling complexity and unavailability
of the g-axis saturation characteristics [19]-[21]. For transient analysis, the effect of
saturation is generally ignored in both direct and quadrature axes [22].

Sensitivity analysis by varying machine circuit parameters for both the steady-
state and transient models of self-excited synchronous reluctance generator can provide

valuable information which can assist in the machine design process [23].
1.2 Literature Review

The research on synchronous reluctance machines started in the early 19* century

but, in the recent decades, this machine has gained considerable attention due to its



application in wind power generation. The synchronous reluctance generators are strong
competitors of induction generators in terms of performance and cost [24]-[25].
Synchronous reluctance machines have attracted considerable attention during the

last two decades resulting in much improved performance. In earlier applications,
reluctance machines mostly used salient-pole rotor construction while the stator is a
conventional stator like the one in an induction machine. To improve the performance of
reluctance machines, different rotor construction have been suggested which are as
follows:

e Conventional salient-pole

e Segmented rotor

e Axially laminated anisotropic

e Flux-guided or flux-barrier

Most of the literatures on synchronous reluctance machines are related to:
e Self-excitation process to build-up voltage
e Minimum capacitance required for self-excitation process
e Steady-state analysis of grid connected system
e Steady-state analysis for stand-alone system -
¢ Transient analysis

e FEigenvalues sensitivity analysis

Due to the improvements in the electromagnetic design of rotor structures,
reluctance machine can be rated equal to induction machine. All the attempts to improve
the performance had been centered on modifying rotor magnetic circuits so as to achieve
a high X, /X,. It is observed that better performance can be achieved by the application of
axially laminated rotor structure. The different rotor structures proposed in the literature

have been shown in Fig. 1.1 [26]-[29].
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In [30], 1. Boldea, Z.X. Fu, and S.A. Nasar, introduced an axially laminated
anisotropic (ALA) rotor for synchronous reluctance machine as a brushless high
performance generator. Steady-state performance analysis and the determination of the
maximum power-conversion capability of reluctance generators were presented. The high
efficiency, high power factor, and high power density of the ALA-rotor reluctance
generator are demonstrated through load tests in a laboratory model.

A capacitor bank is a prerequisite for stand-alone operation. In [31], A.L. Aloha,
described the capacitance requirements for proper operation of self-excited synchronous
reluctance generator and suggested that the excitation capacitance should be slightly
greater than the minimum excitation capacitance for better performance. From the
analysis, it has been demonstrated that the system efficiency improves with higher
capacitance value.

All the steady-state and transient analysis models are based on Park’s d- and g-
axes equations considering the effect of saturation. Mathematical equations for
synchronous reluctance machines can be obtained from the d- and g-axis equivalent
circuits. In abc axis frame, machine parameters vary with rotor position (0), making the
analysis harder in the abc axis frame. Whereas, in the dg reference frame, parameters are
constant with time or 6. The disadvantage is that only balanced systems can be analyzed
using dg-axis system.

T.F. Chan [32], presented a general method for analyzing the steady-state
performance of a three-phase self-excited reluctance generator with RL load. Magnetic
saturation is assumed to be confined to the direct axis and is accounted for by a variable
direct-axis magnetizing reactance. The system conditions are also measured by using
saturation curve.

In [33], a comparison between the steady-state performance of self-excited
reluctance and induction generators has been made, the results have shown that
reluctance generators have similar operating characteristics as induction generators, in
addition to the advantage of operating at a frequency which is independent of load
conditions. Earlier attempts have been made to derive a model of reluctance generator by

treating it as an induction machine.



In [34], stator core loss has been included in the steady-state modeling of
synchronous reluctance motor by C.A.M.D. Ferraz and C.R. de Souza. In [35], A.
Boglietti, A. Cavagnino, M. Pastorelli, and A. Vagati, compared the torque behavior
between induction and synchronous reluctance motor. The investigation has shown that
the reluctance machine can develop 10% to 25% more torque as compared to the
induction motor depending upon the motor size and induction motor rotor losses.

V.B. Honsinger performed the steady-state analysis of a poly-phase synchronous
reluctance motor. The author developed a method by which the entire motor performance
can be calculated [36].

Y.H.A Rahim and M.A.A.S. Alyan [37] performed a transient analysis of a
reluctance generator connected to a power system excited by a bank of capacitors.
Transient response of excitation capacitor method and load excitation method for load
angle sensitivity was discussed.

L. Wang and Y. Wang [38] introduced an eigenvalue and eigenvalue sensitivity
method to obtain the minimum loading resistance of an isolated self-excited reluctance
generator. The steady-state and dynamic performance of synchronous reluctance
generators have been investigated for different loading resistances in order to obtain the
minimum loading resistance. Experimental and simulated results of reluctance machine,
the effect of sudden switching of various loading resistances on generated voltage have
been analyzed. In [39], L. Wang and Y. Wang presented the dynamic performance of
sudden connection and disconnection of induction load from self-excited synchronous
reluctance generator.

In [4], [31], [32], [37], [38], research works on synchronous reluctance machines
are available considering saturation in the direct axis.

In [40], H. Hofman and S.R. Sanders presented a design of a high speed
synchronous reluctance machine with minimum eddy current losses in the rotor.
Experimental results show an efficiency of 91% at a 10 kW, 10,000 rpm operating point,
and negligible rotor heating.

Literature review of previous works provides valuable information on the
operating principles and basic machine equations of synchronous reluctance generator.

For the better operation and characteristics of synchronous reluctance machines, the



saliency ratio of the rotor has been increased with different rotor structures e.g. salient-
pole, segmental and flux guided design.

Capacitance is a prerequisite for the proper operation of self-excited reluctance
generator. It has been proven that the efficiency of the system improves with higher
capacitance. Steady-state operating limits have been identified to ensure stable
performance. Core loss resistance has been included in the modeling of synchronous
reluctance machine and a performance analysis has been carried out for RL loads.
Essential information was obtained on excitation capacitance requirements and steady-
state performance of synchronous reluctance generator from the review of these
literatures.

Dynamic performance of synchronous reluctance generators has also been studied

for a sudden addition or withdrawal of load.
1.3 Objective

The main objective of this research work is to analyze the stability of a
synchronous reluctance generator that includes the development of new linearized steady-
state and transient models of a self-excited synchronous reluctance generator for stand-
alone operation. The stability analysis also depends upon the machine parameters; a
sensitivity analysis is required to be performed using the proposed steady-state and

transient models of self-excited synchronous reluctance generator.
1.4 Scope of Work

A linearized model of a self-excited synchronous reluctance generator has been
developed in order to perform steady-state stability analysis for stand-alone system
considering the effect of saturation on the direct axis. The proposed steady-state model is
based upon the following assumptions:

o Core losses has been neglected
e Voltage and current harmonics have been neglected

This research is focused on the development of a new linearized and accurate

model for the self-excited synchronous reluctance generator for stand-alone operation.

The model is based upon the Park’s d-q axes equations. Using the generator stator and



rotor voltage, flux linkage, torque and mechanical equations, a linearized model has been
developed by applying the small perturbation technique. The saturation has been
represented by modifying the unsaturated magnetizing reactance with a saturation factor
Sa. The developed model has been applied to obtain eigenvalues under different operating
conditions. By using this model, the effects of excitation capacitance, real, reactive and
apparent power output on the steady-state stability of the self-excited synchronous
reluctance generator have been investigated. A sensitivity analysis has been performed by
varying the machine parameters from 50% to 150% with a step 10% increase of their
original values.

The transient model has been developed by using generator stator, rotor and
mechanical equations. A three-phase symmetrical short-circuit fault was initiated to
predict the transient behavior of self-excited synchronous reluctance generator. Transient
variations of load angle, speed, electromagnetic torque and other parameters have been
investigated to analyze the transient performance of the self-excited synchronous
reluctance generator. Load angle sensitivity to transient model has been carried out by
varying the machine parameters from 50% to 150% of their standard values at 100 pF

excitation capacitance,



1.5

(1]

(2]

[3]

[4]

(6]

[7]

(8]

[10]

(11]

References

A K. Tandon, S.S. Murthy, and G.J. Berg, “Steady-state analysis of capacitor self-
excited induction generators,” IEEE Trans. Power Apparatus and Systems, PAS-
103, pp. 612-618, Mar. 1984.

A. K. Mohanty and M. K. Khanijo, “Circuit theory of reluctance machines,” IEEE
Trans. Power Apparatus and Systems, PAS-88, pp.937-944, June 1969.

N.H. Malik and A.H. Al-Bahrani, “Influence of the terminal capacitor on the
performance characteristics of a self-excited induction generator,” IEEE Proc.
vol.137, pp.168-193, Mar. 1990.

A.L. Mohamadein, Y.H.A. Rahim, and A.S. Al-Khalaf, “Steady-state performance
of a self-excited reluctance generator,” IEE Proc. Electric Power Application,
vol.138, pp. 193-198, May 1991.

S. Guha and N.C. Kar, “A linearized model of saturated self-excited synchronous
reluctance generator,” in Proc. 2005 IEEE CCECE, pp. 633-636.

S. Ghua, H. Soloumah, and N.C. Kar, “Status of and prospect for wind power
generation in Canada,” Wind Engineering, vol.29, pp. 253-270, 2005.

AL Aloha, “Steady-state operating limits of three-phase self-excited induction and
reluctance generator,” IEE Proc. Generation, Transmission and Distribution, vol.
139, pp. 261-268, May 1992.

P. Kundur, “Power System Stability and Control,” McGrraw-Hill Inc.: New York,
1994.

AM. El-Serafi and A.S. Abdallah, “Effect of saturation on the steady-state stability
of a synchronous machine connected to an infinite bus system,” IEEE Trans.
Energy Conversion, vol.6, pp.514-521, Sep. 1991.

AM. El-Serafi and A.S. Abdallah, “Saturated synchronous reactances of
synchronous machines,” IEEE Trans. Energy Conversion, vol.7, pp.570-579, Sep.
1992.

AM. El-Serafi, A.S. Abdallah, M.K. El-Sherbiny, and E.H Badawy,“Experimental
study of the saturation and cross-magnetizing phenomenon in saturated
synchronous machines,” IEEE Trans. Energy Conversion, vol.3, pp.815-823, Dec.
1988.



(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[22]

S. Bhadra, “A direct method to predict instantaneous saturation curve from rms
saturation curve,” IEEE Trans. Magnetics, vol.18, pp.1867-1870, Nov. 1982.

S. Ramshaw and G. Xie, “Nonlinear model of non-salient synchronous machines,”
IEEE Trans. Power Apparatus and Systems, PAS-103, pp.1809-1815, July 1984.
J.E. Brown, K.P. Kovacs, and P. Vas, “A method of including the effects of main
flux path saturation in the generalized equations of ac machines,” IEEE Trans.
Power Apparatus and Systems, PAS-102, pp.96-103, Jan. 1983.

E. Levi, “Modelling of magnetic saturation in smooth air-gap synchronous
machine,” IEEFE Trans. Energy Conversion, vol.12, pp.151-156, June 1997.

E. Levi, “A unified approach to main flux saturation modeling in d-q axis models of
induction machines,” IEEE Trans. Energy Conversion, vol.10, pp.455-461, Sep.
1995.

JJO. Ojo and T.A. Lipo, “An improved model for saturated salient-pole
synchronous motors,” IEEE Trans. Energy Conversions, vol.4, pp.135-142, Mar.
1989.

S.D. Pekarek, E.A. Walters and B.T. Kuhn, “An efficient method of representing
saturation in physical variable models of synchronous machines,” IEEE Trans.
Energy Conversion, vol.14, pp. 72-79, Mar. 1999.

F. Wang, “A nonlinear saturation model for salient-pole synchronous machines in
high performance drive applications,” Proc. of the Industry Applications
Conference, 38™ IAS Annual Meeting, vol.2, pp. 906-910, Oct. 2003.

S.M. Allam, M.A. El-Khazendar, and A.M. Osheiba, “Steady-state analysis of a
self-excited single-phase reluctance generator,” IEEE Trans. Energy Conversion,
vol.22, pp. 584-591, Sep. 2007.

Y. Wang and L. Wang, “Steady-state performance of a self-excited reluctance
generator under unbalanced excitation capacitors,” IEEE Power Engineering
Society, vol.1, pp. 281-285, Jan. 2000.

Y.H.A. Rahim and AM.L. Al-Sabbagh, “Controlled power transfer from wind
driven reluctance generator,” IEEE Trans. Energy Conversion, vol.7, pp. 275-281,
Dec. 1997.

10



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

N.C. Kar and J. Tamura, “Effects of synchronous machine saturation, circuit
parameters, and control systems on steady-state stability,” Electric Machines and
Power Systems, pp. 327-342, 1999.

A. Kilthau and J.M. Pacas, “Appropriate models for the control of the synchronous
reluctance machine,” Record of the 2002, Industry conference Applications.
pp.2289-2295.

N. Ben-Hali and R. Rabinovici, “Three-phase autonomous reluctance generator,”
IEE Proc. Electric Power Applications, vol.148, pp. 438-442, Sep. 2001.

M.H. Nagrial and M.A. Rahman, “Operation and characteristics of self-excited
reluctance generator,” IEEE Industry Applications Society Annual Meeting, vol.l,
pp. 55-58, Oct. 1988.

P.J. Lawrenson and L.A. Agu, “Theory and performance of polyphase reluctance
machines,” IEEE Proc., vol.111, pp. 1435-1445, Aug. 1964.

T. Matsuo and T.A. Lipo, “Rotor design optimization of synchronous reluctance
machine,” IEEE Trans. Energy Conversion, vol.9, pp. 359-365, June, 1994.

E. Schmidt, W. Brandl, and C. Grabner, “Design improvement of synchronous
reluctance machines with internal rotor flux barriers for high speed drives,” Proc. of
the IEEE 33" Annual Power Electronics Specialists Conference, vol.4, pp. 1949-
1954, June 2002.

I. Boldea, Z.X. Fu, and S.A. Nasar, “High-performance reluctance generator,” /IFE
Proc. Electric Power Applications, vol.140, pp. 124-130, Mar. 1993.

A.L. Alolah, “Capacitance requirements for three-phase self-excited reluctance
generator,” IEE Proc. Generation, Transmission and Distribution, vol.138, pp. 193-
198, May 1991.

T.F. Chan, “Steady-state analysis of a three-phase self-excited reluctance
generator,” IEEE Trans. Energy Conversion, vol.7, pp. 223-230, Mar. 1992.

Y.H.A. Rahim, A.L. Mohamadein, and A.S. Al-khalaf, “Comparison between the
steady-state performance of self-excited reluctance and induction generators,” IEEE

Trans. Energy Conversion, vol.5, pp.519-525, Sep. 1990.

11



[34]

[35]

[36]

(37]

[38]

[39]

[40]

C.AM.D. Ferraz and C.R. de Souza, “Considering from core losses in modeling the

» 7" International Workshop on Advanced Motion

reluctance synchronous motors,
Control, pp. 251-256, July 2002.

A. Boglietti, A. Cavagnino, M. Pastorelli, and A. Vagati, “Experimental
comparison of induction and synchronous reluctance motors performance,” Proc. of
the Industrial Application Conference, 40™ IAS Annual Meeting, vol. 1, pp. 474-
479, October 2005.

V.B. Honsinger, “Steady-state performance of reluctance machines,” IEEE Trans.
Power Apparatus and Systems, PAS-90, pp. 305-311, Jan. /Feb. 1971.

Y.H.A. Rahim and M.A.A.S. Alyan, “Effect of excitation capacitors on transient
performance of reluctance generators,” IEEE Trans. Energy Conversion, vol.6,
pp.714-720, Dec. 1991.

Y.-S. Wang and L. Wang, “Minimum loading resistance sand its effects on
performance of an isolated self-excited reluctance generator,” I[EE Proc.
Generation, Transmission and Distribution, vol.148, pp. 251-256, May 2001.

Y.-S. Wang and L. Wang, “Characteristics of a self-excited reluctance generator as
effected by sudden connection of an induction motor load,” Proc. of the
International Conference Power System Technology, vol.l, pp. 605-6096, Aug.
1998.

H. Hofmann and S. R. Sanders, “High-speed synchronous reluctance machine with
minimized rotor losses,” IEEE 33th IAS Meeting Industry Application Conference,
pp.118-126, 1998.

12



2 PROBLEM DEFINITION

2.1 Self-Excitation Process

A synchronous reluctance generator can be operated in either isolated or grid
connected mode. In the case of the grid connected mode, the required excitation is
received from the grid. In the stand-alone operation, the excitation can be provided by the
capacitance connected across the stator terminals of the generator.

This research is focused on a synchronous reluctance generator for a stand-alone
operation. The terminal voltage builds up by the action of self-excitation. When the rotor
is rotated using an external prime mover, the small residual flux in the rotor creates
voltage across the stator terminals. The same voltage is also applied to a bank of
capacitor causing a flow of small capacitive current. The small capacitive current flows
through the stator windings creating more flux which adds the residual flux in order to
increase the voltage level. An increase in voltage level increases the current which in
turns increases the voltage at the terminals. This process continues until a stable point is
reached depending upon the degree of magnetic saturation and external capacitance. The
reactive power required for the load is supplied by a bank of capacitor whereas the active
power is supplied by the generator [1]-[3].

The machine reaches the steady-state condition with the particular load current
and terminal voltage, if saturation is considered. This is determined by the real and
reactive power flow between the machine, the excitation capacitance and the connected
load. For the unsaturated case, the voltage build-up does not terminate and the terminal
voltage continues to grow as the equilibrium condition is never satisfied. A typical self-

excitation phenomenon is shown in Fig. 2.1.
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Fig. 2.1. Voltage build-up process.

2.2 Equivalent Circuit Modeling

The d- and g-axis equivalent circuits of a self-excited synchronous reluctance
generator are shown in Fig. 2.2 and Fig. 2.3. One damper winding in the direct axis and
one damper winding in the quadrature axis have been considered with the external

capacitance connected across the stator terminals of the generator.

The following assumptions are made for the development of machine model:

e Core losses are neglected
e The induced voltage and current harmonics are neglected

e Saturation is considered in the direct axis
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Fig. 2.3. g-axis equivalent circuit.

15



2.3 Steady-State Modeling

Steady-state stability is the ability of the machine to remain in synchronism when
subjected to small disturbances. A small disturbance is a disturbance for which the set of
equations describing the generator may be linearized for the purpose of analysis. The
instability can be classified as follows [4]:

e Steady increase in generator rotor angle

e Rotor oscillations

e (Gradual changes in loads

e Irregularities in prime-mover input, etc.

Study of steady-state stability provides information about the dynamic characteristics of
different machine components. The purpose of steady-state stability is one of the
following.

e Post-disturbance analysis

e Power system planning

e Power system operation

In this research work, a linearized steady-state model of self-excited synchronous
reluctance generator is developed by using the Park’s d-q axes equations, considering one
damper in the direct axis and one in the quadrature axis. Using the stator and rotor
voltage, flux linkage, torque and mechanical equations, a linearized steady-state model
has been developed by applying the small perturbation technique. The saturation has been
represented by modifying the unsaturated magnetizing reactance with a saturation factor.
The developed model has been applied to obtain eigenvalues under different operating
conditions. By using the steady-state model, the effects of excitation capacitance, real,
reactive and apparent power output on the steady-state stability of the self-excited

synchronous reluctance generator has been analyzed.
2.4 Saturation Modeling

The effect of saturation on electrical machine steady-state performance has been
recognized for at least 60 years when the initial concern was the accuracy of the

calculation of machine performance. For the steady-state and transient modeling of self-
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excited synchronous reluctance generators, the effect of saturation should be considered
to predict the actual behavior of the machine. The accurate calculation of the performance
of AC machines is mostly dependent on the saturation conditions.

Most machines models employ piece-wise linearization technique [5], [6] and
polynomial function [7], [8] to represent the saturation curves. Different authors have
proposed different methods to model saturation for electrical machines. Some machine
models have considered the effects of saturation in both direct and quadrature axes and
the magnetic coupling between d- and g-axis windings (cross-magnetizing phenomenon)
[9]-

The values of d- and g-axis saturated magnetizing reactances, X,z and X, are

obtained by modifying their unsaturated values as follows:

Xmas = Sa- Xmau 2.1)
qus =S4 -quu 2.2)

Where S; and S, are the d- and g-axis saturation factors, respectively.

The saturated values can be obtained by using the polynomial equation from the
saturation characteristics of the machine model.

A significant reduction in the values of magnetizing reactances in both direct and
quadrature axes from their corresponding unsaturated values have been observed as a
result of nonlinearities introduced by saturation under both steady-state and transient
operations [10]. Thus, in the modeling of synchronous reluctance generator, a proper
representation of saturation is importance for an accurate steady-state and transient

stability analysis of the machine.
2.5 Transient Modeling

Transient stability means the ability of the machine to survive a sudden change in
system characteristics such as:

o Lossofaload

e Loss of excitation

e Faults on the transmission line

In the transient stability studies, the important issues are as follows [11]:
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e Calculation of generator load angle or torque during the fault period.

e (Calculation of post-fault generator load angle, for a period of up to several

seconds after the fault cleared.

The transient performance of synchronous reluctance generators under fault can
be observed by solving machine differential equations, to obtain the values of the fluxes,
currents, load angle, speed and torque in each time step. In each time step, a 4™ order
Runge-Kutta method has been employed to solve differential equations using the
coefficients of Runge-Kutta method and the value of parameters from the previous time
step. The newly obtained values are then used as the initial values for the next time step.
At the clearance of the fault, the terminal voltage is again restored to its original value.
For a stable system, after a few oscillations, the system reaches equilibrium and the
parameters are restored to their original values. This involves an iterative process and
after the currents converge it proceeds to the next time step [12], [13]. The calculated
currents, flux linkages, speed and load angle at the end of the each time step can be used

to find the transient performance for the next time step.

2.6 Sensitivity Analysis

A sensitivity analysis has been performed using the developed steady-state model
by varying the parameters from 50% to 150% with a step 10% increase with different
excitation capacitances 100 uF, 125 pF and 150 pF of their standard value.

A sensitivity analysis has been carried out to transient model by varying the
machine parameters for 50%, 75%, 100%, 125% and 150% of their standard value with
100pF excitation capacitance. Load angle sensitivity to machine parameters has been

analyzed using the developed transient model of self-excited reluctance generator.
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3 STEADY-STATE ANALYSIS

3.1 Derivation of the Steady-State Model

The phasor diagram of the self-excited synchronous reluctance generator with a
capacitor bank connected across the stator terminals of a machine for a lagging load is
shown in Fig. 3.1. The phasor diagram describes the steady-state operating condition of
the machine. The stator current is the phasor sum of the load current and capacitor
current. The stator current is resolved into its d- and g-axis components. Similarly, the
voltages and currents have been resolved into their corresponding d- and g-axis
components. All the resistive and reactive voltage drops are shown in the Phasor
diagram.

A linearized model of self-excited synchronous reluctance generator has been
developed for stand-alone operation using the machine voltage, mechanical and flux
linkage differential equations. It is based upon Park’s d-q axes equations considering one
damper winding in the direct axis and one damper winding in the quadrature axis. The
effect of saturation is considered in the direct-axis [1]-[3]. From the phasor diagram
shown in Fig. 3.1, the terminal voltage in (3.1) can be resolved into its d- and g-axis

components as follows:

V,=V,+]jV, (3.1)
where

V,=V, sind (3.2)
and

V,=V,cosd (3.3)

Linearizing (3.2)-(3.3) by using Tayler series approximation, (3.4)-(3.5) can be obtained.
AV, =V, cos8,Ad8+AV,sind, 3.4)
AV, =V,sin §,A8+ AV, cos 3, (3.5)

As the capacitors are connected across the stator terminals of the machine, the
same terminal voltage will be applied across the capacitors. The current flowing through

the capacitors will lead the terminal voltage by 90° and its magnitude can be written:

21



~

» d —axis

QU
~

.

[

Fig. 3.1. Phasor diagram of self-excited synchronous reluctance generator.

v
I = T )’( (3.6)
(3.6) can be re-written as

V,+jVv
I, -—--J—XL (3.7)

Resolving the capacitive current into its corresponding d- and q-axis components, the

following equation can be obtained.
I.=1,+]L, (3.8)

Using (3.2) and (3.3) in (3.7), the capacitive current can be written as follows:

vV |14
I.=—t-c0sd— j—Lsind 3.9
c X, JXC (3.9)

Equating (3.8) and (3.9), d- and g-axis components of the capacitive current can be

expressed in terms of d- and g-axis voltages as follows:

V
Ide—'cosF) (3.10)

1
C
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I =—;—’sin8 (3.11)

cq
C

Linearizing (3.10)~(3.11) using Taylor’s series approximation, (3.12) and (3.13) can be

obtained.
Vo o 1
Al , = ——>sind AS +—cosd,AV, (3.12)
¢ Xc
Vo o
Al =—--c085,A0 ~——sind,AV] (3.13)
C XC

Arranging (3.12)-(3.13) in matrix form, (3.14) can be obtained.

Vo . 1
—=sind, ——co0sd
A]cd X(f XC 0
= [A8]+ [AV)] (3.14)
Al -V 1 . t
“d 1 —cosd, —}—smSO
C c

From the schematic diagram as shown in Fig. 3.2, the capacitive current can be
expressed in terms of stator current and load current as follows:
I.=1-1, (3.15)
Resolving the capacitive current into its corresponding d- and g-axis components, the

following equations can be obtained.

I,=1,-1, (3.16)

I, =1,-1

cq q Ly

(3.17)

Linearizing (3.16) and (3.17), (3.18) and (3.19) can be obtained.

Al =Al,-Al, (3.18)

AL, =AI,-Al, (3.19)

q

Replacing (3.14) with the values of linearized d- and g-axis capacitive currents into

(3.18) and (3.19), (3.20) and (3.21) can be obtained.

Vo .
Al,=Al, - X’O sm80A8+jY1—-c0580AV, (3.20)

C C
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Fig. 3.2. Schematic diagram of self-excited synchronous reluctance generator.

Al =A[Lq—-)V(t—OCOSSOA5—-—);—Sin80AV; (3.21)
C C

The damper winding currents in the generator are independent of load angle changes.
Using (3.20)-(3.21) and linearized d- and g-axis damper winding currents, the generator

currents can be written in matrix form as given below:

AL, ] [AL, ] l/&sinSO «1—c0560
A[ AI C C
M"‘“ _ Nk‘“ IR = IR ITNA (3.22)
q Lq —0 cos8, —sing,
_A[kql_ _Alkql_ ] ¢ 0 ] ¢ 0
(3.22) can be re-written as follows:
[ar;]=[ar]-[az ] (323)

3.2 Stator & Rotor Voltage and Mechanical Equations

The self-excited synchronous reluctance generator model has been developed by
considering one damper winding on the direct axis and one on the quadrature axis. The

stator and rotor voltage equations can be written as follows:
dy, dt:m"Vd +oyR, 1, +oy, (3.24)

dy,
Yo/ =0, +0,R 1, -0y, (3.25)
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; dt = _(DOdelIka'l (326)
d
qul/dt ==y R\ 1\ (3.27)
The mechanical equation can be expressed as follows:
d%t=03—03o (3.28)
®
W = T =T~ K] (3:29)

The electromagnetic torque equation can be expressed in terms of the stator flux-linkages

and currents.
T,=(y,1,-w,1,). (3.30)

Linearizing (3.24), d-axis stator flux linkage as follows:
d(AWd%t =0 AV, + 0 R,Al, + 0 Ay, + W A®

d(AWd%t = 0,AV, + R, (AL, +Al ) +0,Ay, + A0

Replacing the values of the linearized d-axis capacitive current and d-axis voltage in the

above equation.

AAVL)/ = 0,V cos8,A8 +5in 8,V ) + 0, R AL,

|4
+,R, (—?’O—sin S,AS + —)—(l—cosé'OAV, )+ @AY, + Y A0

C C

d(Al//d)dt = WAy, + oV, (cos S, —-)—(lg”—siné},)A6+ w,R,AI,

C

. R
+ 0, (sind, + }‘«’—cos O)AV, +y A
C

d(Al//d)dt = a)OAl//q + Q)OV;O(00550 - 41;“ Sil’150)A5 + a)oRaAILd +
Is (3.31)

@,(sind, + jlia—coséo)AV, +y 0A@
C
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Similarly, Linearizing (3.25), g-axis stator flux linkage equation.

d(Ay,)
( w"é =0,AV, + 0 R,Al, —0,AY , — Y ;A0

d(AW"% =0y (=V,,8in8,A8 + 088, AV, ) + O R, (AL, + Al )~ 0, Ay ; — Y 4,A0

Substituting the values of the linearized g-axis capacitive current and voltage in the above

equation.
d(Ay,) . R,
%4 =-w,Ay, —ayV,,(sind, + X C086))AS + R, Al +

C

R (3.32)
@,(cosd, —;(Lsin O)AV, ~y /A

C
Linearizing d- and g-axis damper flux linkages, (3.26) and (3.27) respectively, (3.33) and

(3.34) can be obtained in the linearized form.

AW ydt =—0oR, ALy, ' (3.33)
d(A
B¥in)/ =0, R, AL, (3:34)

Linearizing (3.28) and (3.29), load angle and speed equations, (3.35) and (3.36) can be

obtained as follow:

d(AS)

= Aw (3.35)
d(%tz%wm_m; ~K,A0] (3.36)

Linearizing (3.30), the electromagnetic torque equation.
T, =oAL, + AL )+ T AW, = (AL, + AL ;) = 1,08y,

Te = \deAII,q + ll”dO(A[cq) + IqOAWd - WqOAILd - WqO(Alcd)_ IdOAWq

Substituting the values of linearized currents in the above equation.
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T, = deAI,q+wd0(—X cosd A6—X Sind,AV,) + 1Ay, — AL,

C C

\yqo(————smﬁ A8+XLcosfS AV))— 1Ay,

C
(3.37) can be written as follows:
T, =y A, _IQQ—(WdO €088+ 08I0, )AS _‘—I-(Wdo sind, +
‘ T X ! X (3.37)
Y, COS B)AV, +1 0Ay, — W0, — IdoAWq

(3.36) the speed equation can be written as follows:

d(®) Lo A
dr~ 2H L 2H (3.38)

Replacing (3.37) in (3.38), (3.39) can be obtained.

) ® o,V .
d(co%t 2;[ AT, - ;}VJ"” Al + 2;1)’(0 (W 40 €088 + 4 8In 3, )AS +

®,/ O,V
ZHX sind, +,, cos8,)AV, - 20;) Ay, + ;qu Al + (3.39)
0ol 4o 0K
- Ao
20 VT 2m

Arranging linearized (3.31)-(3.39) in matrix form, the following equation can be obtained

(40 | Lalax]+ Bliar)+ [cliav ]+ D)oz, (40

where
[1] is the current matrix
[7,,] is the external prime mover torque matrix

[V,]1 is the variable voltage matrix

[X] is the state variable matrix
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Ay, |
AV,
Ay p

Ay kg
Ad

AO)J

[AX]=

Al

AIlull

Al
A]Itql

[Al}=

[4], [B], [C] and [D] are matrices consisting of machine parameters and initial

operating condition of order 6x6, 6x4, 6x1 and 6x1 respectively as given below.

0 0 o, O (ooV,o(cosE‘So _ & sinSOJ Voo
C
0 0 0 0 0 0
R
- 0 -,V sind . -
[A]= o, 0 0 0, ,o(sm °+Xc cosSoJ W0
0 0 0 o0 0 0
0 0 0 0 0 1
-0,/ o,/ oV, -0,k
e e cosd, -y, sind, ) ——~2
2H 2H - 2HX, (Vi 088, -wyesing,) 7 |
[ o,R, 0 0 0 ]
0 -0,R, 0 0
0 0 o, R, 0
[Bl=| 0 0 -0,
0 0 0 0
mg“ﬁ’qo 0 moq’do 0
| 2H 2H _
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R
o, (sind, + —%cosd
o(sind, +-cos3,)

0
®,(cosd —ﬁsinéi )
[C]:- 0 0 XC 0
0
0
® .
_ZH)O((. (WyoSind, +y 4 COSSO)_
o]
0
0
[D]= 0
0
O
| 2H |

3.3 Stator and Rotor Flux-Linkages Equations

The stator and rotor winding flux linkages can be expressed in terms of machine

currents and reactances as follows:

Yo = (K + XD g + Xl (3.41)
Yiat = =X pad g + (Xpas + Xy Mran (3.42)
Wy = (X + XDy + X Ly (3.43)
Wigt = =X g Ly + (X pgs + X1 ) i1 (3.44)

Saturation is considered in the direct axis only, so the d-axis magnetizing reactance varies

with the corresponding ampere-turns.
Linearizing (3.41)-(3.44), (3.45)-(3.48) can be obtained.

AY g =~(X o + XA G + X, g0 Al = (L = Lo JAX

(3.45)
AY gy = (X o )ALy + (X0 + Xy )AL =0 = Lino)AX (3.46)
AWq = “(quso + XI)A]q + qusoA]kql - (140 - 1’“110 )AX'""S (347)
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Ay, = ‘(quso)AIq + (quso + qu1 )Alkql - (IqO - qulO YAX . (3.48)

Re-written (3.45)-(3.48) in matrix form.

[Aw]=[XA‘V][AI7~]+[IO][§'”"“} (3.49)

mqgs

Where [X;] is a 4x4 matrix of generator reactances, [/y] is a 4x2 matrix that consists of

initial values of current.

~(X paso T X,) X o 0 0
[X.]= = X maso (X paso + X i) 0 0
e 0 0 Ko+ X)) Xopgeo
0 0 = X g0 (X g0 + X 1)
”(Ido_]kmo) 0
Uo]: _(]do“'lkdlo) 0
0 —(IqO—quIO)
0 —(IqO—qul())

3.4 Saturation Characteristics

The accurate prediction of synchronous reluctance generator steady-state behavior
requires the proper representation of saturation in the machine modeling. The saturated
value of d-axis magnetizing reactance is calculated by modifying the unsaturated value
(Xway Wwith a saturation factor Sz calculated from polynomials fitting the saturation
curves. The d-axis magnetizing ampere-turns (47},) are used to locate the operating point
on the saturation characteristics. In this proposed model, saturation in the direct axis has

been taken into account by considering a saturation factor S,.

Xs = SpX (3.50)
Linearizing (3.50), (3.51) can be obtained.
AdesszduASd (351)
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Using the d-axis saturation characteristic, S; can be represented in polynomial form as a

function of their respective excitation as follows:

S, =DAT, + D, AT} + D,AT; + D, AT, +D, (3.52)
Applying a method of linearization to (3.52).
AS, =(4D,AT,)’ +3D,AT,)’ + 2D, AT, +D,)MT, (3.53)

Where D; is constants fori=1,2 ..... 5

AS, = K AT,

(3.54)
K, =4D AT, +3D,AT, +2D,AT,, +D,
Parameter K;; depend on the initial values of d-axis ampere-turns.
In per unit system ampere-turns in d-axis can be represented as follows:
AT, | =|-1,+1 4| (3.55)
Applying linearization
AT =[- AL, +AL,|
MT, =—(Al,-Al,,) (3.56)
Replacing (3.56) in (3.54), (3.57) can be obtained.
AS,=-K, (A, -AlL,) (3.57)
(3.57) can be re-writing as follows:
Ades :~K:is(AId —del) (3.58)

Saturation in the d-axis thus can be represented as a function of d-axis currents. So
change in d-axis saturated reactance value depends on the d-axis currents and can be

expressed as
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mgs

Ades-
[IO]LX }=[Xk] [ALL] (3.59)

(Ido - Ikle)deuKz’is - (Ido - Ikle)deuK:is 0 0

[Xk]= (]dO _Ikdm)deuK:is "(Ido _Ikdlo)dech;s 0 0
0 0 0 0

0 0 0 0

Where [X;] is a matrix that consists of initial currents, unsaturated d-axis reactances and

parameter K .
3.5 State-Matrix of the System

The state-matrix of the system can be derived by substituting (3.59) in (3.49),
(3.60) can be obtained.

[AW]:[XS][A[T]'*'[X/:][AIT] (3.60)
[A ]:([XS]+[Xk])[NT] (3.61)
(3.60) can be re-written as:

[AW] = [XR] [AIT] (3.62)

Where[X, | =[X,]+[X,]

As the flux matrix is a sub-set of the state variable matrix, (3.62) can be re-written as:
[ax]=[x,][az,] (3.63)
[AL]=[X,]"[AX] (3.64)
Using the current matrix (3.23) in (3.64), (3.65) can be obtained.

[ar]=[x, ] [ax]+[az] (3.65)

Replacing (3.65) in (3.40), (3.66) can be obtained.

[d(AX)dt} = [l [ax]+ [B){[x. ] [ax e [ar]f+ [c] 8V, 1+ (D] [T, ] (3.66)
[d(AX%J = ([4]+[B1Lx, " Jlax]+ [Bllaz, )+ [Cliav, ]+ [D][aT, ] (3.67)
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[B][a1.]=
0V
| 2HX .
0 0
00
00
[B] [N(']=
00
0 0
0 O

[B][AL]=[1][AX]+[G] [AV]]

®,R
O a.‘I/IO sin, -———;c" cosd,
0 0
®,R
RV cosd, 0~ kgl Sin50
Xc [A8]+| X [AV]
0 0
0 0
. DoV 40
— (y,,8ind, —y 4, Cc088,) 3199 cosd
~\Wao 0 do 0 | LZI‘LY( 0-
0 0 LILAZ sin§, 0 | 2k, cosd,
X, X,
00 0 0 2 0
o
0 0 021 cosd, 0 ° 4l sins,
c [AX]+ c [AV]
0 0 0 0 0
0 0 . 0 0 0
o . O
0 0 22 (y,,sind, —y,,cos8,) 0 079 cosd
2HX, 40 0 do 0 ) 0
(3.68)

(3.68) can be re-written by replacing the capacitor current matrix by the state variable

matrix, (3.69) can be obtained.

”d(M%t'
0%

dAx)/ ]
dt |

=[Pllax]+[/)av )+ (D[, ]

([4+ [BIx, I +[r]iax K[6]+1c1)[av, )+ [Dllaz, ]

(a1+[B10x. ) Iax]+ [v] [ax)+ [G)[av ]+ [Cliav; ]+ [DllaT, ]

(3.69)

(3.70)

The matrix [P] is the state matrix of the developed machine model for stand-alone

operation.

3.6 Calculation of the Elements of the State Matrix

From (3.70), [P] can be written as:

[Pl=[al+[BlLX, " +[1]

(3.71)
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Suppose

[z]=[4]+[r]

where
0 0 o, 0 yV,cosd,
0 0 0 0 0
-0, 0 0 0 —myV,,sind,
[zl o o o o 0
0 0 0 0 0
@140 0 m 0 0
L 2H 2H

Using (3.71) in (3.70)

[P]=[z]+[B]lx, "

where

[XR]= [XS]+[Xk]

[XR =

X1 =~ Kpao + X))+ Lao X K s

%13 = Koo ~ L a0 X man K as

m

X1 = =Ko +Lao X manK as

Xy = (X0 + Xiar) ~Lao X manK as
X33 = ~(X pgso + X))

X34 = X e 0
Xp3=—-X

mqs 0

X44 = quxO + qul
Xi3 = Xq = Xg3 = Xgg = X3 =Xy =X =X, =0

Performing matrix inverse on [Xz]

WqO

—Wyao

— 0K,

2H

(3.72)
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Suppose [R] = [Xz]™

*n — X2 0 0
XXy = XXy XXy — XXy
—Xn X1 0 0
[R]= X1 Xg TXpXy XXy — XXy
X4a —Xp
0 0
X33Xag = X3aXg3  Xa3Xgy —X34Xy3
—X X
0 0 4 2
B X33Xqq —X3qXy3  X33Xyq —X3qXy3 |

Using the values of the inversed matrix [R]

[B]lx.]" = [B][R] (3.73)
" o,R,R, R R, 0 0 ]
— 0o R Ry —0gR Ry, 0 0
0 0 @R, Ry W, R, Rs,
[B][R] - 0 0 —00 R Ry — R, Ry,
0 0 0 0
O 0 Ry, O, 0Ry  —agy Ry — 0y Ry,
| 2H 2H 2H 2H J
[P]=[x]1+[B][R] (3.74)
[ b, by, @, 0 oF,cosd, Yo ]
by, by, 0 0 0 0
—®, 0 by, by —glsind, Wy,
[Pl=| 0 by by 0 0 (3.75)
0 0 0 0 0 1
o,/ -
b1-200 ey b 4 Solao g 0 ~%Kp
L 2H 2H 2H |

Eigenvalue analysis can be performed on the state matrix, [P], to obtain
information on the steady-state stability of the system. For the system to be stable, the
oscillation should die out with time which is indicated by a negative real part. Positive
real part indicates increasing oscillation which leads to instability. The imaginary part
indicates the frequency of oscillation. For any stable system, all the eigenvalues obtained

must have a negative real part.
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3.7 Numerical Analysis

Numerical analysis has been carried out on a 0.37 kW synchronous reluctance
generator using the developed model. The machine stator terminals are connected to a
capacitor bank for self-excitation. The values of the unsaturated d- and g-axis
magnetizing reactances along with the other machine parameters are presented in Table
3.1. An iterative process has been applied to determine the initial values as the machine
d-axis magnetizing reactance varies with saturation. The d-axis saturation characteristics

of this machine are shown in Fig. 3.3.

Table 3.1

Machine parameters

Machine Parameters Values
Rated power 0.37kW
Rated voltage 400V
Rated speed 3600 rpm
Capacitance 100 uF
Unsaturated d-axis reactance 1.267 pu
Unsaturated q-axis reactance 0.317 pu
Leakage reactance 0.0317 pu
Armature resistance 0.0392 pu
d-axis damper circuit reactance 10pu
g-axis damper circuit reactance 0.3 pu
d-axis damper circuit resistance 0.03 pu
g-axis damper circuit resistance 0.02 pu
Mechanical inertia 3.795 sec
Damping torque coefficient 0.0
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Fig. 3.3. d-axis saturation characteristics.

3.8 Results of Steady-State Analysis

A MATLAB program has been developed to compute the initial values under
certain operating conditions as shown in the flow chart in Fig. 3.4. The state matrix of the
synchronous reluctance generator has been used to calculate the eigenvalues of the state
matrix for different operating conditions. The flowchart in Fig. 3.5 explains the way to
calculate eigenvalues from the state-matrix of the system.

A steady-state stability analysis has been performed for different loading
conditions. The effect of excitation capacitance has also been looked into; the
eigenvalues corresponding to active, reactive and apparent power output have been

plotted to investigate the stability status of the synchronous reluctance generator.
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Operating conditions: S, V,, C, Power factor
Machine parameters: Xoudu, Xmqus Xdis Xigts Riat, Rigs, X1, Ra, H, Kp

I

Calculate
6, a, Xe, Xao, Xg05 1105 Leo, o

'

n=0

!

a=cos™(I,,c0s0/1,)
I, X gcosa+ R, sina
Ve+ 1, R, cosa—1,,X . sino

3™ = tan"[

® = I,sin(8” — ), 1) = I,,cos(3" ~ 1)

—»| n=n+l P
\ 4

Compute X,,4,™ from d-axis saturation

curve
Xio=Xpas® +X;,  XqO=Xnqu* X

|

6(n+|) = tan -1 IqOXqO B ldORa ]
- Idono - ]qORa

O = Josin( @ +8") = 1,4 cos(§57)

T = 1,5 cos( 8+ 8" + 1, sin( 8)

40:

(n+1) _
do
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No

(n+l) {n+1)|
.IqO do
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A 4

‘ Stop ’

Fig. 3.4. Initial value calculation flow chart for steady-state analysis.
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l

Compute [Xs] and [/;] using (3.49)
Substitute Xmds and Xmgs in (3.59)

'

Compute [Xz] using (3.62)

l
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Compute [Y] using (3.71)

l

Compute state-matrix
[PI=[A]+[B][Xz] '+[Y ]

'

Eigenvalue analysis of state-matrix [P]

1
=

Fig. 3.5. Flow chart for steady-state stability analysis.
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Figs. 3.6 and 3.7 show the effect of active and the reactive power on the steady-
state stability performance of machine. It can be seen from these figures that with an
increase in the active and reactive power output, the system stability decreases. The
stability of the system can be realized from the real parts of the eigenvalues.

In Fig. 3.8, the eigenvalues corresponding to different apparent power output are
presented. It is observed that with the increase in apparent power output the real parts of
eigenvalues become less negative which shows the system moves towards instability. The
machine is more stable at lower apparent power output.

In the case of a stand-alone system, the excitation capacitance is a requisite for
self-excitation process and also has an effect on steady-state stability of the system. The
effect of excitation capacitance on the machine stability is shown in Fig. 3.9. It can be

seen that with the increase in the excitation capacitance value, system stability increases.

Active Power (pu)

! + t t t 0

-0.027 -0.026 -0.025 -0.024 -0.023 -0.022

Real Parts of EV (1/sec)

Fig. 3.6. Real parts of eigenvalues corresponding to different active power output for C=100 pF and
0=0.436 pu.
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-0.025

t 0

-0.020 -0.015 -0.010

Real Parts of EV (1/sec)

Fig. 3.7. Real parts of eigenvalues corresponding to different reactive power output for C=100 pF and

P=0.900 pu.
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4 07
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4 04
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+ 0.2

+ 0.1

SR } [l - [l 0.0

-0.027

-0.026

-0.026

-0.025 -0.025 -0.024 -0.024 -0.023
Real Parts of EV (1/sec)

Fig. 3.8. Real parts of eigenvalues corresponding to different apparent power demand.
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Fig. 3.9. Real parts of eigenvalues corresponding to different excitation capacitance for P=0.9 pu and
0=0.436 pu.

3.9 Sensitivity Analysis to Steady-State Model

The machine steady-state condition depends upon the circuit parameters; any
change in their values may affect the stability of the system. To analyze the effect of
machine parameters on the stability condition, circuit parameters have been varied from
50% to 150% of their standard values at different excitation capacitance. Circuit
parameters such as Ryas, Reg1, Xiar, Xiq1, R and X;have been varied from 50% to 150% of
their standard values at excitation capacitance of 100 uF, 125 uF and 150 pF. Eigenvalue

sensitivity of machine parameters have been calculated by using state-matrix of the

system.

3.10 Results of Sensitivity Analysis

Fig. 3.10 shows the real parts of eigenvalues characteristics for a range of 80% to
110% with a step increase 5% of the standard value (active power output) of the machine.

Real parts of eigenvalues (Real part of complex eigen value, Most dominant eigen value,
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and 3™ dominant eigen value) have been plotted corresponding to the percentage change
in active power at different excitation capacitances. Eigen values sensitivity due to
change in active power can be observed from the graph. Similarly, Fig. 3.11 shows the
real parts of eigenvalues for a change in the reactive power output from 60% to 140%
with a step increase 10% of reactive power at 100 uF, 125 uF and 150 pF excitation
capacitance.

Figs. 3.12 to 3.17 show the eigen value sensitivity characteristics for a range of
50% to 150% with a step increase 10% of their standard values for circuit parameters
(Rkat, Rigr, Xkar, Xiq1, Ro and X7) at 100 pF, 125 pF and 150 pF excitation capacitance.

Fig. 3.12 and Fig. 3.13 show the real parts of eigenvalues corresponding to
percentage change in d-axis damper resistance and g-axis damper circuit resistance at
different excitation capacitance respectively. It has been observed that the stability level
improves with an increase in the value of d-axis damper circuit resistance and g-axis
damper circuit resistance. It has also been found that stability level improves with
increase in the values of excitation capacitance.

Fig. 3.14 shows the eigenvalues sensitivity with the change in d-axis damper
circuit reactances at different excitation capacitance. It has been analyzed that stability
level decreases with the increase in the value of d-axis damper circuit reactance. It has
also observed that the stability level increases with the increase in excitation capacitance.
Similarly Fig. 3.15 shows that stability level decreases with an increase in the value of g-
axis damper circuit reactance and stability level improves with an increase in the value of
excitation capacitance. From the investigation of the Fig 3.14 and Fig. 3.15, it has been
inferred that 2" dominant eigenvalues of d-axis damper circuit reactance is more
sensitive as compared to the g-axis damper circuit reactance at different excitation
capacitance.

Fig. 3.16 and Fig. 3.17 show the real parts of eigenvalues corresponding to the
percentage change in armature resistance and leakage reactance at different excitation
capacitances respectively. By analyzing these figures, it is observed that there are no
significant changes with the increase or decrease in armature resistance and leakage

reactance.
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Fig. 3.13. Real parts of eigenvalues corresponding to % change in q-axis damper circuit resistance.
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From the eigenvalue sensitivity analysis to steady-state model of self-excited
synchronous reluctance generator, it has been found that eigenvalues are most sensitive to
d-axis damper circuit reactance as compared to other parameters of the machine. The
machine parameters as shown in Table: 3.2 are ranked according to eigenvalue

sensitivity.

Table 3.2

Summary of results: Eigen value sensitivity analysis to steady-state model

Machine Parameters (pu) Average Change in
Real Parts of EV(1/sec)

d-axis damper circuit reactance (Xi;) 0.01816

d-axis damper circuit resistance (Ryq) 0.0143

qg-axis damper circuit resistance (Ry;/) 0.01425

q-axis damper circuit reactance (Xig/) 0.00595

Leakage reactance (X)) 0.00052

Armature resistance (R,) 0.0001
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4 TRANSIENT ANALYSIS

4.1 Transient Model

A transient model for a self-excited synchronous reluctance generator has been
developed considering one damper winding on the direct axis and one damper winding
on the quadrature axis. The effect of saturation is also considered in the direct axis while
investigating the transient performance of the machine.

The assumptions made in the development of machine model are as follow:

e (Core and stray losses are neglected.
e The effect of mutual coupling on d- and g-axis is neglected.
e g-axis saturation is ignored.

There are two methods for integration of differential equations in a power system
simulation, one is an explicit method, such as the 4™ order Runge-Kutta method, and the
other is an implicit method, such as the trapezoidal rule. In this research work, the 4t
order Runge-Kutta method has been used to calculate the transient performance of a self-
excited reluctance generator. The initial values of the machine parameters have been
calculated for a given operating condition using the flow chart shown in Fig. 3.4.

To investigate the transient performance of a three-phase, 0.37 kW, 2-pole, 400 V
self-excited synchronous reluctance generator, a three-phase symmetrical short-circuit
fault is applied across the machine terminals. At the initiation of the fault, the terminal
voltage becomes zero. The corresponding machine differential equations i.e. stator and
rotor voltage equations, (3.24) - (3.27), mechanical equations, (3.28) - (3.29), and
electromagnetic torque equation, (3.30), are solved to calculate the values of the fluxes,
currents, load angle, speed and electromagnetic torque in each time step. In each time
step, a 4™ order Runge-Kutta method has been employed to solve differential equations
using the coefficients of the Runge-Kutta method and the value of parameters obtained
from the previous time step. The newly obtained values have been used as the initial
values for the next time step. When the fault is cleared, the terminal voltage regains its
original value.

A software program has been developed in MATLAB to carry out the transient

analysis and the corresponding flow chart diagram has been presented in Fig. 4.1. The
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differential equations are solved to obtain currents taking the saturation effect into
account. The currents obtained are then compared and the process is repeated until the
error is minimized.

The calculated currents, flux linkages, speed and load angle at the end of each
time step can be used in order to find the transient performance for the next time step.

Table 4.1 shows the simulation parameters of the machine.

Table 4.1

Simulation parameters

Machine Parameters (pu) Ratings
Terminal voltage 1 pu
Active power 0.9 pu
Reactive Power 0.436 pu
Simulation time 2 sec
Short-circuit fault time 0.05 sec
Fault clearance time 0.05 sec
Time step 0.0005 sec
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Fig. 4.1. Transient analysis calculation flowchart.
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4.2 Transient Stability Analysis Results

Transient analysis has been performed for a three-phase symmetrical short-circuit
fault across the terminals of the self-excited synchronous reluctance generator by
considering saturation in the direct axis. Variations in the load angle, speed, and
electromagnetic torque, stator and rotor currents, stator and rotor flux linkages and active
and reactive power have been investigated. The fault was initiated at time 0.05 second
and was cleared after 0.05 second.

Fig. 4.2 shows the variation of the load angle of the generator. It can be seen from
this figure that there are oscillations after the fault is initiated. Once the fault is cleared,
the load angle returns to its original value of around 1.5 second. Fig. 4.3 shows the
oscillation in the generator speed. When the fault is cleared, the speed of the generator
comes back to its original value after some oscillations. Similarly, Fig. 4.4 shows the

transient variation of the electromagnetic torque.
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Fig. 4.2. Transient variation of load angle.

53



Rotor Speed (pu)

1.015 1

1.01 1

1.005 T

0.995 T

099 Tt

0.985 T

0.98

0.5 0.75

Time (sec)

Fig. 4.3. Transient variation of rotor speed.

Electromagnetic Torque (pu)

N —

o2

Il
T T

0.5 0.75

Time (sec)

ade

Fig. 4.4. Transient variation of electromagnetic torque.

54



The oscillations in the d-axis and g-axis stator currents have been shown in Figs.
4.5 and 4.6. They return to their original values after the fault is cleared. Transient
variations in the d- and g-axis damper circuit currents have also been shown in Figs. 4.7
and 4.8. The variation in the d-axis and g-axis stator flux-linkages has been shown in
Fig.4.9 and Fig. 4.10, respectively. After the fault is cleared, the stator flux linkages
return to their original values. Similarly, the rotor flux linkages have been shown in Fig.
4.11 and Fig. 4.12. It can be seen from these figures that the rotor flux linkages become

zero after the fault is cleared.
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Fig. 4.5. Transient variation of d-axis current.
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Fig. 4.6. Transient variation of q-axis current.

Damper circuit current (pu)

15

10

(V]

(=]

'
[

-10

-15

Time (sec)

Fig. 4.7. Transient variation d-axis damper circuit current.
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Fig. 4.8. Transient variation g-axis damper circuit current.
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Fig. 4.9. Transient variation of d-axis flux linkage.
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Fig. 4.11. Transient variation of d-axis damper circuit flux linkage.
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Fig. 4.12. Transient variation of g-axis damper circuit flux linkage.

The machine was subjected to longer fault duration in order to investigate the
machine transient stability performance. The fault was applied across the machine
terminals for different durations ranging from 0.05 sec to 0.3 sec. It has been observed
that after the fault is cleared the machine returns to the original steady-state operating
condition for fault duration up to 0.25 sec. When the fault duration is 0.3 sec, the machine
lost its synchronism. It is observed that the generator is marginally stable for fault
duration of 0.28 sec and becomes unstable for fault duration of 0.29 sec. Fig. 4.13 shows

three different scenarios for the stable, marginally stable and unstable cases, respectively.
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Fig. 4.13. Load angle swing corresponding to different fault durations.

Table: 4.2

Load angle swing for longer fault durations

Fault duration (sec) Load Angle (deg) Status
0.05-0.25 28° (Avg.) stable
0.28 48° Marginally stable
0.29 220° Unstable

The critical clearing time has been found to be 0.28 sec by considering the
saturation on the direct axis. From the analysis it has been observed that longer fault
duration has considerable effect which should be kept in mind during the machine design.
Table 4.2 shows the load angle variation and the three different operating regions of the

machine against different fault duration.
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4.3 Sensitivity Analysis to Transient Model

The machine circuit parameters have been varied from 50%, 75%, 100%, 125% &
150% of their standard values. A capacitor bank of 100 pF is connected across the stator
terminals of generator for self-excitation. Load angle swing for different machine
parameters (Ryqs, Rig1, Xiai, Xigr, Rqa and Xj) have been analyzed by using the proposed
transient model of self-excited synchronous reluctance generator. Load angle sensitivity

for machine parameters have been analyzed for fault duration of 0.05 sec.
4.4 Results of Sensitivity Analysis

Figs. 4.14 to 4.17 show the load angle swing for a range of 50% to 150% with a
step increase of 25% of their standard values for circuit parameters Rias, Rigr, Xkar, Xigl,
R, and X;at 100 pF excitation capacitance.

Fig. 4.14 and Fig. 4.15 show load angle swing for different d-axis and g-axis
damper circuit resistances respectively. From these figures, it has been found that with
the increase in d- and g-axis damper circuit resistance, the load angle swing increases. It
has also observed that the g-axis damper circuit resistance causes more oscillation in the
load angle after fault is cleared as compared to that of d-axis damper circuit resistance.

Fig. 4.16 and Fig. 4.17 show the load angle swing for different d- and g-axis
damper circuit reactances. It has been found that stability increases with the increase in d-
and g-axis damper circuit resistance.

Fig. 4.18 and Fig.4.19 show the load angle swing for different armature resistance

and leakage reactance at 100 uF excitation capacitance.
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Fig. 4.14. Swing in the load angle for different d-axis damper circuit resistance.
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Fig. 4.15. Swing in the load angle for different q-axis damper circuit resistance,.
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Fig. 4.17. Swing in the load angle for different q-axis damper circuit reactance.
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Fig. 4.19. Swing in the load angle for different leakage reactance.
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From the load angle sensitivity analysis to transient model of self-excited
synchronous reluctance generator, it has been found that load angle is most sensitive to d-
axis damper circuit resistance as compared to other parameters of the machine. The

machine parameters as shown in Table: 4.3 are ranked according to load angle sensitivity.

Table 4.3

Summary of results: Load angle sensitivity

Machine Parameters (pu) Ave. Load Angle (deg)

d-axis damper circuit resistance (Ryq) 42°
Armature resistance (R,) 41.33°
Leakage reactance (X)) 39°
d-axis damper circuit reactance (X f dl) 38.5°
g-axis damper circuit reactance (X 1a l) 38.33°
g-axis damper circuit resistance (qu b 38°
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S CONCLUSIONS

This research work presents a comprehensive study of a self-excited
synchronous reluctance generator that includes the steady-state and transient analyses of
the machine. The machine has been modeled for stability analysis using voltages,
currents, mechanical, electromagnetic torque and capacitor current equations. A capacitor
bank was used for self-excitation. The effect of saturation has been considered in order to
predict more accurate results.

A new linearized mathematical model of a self-excited synchronous reluctance
generator for stand-alone operation has been developed. The state-matrix of the system
has been used to obtain the eigenvalues for steady-state stability analysis. The effects of
different loading conditions on the system steady-state stability have been explained. It
has been found that the system moves towards instability with the increase in output
power.

Transient stability analysis has also been performed on the machine. The
transient variations of load angle, rotor speed, electromagnetic torque, stator currents,
rotor currents, and stator and rotor fluxes have been analyzed. The machine has been
tested for different fault durations in the stable operating region, marginally stable and
unstable regions of the system have been explained. It has been found that the system
becomes unstable at longer duration of faults.

Moreover, a sensitivity analysis has been performed in order to understand the
effect of the machine equivalent circuit parameters on the steady-state and transient
stability analyses. Machine parameters were varied from 50% to 150% of their standard
values.

The results can be summarized as follows:

e  The steady-state model is applied to a three-phase 0.37 kW synchronous reluctance
machine for stability analysis.

e  With the increase in active, reactive and apparent power output, the system moves
towards instability.

e  The excitation capacitance has a profound effect on the machine performance.

e The eigenvalue sensitivity has been analyzed on the steady-state model and of the

machine parameters ranked accordingly.

66



The transient stability has been analyzed by employing a symmetrical three-phase
short-circuit fault across the machine terminals.

The load angle sensitivity has been analyzed and the machine parameters have been
ranked according to their load angle sensitivity.

For more reliable performance of a self-excited synchronous reluctance generator, it
is recommended to consider quadrature axis saturation and cross-magnetization
effect in the machine modeling for both the steady-state and transient stability

analyses.
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