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Abstract

In this paper, a backstepping-based decentralized control
scheme is proposed for transient stability enhancement of
multi-machine power systems. The design is based on two
stages: First, an equivalent single-machine infinite-bus model
(SMIB) is developed with respect to each machine. Then,
apart from each SMIB model, a decentralized nonlinear con-
trol scheme based on a backstepping technique is designed
which guarantees asymptotic stability of the overall intercon-
nected power system. Some simulation results demonstrate the
effectiveness of this approach.

1 Introduction

Power systems are increasingly brought to operate at high
power transmission levels for some economical or environmen-
tal reasons, such as deregulation of the energy market. This
requires the control system to have the ability to compensate
potential instabilities and poorly damped power angle oscilla-
tions, as networks load is expected to increase in the future. In
lot of cases, transient stability limits are more constraining than
the steady-state limits. This requires the control system to have
the ability to regulate the system under diverse operating con-
ditions. Unfortunately, power systems are some very nonlinear
systems; the behavior of conventional linear controllers, such
as power system stabilizers, that are designed on the basis of
some linearized power system models (”small signal models”)
is significantly affected by changes in operating conditions. In
this paper, we will focus our attention on the transient stabil-
ity enhancement of multimachine power system by means of
a backstepping control design. This paper presents an exten-
sion to the multi-machine case of the backstepping controller
designed for SMIB systems proposed in [2].

A great deal of attention has been paid to the application of
linear control theory to power systems [11], [6], [1]. However,
power system stabilizer design based on some linearized mod-
els is not adequate in presence of large disturbances: when a

large fault occurs, a linear controller may not preserve stability.
Recently, to overcome this problem, several authors (see for
example, [7], [8], [4]) have applied nonlinear control theory.
Most of these nonlinear controller designs for power systems
are based on differential geometry approach. The so-called Di-
rect Feedback Linearization (DFL) approach was applied to de-
sign a voltage regulator [9], [10].

The paper is devoted to the design of a new nonlinear controller
for a multi-machine power system, by using a backstepping ap-
proach. Our goal is to improve transient stability of the overall
power system under the effect of a symmetrical three phase
short circuit fault. With the backstepping methodology, the de-
sign of both feedback control laws and associated Lyapunov
functions is systematic. Strong properties of global or regional
stability are built into the nonlinear system in a fixed number of
steps, which is never higher than the system order. While feed-
back linearization methods require precise models and often
cancel some useful nonlinearities, backstepping designs offer a
choice of design tools for accommodation of uncertain nonlin-
earities [3].

This paper is organized as follows: Section 2 describes the non-
linear dynamics of a multi-machine power systems. In section
3, we consider the design of a decentralized nonlinear control
scheme for a multi-machine power system based on both equiv-
alent circuit (SMIB model) design and the use of backstepping.
Section 4 presents some simulation results and comparisons.
Finally section 5 sums up some conclusions.

2 Nonlinear dynamics of multi-machine power
systems

The classical model of a synchronous machine may be used
to study the dynamics of power systems when the system
dynamics largely dependent on the stored kinetic energy of the
rotating masses.
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with���
power angle of machine � ;���
relative speed of machine � ;��� �
mechanical input power of machine � ;��"#�
electrical output power of machine � ;���
synchronous machine speed;� � per-unit damping contant of machine � ;� �
inertia constant(in sec) of machine � ;

Electrical equations of each generator ��%'&( � �
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with% &( � transient EMF in quadrature axis of machine � ;% &. � transient EMF in direct quadrature axis of machine � ;5 ( � quadrature component armature current of machine � ;5 ( � direct component armature current of machine � ;, &. �$� direct axis transient short-circuit time constant of
machine � ;, &( / � quadrature axis transient short-circuit time constant
of machine � ;B >@� input of the SCR amplifier of the generator of
machine � ;8;:<�
gain of excitation amplifier of machine � ;
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withELK �
generator terminal voltage of machine � ;E ( � quadrature component of O K of machine � ;E . � direct component of O K of machine � ;

In order to study the transient stability of a multi-machine
power system according to the Park model, it is necessary to
derive the P �RQ components of each generator expressed in the
coordinate frame P �4Q . Therefore, for each direct and quadra-
ture component of line � current, we get:S$T�UDVXW U U�Y[ZT�U]\4^_UJ`acbed b$agfh3icjck?lnm0U b@o Y[ZT bqpsr U U
Y[Zt U p ^_UJ`acbed b$agfh3k3uLivlnm0U b@o Y[Zt bS t U V r U U�Y[ZT�U]\4^_UJ`acbed b$agfh3k3uLivlnm0U bIo Y[ZT b \ W U U�Y[Zt U]\4^_UJ`acbed b$agfh3icjck?lnm0U b@o Y[Zt b
whereh3icjck?lnm0U b@o VXW U bgw$x@y m0U b \ r U bgy#z { m0U b

h3k3uLivlnm0U b@o V r U bgw$x@y m0U b p W U bgy#z { m0U b
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: real part of �� �~}
: imaginary part of ����~}
=
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By substituting the above equations into equations (3), (4) and
(11), we obtain the state equations of a multimachine system
with respect to the following state variables:

�
,
�

,
% &. and

% &( .
Dynamics of a multimachine power system

For each generator � of the network the state equations are given
by: �m U l~� o V�� U l~� o�� U l~� o V p��'� U��� U � U l~� o \ �7���� U?�D�g��� U p W U U���Y��~�T�Uc\ Y�� �t U6�p Y ZT�Uv��^_UJ`acbed b$agfh3icjckvlnm0U bIo Y ZT b p ^_UJ`acbed b$agfh3k3uLivlnm0U b@o Y Zt be�p Y Zt Uv��^_UJ`acbed b$agfh3k3uLi?lnm0U b@o Y ZT b \ ^_UJ`acbed b$agfh3icjck?lnm0U b@o Y Zt be����Y Z T�U6l~� o V p��� Zt � U Y[ZT�U l~� o \�� t U p � Zt U� Zt � U�� r U U�Y[ZT�U]\ W U U
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3 Decentralized nonlinear controller design

A classical study of transient stability will be presented here
on a nine-bus power system composed of three generators and
three loads. This approach can be obviously extended to a ¥ -
machine power system. A one-line impedance diagram for the
system is given in fig. 1. In order to apply the backstepping
method [2, 5], we compute:¦ The equivalent circuit from point of view of bus § / * for

generator #
*¦ The equivalent circuit from point of view of bus § / � for

generator #
�¦ The equivalent circuit from point of view of bus § /e¨ for

generator #
¨
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Figure 1: Nine-bus system impedance diagram; all impedances are
in p.u. on a 100-MVA base

in three different situations corresponding to pre-fault, duration
fault and post-fault, as defined by fig. 2.

G
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Figure 2: Equivalent circuit (SMIB model) with respect to each gen-
erator

For this equivalent circuit, we have used three different
impedances © K�ª �+«¬ K�ª with respect to pre-fault, duration fault
and post-fault situations. However for

EDK�ª
we have only con-

sidered the pre-fault value.
In order to apply the backstepping method, we have changed
the state variables (

�
,
�

and
% ( ) of [2] into new variables:

�
,�

and
��"

. With regard to these new variables, the set of state
equations for each equivalent circuit is given by:

�ml~� o V �®l~� o��ql~� o V p ��#¯ �®l~� o \�°²±�#¯ l �g� � p �g³ l~� o#o��g³ l~� o V p �q´]µ¶ �·6¸;¹ f \ ¹ � � Y t psº » ¹ f�¼]½ � y#z { m\ r » ¹ f�¼]½ � w$x@y m \ ¹R¾ \ ¹ f �¢¡ ´]µ¶ �·6¸�¿ ¤ (10)

The definition of the parameters are:Y t V º » ¼]½ w$x@y m \ r » ¼]½ y#z { m \ÁÀ » Y Ztº » VÃÂeÄJÅ0Æ Â · u Â � ·0Ç»�È r » V�ÉLÊLÆ Â · u Â � ·0Ç»�È À » V u Æ ÉÌËÊ j ÂeÄJÅ6Â · Å Ç»�ÈÍ Â V � t ½ l � T p � ZT o p � t ½ � T ½ pRÎ �Ï� t ½ V!Ð ¶ ¯ \ � t \ �ÌÑÒ� T ½ V!Ð ¶ ¯ \ � T \ �ÌÑ Î Ï V Î ¶ ¯2 K
: transformer reactance¹ f V �+Ó ¼]½ w$x@y m \ � ¾ ¼]½ y#z { m \ � �+Ô Y t¹ � V�l � ¾ � ¼]½ w$x@y m p �+Ó � ¼]½ y#z { m o Y t¹R¾ V�l � f p � � o � ¼ �½ y#z { � m \ �'Õ � ¼ �½ w$x@y � m� f V Î Ï� �t ½ l � p � Î Ï r ½ \ Î �Ï r �½ o � � V Î �Ï º �½

� ¾ V � Î Ï� t ½ l r ½ psÎ Ï l º �½ \ r �½ o \ � t ½Î Â�+Ó V p � Î Ï l º �½ \ r �½ o \ Î ÏÎ Â Î Â V � t ½ � T ½ \ Î �Ï�'Õ V � Î Ï� t ½ � Î Ï l º �½ \ r �½ o pRr ½ �v\ � T p � tÎ Â�+Ô V Î Ï l º �½ \ r �½ o �'Ö V Î Ï r �½®p Î ÏÎ Âº ½ V � t ½$× Î Â r ½ V Î Ï × Î Â
We can expresse

�v"
as follows:�g³ V � f�¼ �½ y#z { �Ìm \ � � ¼ �½ w$x@y �Ìm \ � ¾ Y t ¼]½ y#z { m\ �+Ó Y t ¼]½ w$x@y m \ �'Õ ¼ �½ w$x@y m y#z { m \�Ø Ô Y-�t \ �'Ö ¼ �½ (11)

and the terminal voltage:¼ Ñ V!ÙÛÚ � t � t ½Î Â ¼]½ y#z { m \ Î Ï � tÎ Â l Y t f p ¼]½ w$x@y m o�Ü � \Ú � Î Â p � t � t ½Î Â � Y t f \ � t � t ½Î Â ¼]½ w$x@y m \ Î Ï � tÎ Â ¼]½ y#z { m Ü ��ÝqÞ Õ (12)

where Y t f V � pqrqß \9à r �ß \âá Î ÏÎ Â �g³ � × � � Î ÏÎ Â �rqß V � t ½Î Â ¼]½ y#z { m p Î ÏÎ Â ¼]½ w$x@y m
and

EDã
=
ELK�ª

is the Thevenin voltage of each equivalent cir-
cuit in the pre-fault situation. We also supposed for sim-
plicity that the variation of input mechanical power is zero
(
��� �
	��q����®�

).

First, we put the state equations in a strict-feedback form:
�� f V � � (13)
�� � V p Y � � p h � ¾ (14)
�� ¾ V pAä À »� ZT � ¹ f \ ¹ ��å Y t psº » ¹ f�¼]½ � � y#z { l � f \ m0� o\ r » ¹ f�¼]½ � � w$x@y l � f \ m0� o \ ¹R¾ \ ¹ f �¢¡ À »� ZT � ¿ ¤ (15)� f VXæ-ml~� o , � � VÁ�®l~� o , � ¾ VXæ �g³ l~� o , Y V ��#¯ ,

hçV °²±�#¯ .

With regard to (11) it must be noted that
% ( is a fonction of

�v"
and

�
. If we define the functions èDé$è;êIé$è N é6ëgé6ë]ê@é6ë N as follows:ì l � f o Vîíï l � f o V �ì f l � f$ð � � o V p Y � �ï f l � f$ð � � o V p hì � l � f$ð � � ð � ¾ o V pAä À »� ZT � ¹ f \ ¹ ��å Y t psº » ¹ f�¼]½ � �y#z { l � f \ m0� o \ r » ¹ f�¼]½ � � w$x@y l � f \ m0� oï � l � f$ð � � ð � ¾ o V ¹R¾ \ ¹ f �¢¡ À »� ZT �

we get the following strict feedback form:�2 ê  è �
2 ê ��� ë �
2 ê �#2 N�2 N  èê �
2 ê²é 2 N ��� ë]ê �
2 ê²é 2 N �#2Dñ�2Dñò è N �
2 ê²é 2 N é 2DñI��� ë N �
2 ê²é 2 N é 2DñI� B >L�
	�� (16)



The main advantage of the backstepping method is the si-
multaneous derivation of both the Lyapunov function and the
control law [5]. According to [2] and the configuration of state
equations (13), (14) and (15) we can use the strict-feedback
form of backstepping method as following. If we choose the
Lyapunov function candidate O  êN 2 N ê , we can state the virtual
control law for (13): ó ô�[2 ê . Then we seek for a control
law

2 N  óvê which stabilizes the first two state equations,
where

2 N is viewed as a control input and where the related
Lyapunov function is O]ê  O � êN �
2 N � ó � N . óvê is such that�O;ê õ�[2 N ê �çö ê �
2 N � ó � N . Finally, we obtain the control law
for each generator as follows:¿ ¤ V÷fø Ë Ù p?ù � l � ¾ pûú f o p�ü�ý�þü Â Ë ï f p ì � \ � üeÿ;þü Â þ üeÿ;þü Â Ë � ä

�� f�� � å Ý
With the Lyapunov function � � V � f \ f� l � ¾ p�ú f o � such that
�
� � V p � � f pRù f l � � pûú o � pRù � l � ¾ pRú f o � , and where

ö êIé ö N���� ,ú f V �ï f � p l ù f \ � o l � f \ � � o p ì f��
Under the realistic assumption that, we can determine which of
the parallel transmission lines is disconnected (by use of some
sensor pre-assigned on each of the lines), we can compute the
power angle, after disconnecting the faulted line. When we fix
the terminal voltage to 1 �
	 B 	 , we can solve nonlinear equation
(12) for each generator in order to compute a new

�
(
�?"

remains
unchanged). We denote the post-fault power angle as

��� / ã and
we define  �+1�Ì�
	����!��� / ã .m�� � ½ is now introduced in the regulation error dynamics and the
control law instead of

m
:�

 �v ��
�î4�����N�� �!��� ±N�����"�
�'"g4� ��� µ� �·6¸�� ê � / ã � � N � / ã � % ( � / ã���! � ê � / ãeEDã ��"�# $������ / ã �  ����� �  � ê � / ã0EDã ��%�&�"������ / ã �  ���� � ñ'� / ã � � ê � / ã�( : � µ� �·6¸ � B >-� B >��*)+� / ã �

(17)
Where

��" -, � " � ��
Index .0/21 means that the related relations are expressed in
terms of

m�� � ½ instead of
m
. We also compute

£�¤ ��u3� � ½ corre-
sponding to the new equilibrium state induced by

m�� � ½ . Sim-
ulation results given hereafter, show clearly the improvement
brought by this methodology.

4 A three-machine example

In this section, the transient and steady state responses obtained
with the backstepping method are simulated and compared
with the responses obtained with PSS controllers. We have
simulated the closed-loop behavior of the system with two
different control schemes:
- without auxiliary controllers (only with conventional PSS
and AVR),

- with the here-proposed controller with ù f V � ð ù � V54@í .
The kinds of faults that we consider in this paper are the
symmetrical three-phase short circuit faults occurring on any
line. The fault is situated at the generator bus.

The case study

The three-machine system described by Fig.1 is chosen to
demonstrate the effectiveness of the proposed backstepping
controller. The system parameters used in the simulation are
the following:� T V�6 í87 � á29 í í87 4;:2<*4 � 7 = � � <?> � t V�6 í87 í;: 9 : í87 4 9�á < � 7 � <;@*4�>A*B V�6 í87 í1í87 í í87 í�> � Zt V � ZTC V�6 �1��� > � V�6 � =87 � 9D9 7 á =87 � >� ZT � V�6 487 : 9E9 <F7 4;:�> � Zt � V�6 í87 í � í87 <*=2<1í87 9 >� ZT V�6 í87 í 9 í;4 í87 �@� :;4 í87 � 4 � =�> �¢¡ V�6 � í@í � < � <?>
The physical limit of the exciter is: G B �IH Ø ¡ ¿ ¤ l~� o H V�@ . ¿ for
each generator.

Fault sequence (permanent fault)
J stage 1 : The system is in the pre-fault steady state.J stage 2 : A fault occurs at

��VXí87 < 1?K ù on line 5-7 near the bus # 7.J stage 3 : The fault is removed by opening the breakers of
the faulted line at

��V9í87 <;@ 1?K ùJ stage 4 : The system is in a post-fault state.

We have supposed that generator 1 is the reference generator.
The transient response obtained with the backstepping method
is improved compared to the PSS controller response (see
fig. 6,7, 8, 9). The variations of electrical power, terminal
voltage, and power angle for each machine are given by fig.
(3), ( 4) and (5) at the occurence of the short circuit when the
backstepping-based controllers are used.
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Figure 3: Electrical power output variation - short circuit between
line 5-7

If we change the position of fault on the other lines, for ex-
ample line 4-6 (near bus # 4), we can see that there is always
asymptotic stability for the variables of machines. (see fig. 10
and 11).
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Figure 4: Terminal voltage variations of each machine - short circuit
between line 5-7
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Figure 5: Power angle variations of each machine - short circuit
between line 5-7

5 Conclusions

In this paper, the idea of transient stability enhancement via
backstepping nonlinear control of single-machine infinite-bus
power system proposed in [2] has been extended to the
multi-machine case. The backstepping technique has been
extended to the multi-machine power system via the design
of an equivalent circuit with respect to each generator. A
new power system controller has been proposed in this paper
to achieve both transient stability enhancement and good
post-fault performance of the generator terminal voltage

EDK �
	��
.

It represents a realistic alternative to the usual AVR/PSS
scheme. A simple design procedure has been proposed. The
performance of this controller has been tested through different
simulation scenarios and in comparison with three existing
control schemes. The simulation results show that:¦ Both transient enhancement and good post-fault perfor-
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Figure 6: Power angle variations of generator # 2 - short circuit
between line 5-7
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Figure 7: Power angle variations of generator # 3 - short circuit
between line 5-7

mance of both the generator terminal voltage power angle
and electrical power can be achieved;¦ The performance of this controller is independent of the
operating point;¦ Good transient enhancement is obtained, if the faulted line
changes.

Further researches will be devoted to the stability analysis of
this decentralized control scheme.
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Figure 8: Terminal voltage variations of generator # 2 - short circuit
between line 5-7
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Figure 9: Terminal voltage variations of generator # 3 - short circuit
between line 5-7
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