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a b s t r a c t

Chaos and voltage collapse exist in power systems due to critical loading and disturbing of energy (DE).
These phenomena cause instability in power system operation and must be avoided. In this paper, an
ANFIS-based composite controller-static var compensator (CC-SVC) was proposed to control both chaotic
oscillations and voltage collapse. The ANFIS-based CC-SVC was proposed because its computation was
more efficient than Mamdani fuzzy logic controller. Adaptive network parameters were obtained through
a training process. The controller parameters were automatically updated by off-line training. Both chaos
and voltage collapse were able to control and suppress effectively by the proposed method. Furthermore,
the load voltage was held to a set value by adjusting the supplied reactive power. When the reactive load
was increased, the SVC susceptance and reactive power supplied by the SVC also increased. The proposed
method was able to maintain the load voltage and to increase the loading margin.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Chaos and voltage collapse are nonlinear phenomena that exist
in power systems with critical (heavy) loading. Chiang et al. devel-
oped the voltage collapse model and described both the physical
explanation and computational consideration of this model. Static
and dynamicmodels were used to know the detailed type of voltage
collapse, wherein the static model was used before a saddle-node
bifurcation, while the dynamicmodel was employed after the bifur-
cation [1,2]. Meanwhile, the Lyapunov exponent which measured
how rapidly the two nearby trajectories separate from one to an-
other within the state space and broadband spectrum was used to
confirm this observation [3].Within the range of loading conditions,
the sensitivity of chaotic behavior made power systems unpredict-
able after a finite time. In addition, the effectiveness of any control
scheme was questionable within this range and should be
reevaluated based on state vector information. Moreover, nonlinear
phenomena, including bifurcation, chaos and voltage collapse oc-
curred in power system models. The presence of various nonlinear
phenomenawas found to be a crucial factor in the inception of volt-
age collapse in this model [4,5]. The problem of control in the pres-
ence of these nonlinear phenomena is addressed here. The
bifurcation control approach modified its bifurcation according to

the system state equations and controlled chaos in power systems
were done in [4–7]. The presence of chaotic oscillations in a power
system causing the instability problem was studied by Yu et al. [8].
The existence of chaotic oscillations in power systems due to dis-
turbing of energy (DE) at the rotor speed has been found in [9]. Fur-
thermore, the modeling of chaotic behavior using recurrent neural
networks in power systemswas previously studied in [10]. Practical
techniques for recognizing and classifying chaotic behavior were
identified by Parker and Chua [11], while control and anti-control
chaos were developed by Chen [12]. One scheme of chaos utility
was used on electrical systems for smelting based on chaos control.
Lei et al. demonstrated that chaotic steel-smelting ovens regulated
their heating currents according to chaos control theory [13]. A con-
trol system using a neural-network controller was presumed to be
able to stabilize the unstable focus points of 2-dimensional chaotic
systems; although, Konishi and Kokamehave stated that the control
system did not require this presumption [14].

A fuzzy logic controller (FLC) has been successfully applied to
control and stabilize chaotic systems, such as the Lorenz system
[15] and the Chua circuit [16]. Various studies on controlling tran-
sient chaos have been carried out, such as those by Dhamala et al.
and Dhamala and Lai attempted to control transient chaos in
power systems using a data time-series [17,18]. Strategies for
controlling chaos in process plants have been used on the discrete
Henon map chaotic system [19]. A composite controller (CC) that
has successfully controlled and suppressed chaos in power systems
was reported in [4,5].

Static var compensator (SVC) placement is an attractive research
topic in power system engineering. There have beenmanymethods
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applying the SVC placement optimally to maintain voltage stability,
such as normal form analysis [20], multi-restart benders decompo-
sition [21], reactive power spot price index (QSPI) [22] and genetic
algorithms (GA) [23]. Meanwhile, a new SVC dynamic phasor sim-
ulator was proposed in order to substitute traditional electromag-
netic transient program (EMTP) method [24]. Simulation results
show that curves of a new method were very close to benchmark
curves of EMTP. Furthermore, an SVC supplementary controller
was applied to improve the damping of inter-area oscillations
[25], SVC was used to suppress a Hopf bifurcation in power systems
[26] and a phase compensator for SVC supplementary control was
able to offset-time delay, to improve damping of inter-area oscilla-
tion and to enhance system stability [27].

Adaptive neuro-fuzzy inference systems (ANFIS) technology is a
combination of neural networks and fuzzy inference systems. This
technology has been applied to many engineering systems, includ-
ing on the detection of inter-turn insulation and bearing wear
faults in induction motors [28], as well as on supplementary con-
trollers for damping low frequency oscillation in power systems
[29] and automatic voltage regulators for generator systems [30].

In this paper, we focus on controlling chaotic oscillations and
voltage collapse in power systems using an ANFIS-based CC-SVC.
The ANFIS method was used in this research because its
computational complexity was more effective than Mamdani fuzzy
inference system. Furthermore, controller parameters were auto-
matically updated by off-line training. This paper is organized as
follows: the power systems used in this research are detailed in
Section 2. Chaos and voltage collapse mechanisms in power sys-
tems are described in Section 3. Next, the ANFIS-based CC-SVC de-
sign is described in Section 4. The results and analysis are presented
in Section 5. Finally, the conclusion is provided in the last section.

2. Power system model

A synchronous machine was modeled as a voltage E0
q0

� �
behind

a direct reactance x0d
� �

. The voltage magnitude was assumed as

remaining constant at the pre-disturbance value. De Mello and
Concordia, as well as Kundur, derived this model of a machine
connected to an infinite bus [31]. Meanwhile, if saturation and
the stator resistance were neglected, the system’s condition was
balanced with a static load. The machine was connected to the infi-
nite bus and supplied the load. Then the armature current flowed
from the machine to the load. This current caused electrical torque
on the stator winding, and vice versa. The mechanical torque was
produced by the flux through the rotor winding. Meanwhile, when
the rotor speed was constant, the rotor speed followed the
synchronous speed. When there was imbalanced energy, the rotor
speed accelerated or decelerated, which can be expressed as
follows:

D _x ¼ 1
M

ðTm � Te � DDxÞ ð1Þ

where Tm, Te, Dx, D and M are the mechanical torque, electrical tor-
que, rotor speed deviation, damping constant and inertia constant,
respectively. This system model was developed from the work of
Chiang et al. [1], as shown in Fig. 1. This model represents the sys-
tem as a synchronous machine that supplies power to a local dy-
namic load with a shunt capacitor (Bus 2) connected by a weak
tie line to an external system (Bus 3). The equations of infinite
bus were described as follows:

Nomenclature

ANFIS adaptive neuro-fuzzy inference system
CC composite controller
CVC chaos to voltage collapse
DE disturbing of energy
EP equilibrium point
HI high
MD medium
MH medium to high
NH negative high
NL negative low
LSE least squares estimation
LM low to medium
PL positive low
PH positive high
SM small
SVC static var compensator
VC voltage collapse
TEM trial and error method
ZE zero
Bsvc SVC susceptance
c membership function’s center
E0q0 voltage behind of direct reactance
Err error percentage
kl linear gain

kn nonlinear gain
kv SVC gain
k1 additional reactive load, loading margin
Qsvc reactive power supplied by the SVC
tsvc SVC time constant
tv1 time constant 1
tv2 time constant 2
tON SVC ON adjustment time
u, cs control signal
Vref reference voltage
V load voltage
Vmeas measurement voltage
Vmin minimum voltage
Vss steady-state voltage
x0d direct reactance
dm rotor angle
Dx rotor speed deviation
d voltage angle
DV load voltage deviation
DVss-svc SVC voltage at steady state
DVr-svc difference of reference and SVC voltage
DVt-svc difference of terminal and SVC voltage
s membership function’s width

Fig. 1. Three-bus power systems.
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V 0
0 ¼ V0

1þ C2Y�2
0 � 2CY�1

0 cosðh0Þ
h i0:5 ð2Þ

Y 0
0 ¼ Y0 1þ C2Y�2

0 � 2CY�1
0 cosðh0Þ

h i0:5
ð3Þ

h00 ¼ h0 þ arctan
CY�1

0 sinðh0Þ
1� CY�1

0 cosðh0Þ

" #
ð4Þ

By using the variables and parameters in Table 1, the V 0
0; Y 0

0; h00
were obtained as follows: V 0

0 ¼ 2:5 pu, Y 0
0 ¼ 8:0 pu,

h00 ¼ �0:209 rad. Thus, power system equations are defined as
follows:

_dm ¼ Dx ð5Þ

D _x ¼ 1
M

½�DDxþ Pm þ V2
mYm sinðhmÞ þ VmVYm sinðd� dm

� hmÞ� ð6Þ

_d ¼ 1
Kqx

½�KqvV � Kqv2V
2 þ Q � Q0 � Q1� ð7Þ

_V ¼ 1
TKqxKpv

½KpxKqv2V
2 þ ðKpxKqv � KqxKpvÞV þ KpxðQ0

þ Q1 � QÞ � KqxðP0 þ P1 � PÞ þ uðDxÞ� ð8Þ

where the parameters Kpx, Kpv, Kqx, Kqv, Kqv2 and T are the active
load constant due to frequency deviation, active load constant due
to voltage deviation, reactive load constant due to frequency devia-
tion, reactive load constant due to voltage deviation, reactive load
constant due to voltage square deviation and time constant, respec-
tively. The variables dm, Dx, d and V are the power angle, rotor

speed deviation, angle and magnitude of the voltage. The variables
P and Q were computed using Eqs. (9) and (10), respectively. The
parameters P1, Q1 and D are the real load, reactive load and damping
constant. In this case, the parameter u(Dx) was implemented as a
control signal of the power systems.

P ¼ �V 0
0VY

0
0 sin dþ h00

� �
� VmVYm sinðd� dm þ hmÞ

þ Y 0
0 sin h00

� �
þ Ym sinðhmÞ

� �
V2 ð9Þ

Q ¼ V 0
0VY

0
0 cosðdþ h00Þ þ VmVYm cosðd� dm þ hmÞ

� Y 0
0 cos h00

� �
þ Ym cosðhmÞ

� �
V2 ð10Þ

Eqs. (5)–(8) were simplified into a single formula as follow

_x ¼ f ðx; kÞ ð11Þ

where x 2 Rn; k 2 Rp; x and k are the state variable and parameter
space, respectively. The state variable is x = [dm Dx d V]T, wherein
the superscript T denotes the transpose of the associate vector.
The parameter space was interpreted as a loading margin (k1):

k1 ¼ kmax � k0 ð12Þ

where kmax and k0 are the critical and initial reactive load,
respectively.

3. Chaos and voltage collapse

3.1. Chaos phenomena in power systems

Chaos refers to one type of complex dynamical behavior that
possesses some very special features, such as being extremely sen-
sitive to tiny variations of parameters and initial conditions and
having bounded trajectories in the phase-plane, but with a positive

Table 1
Power system parameter values.

Y0 Ym V0 Vm h0 hm Pm M D

20.0 5.0 1.0 1.0 �5.0 �5.0 1.0 0.3 0.05

Kpx Kpv Kqx Kqv Kqv2 C P0 Q0 T

0.4 0.3 �0.03 �2.8 2.1 12.0 0.6 1.3 8.5

All parameter values are in pu except for angles, which are in degs.

Table 2
Chaos and voltage collapse due to initial condition and parameter variation.

DE (rad s�1) Reactive load �j (pu) Quality behavior Label Time (s) Phase-plane trajectory

0.5 EP – 1,025 –
1.274398231696 EP A 2,070 –
1.274398231697 chaos B 1 –
1.670052980343 chaos C 1 Fig. 2
1.670052980344 EP D 1,768 Fig. 3
1.670052980346 EP E 2,350 –
1.670052980347 chaos F 1 –
1.670052980348 10.89 EP G 2,436 –
1.670053018411 EP H 800 –
1.670053018412 VC I 1.6774 Fig. 4
1.670053018413 VC J 1.6375
1.670053018414 VC K 1.6181
1.670053018419 VC L 1.5745
1.670053018442 VC M 1.5186

10.87 EP N 1,180 –
10.8976811 EP O 1,210 –

1.2 10.89768110001 CVC P 4,500 –
10.89768110002 EP Q 4,300 –
10.899 CVC R 442.315 Fig. 5

EP: Equilibrium point VC: Voltage collapse
CVC: Chaos to voltage collapse

I.M. Ginarsa et al. / Electrical Power and Energy Systems 46 (2013) 79–88 81



maximum Lyapunov exponent and/or a fractional topological
dimension. The definition of chaos, its properties [32], and its
applications in engineering systems have been described in
[34,35]. The appearance of chaos can be described by the existing
route to chaotic behavior in power systems caused by rotor speed
deviation. The rotor speed deviation in power systems was affected
by the DE. Kinetic energy disturbances were exclusively related to
the rotor speed deviation. For the sake of simplicity, the rotor
speed deviation in Table 2 was labeled from A to M. When DE va-
lue < A, power systems were able to converge to a stable equilib-
rium point. When the DE was increased, convergence became
more difficult than before. When the DE value at B, power systems
took longer to chaotic oscillation (chaos) as shown in Fig. 2. In the
B, C and F intervals, the system was controlled by chaos. Next,
when the DE value was increased again from intervals D to E and
G to H, the system was in equilibrium point as shown in Fig. 3. Fur-
thermore, when the DE value > I, the system went to voltage col-
lapse (VC).

3.2. Voltage collapse mechanism in power systems

Voltage collapse is a problem in dynamical voltage stability
analysis that occurs when power systems are under critical loading

and/or deficits of reactive load. Owing to ever-increasing load de-
mands, there is tremendous interest in operating power systems
very near the edge of their stability boundaries. A disturbance
and/or temporal overload caused a shift in a system parameter,
such that a boundary crisis occurred, after which the system exhib-
ited transient chaos, leading to voltage collapse (VC). In Table 2, the
VC mechanism was divided into two mechanisms: from chaos to
voltage collapse (CVC) due to reactive load (parameter) increased
and direct VC due to DE (initial condition) increased. The VC and
CVC are shown in Figs. 4 and 5, respectively.

4. ANFIS-based CC-SVC design

4.1. Composite controller-SVC conventional

4.1.1. Composite controller (CC)
Two type of control law, consist of: linear controller and cubic

controller were combined to produce composite controller. The
function of linear controller was to improve both static and dy-
namic stability margins. Meanwhile, the function of cubic control-
ler was to avoid chaos, voltage collapse and to improve stability
degree [4]. The formulation of linear and cubic controller with
measurement of u and Dx, can be expressed as follows:

Fig. 2. Chaos occurred in the d � V trajectories.

Fig. 3. Equilibrium point (EP) was achieved at time of 1768 s.

Fig. 4. Temporal response of the voltage collapse (VC).

Fig. 5. Chaos to voltage collapse (CVC) occurred at 442.315 s.
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u ¼ klDxþ knðDxÞ3 ð13Þ

where the variableDx is rotor speed deviation, parameters u, kl and
kn are the control signal, linear gain and nonlinear gain, respec-
tively. The parameters kl and kn were adjusted at the values of 0.8
and 0.8, respectively. Block diagram of the CC is shown in Fig. 6.

4.1.2. SVC controller
Let us start with SVC that was applied at bus k, and the reactive

power was injected to bus k

Qk ¼ V2
kBsvc ð14Þ

where Bsvc = Bc � Bl, Bsvc, Bc and Bl, are the SVC, capacitive and induc-
tive susceptances, respectively. Dynamic formulas of SVC is written
as follow [33]:

D _Bsvc ¼
1
tsvc

1� tv1
tv2

� 	
DVr�svc � DBsvc � kv

tv1
tv2

DVt�svc


 �

þ kv
tv1

tv2tsvc
ðDVss�svc þ Vref Þ ð15Þ

where tsvc, tv1, tv2, kv, D Vss�svc, DVr�svc, DVt�svc and Vref are the SVC
time constant, time constant 1, time constant 2, SVC gain, SVC volt-
age at steady state, difference of reference and SVC voltage, differ-
ence of terminal and SVC voltage, and reference voltage,
respectively. And parameter values of SVC for the tsvc, tv1, tv2 and
kv were 70.0, 3.0729 117.96, 400.0 and 30.0, respectively. Block dia-
gram of the SVC is shown in Fig. 7. Meanwhile, block diagram of
proposed method applied to power systems is shown in Fig. 8.

4.2. Design processes of ANFIS-based CC-SVC

A step-by-step method of ANFIS-based CC-SVC design is pre-
sented as follows:

1. Selection of input variables: In this step, the state variables pro-
vided as input signals to the controller were chosen.
(a) The rotor speed deviation (Dx) and its derivative ðD _xÞ

were the input signals for the ANFIS-based CC.
(b) The voltage angle (d) and measurement voltage (Vmeas) were

the input signals for the ANFIS-based SVC.
2. Selection of linguistic variables: Five linguistic variables were

used to describe each of the input variables.
(a) Negative high (NH), negative low (NL), zero (ZE), positive

low (PL) and positive high (PH) for the CC.
(b) Small (SM), low to medium (LM), medium (MD), medium to

high (MH) and high (HI) for the SVC.

3. Selection of membership functions: Gaussian membership
functions were used to define the degree of membership of
input variables. A Gaussian membership function was specified
by two parameters (c, s), where c and s represent the member-
ship function’s center and width (spread), respectively. These
parameters were obtained automatically through learning pro-
cesses by a hybrid algorithm [34,35].

4. Selection of fuzzy model: A first-order fuzzy model Sugeno (T-S)
was chosen in this design because of its computational
efficiency.

5. Preparation of training data pairs: There were two sets of data
training pairs:
(a) The rotor speed deviation, its derivative and a control signal

(cs) as the two inputs and output of the ANFIS-based CC,
respectively.

(b) The voltage angle (d), measurement voltage (Vmeas) and SVC
susceptance (Bsvc) as the two inputs and output for the
ANFIS-based SVC, respectively.

6. Optimization of unknown parameters: The unknown parame-
ters of the Gaussian membership function, such as center and
spread, and the linear output of each rule of the first-order
Sugeno fuzzy model were optimized by using a matrix of train-
ing data pairs. All initial values for the center and the spread of
each input membership function were assumed as zero for each
rule. Furthermore, the input and output parameters were opti-
mized using the back-propagation algorithm and least squares
estimation (LSE) method, respectively.

4.3. Training process for ANFIS-based CC-SVC parameters

The training processes were performed using off-line methods
with 6000 data points. The training of data pairs were prepared
by simulating power systems with a conventional CC-SVC. By this
training, the values for the number of nodes, number of linear
parameters, number of nonlinear parameters and number of fuzzy
rules were obtained at 75, 75, 20 and 25, respectively. Each input
parameter was represented by five Gaussian membership func-
tions. The input–output surfaces of the ANFIS-based CC-SVC are
described in Figs. 9 and 10, respectively.

Fig. 9 shows the relationship of two inputs (Dx; D _x) and an
output cs with two maximum values and two minimum values.
The first maximum value was achieved at 0.12 when the input
for the rotor speed deviation and its derivative were at the values

Fig. 6. Composite controller block diagram.

Fig. 7. SVC controller block diagram.

Fig. 8. ANFIS-based CC-SVC block diagram.
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of �0.186 rad s�1 and �0.512 rad s�2, respectively. The control sig-
nal in this case did not have any dimension unit. Meanwhile, sec-
ond hill was achieved at the value of 0.0095 when the input for
rotor speed deviation and its derivative were at the values of
0.045 rad s�1 and 1.0 rad s�2, respectively. On the contrary, the first
minimum value was achieved at �0.03 when the input for the ro-
tor speed deviation and its derivative were at the values of
�0.085 rad s�1 and 1.0 rad s�2, respectively. And the second mini-
mum value was achieved at �0.023 when the input for rotor speed
deviation and its derivative were at the values of 0.2 rad s�1 and
�0.53 rad s�2, respectively.

Fig. 10 shows the nonlinear of voltage angle (d) as an input 1;
measurement voltage (Vmeas) as an input 2 and SVC susceptance
(Bsvc) as an output. Firstly, the control surface of the SVC suscep-

tance is shown from voltage angle side. The SVC susceptance in-
creased from 0.015 to 0.023 pu when the voltage angle was from
0.2 to 0.193 rad. Furthermore, the SVC susceptance sharply in-
creased from 0.0231 to 0.0894 pu when the voltage angle was from
0.1821 to 0.181 rad. Meanwhile, the SVC susceptance moderately
increased from 0.0895 to 0.141 pu when the voltage angle was
from 0.1812 to 0.124 rad. Secondly, the control surface is shown
from measurement voltage side. The SVC susceptance stayed at
0.0 pu when the measurement voltage was from 1.96 to 1.945 pu
and the voltage angle was at the value of 0.11 rad. The SVC suscep-
tance increased from 0.0 to 0.024 pu when the measurement volt-
age was decreased from 1.944 to 1.928 pu. Furthermore, the SVC
susceptance sharply increased from 0.024 to 0.140 pu when the
measurement voltage was decreased from 1.944 to 1.921 pu.
Meanwhile, the SVC susceptance moderately increased and stayed
at the value of 0.141 pu when the measurement voltage at the val-
ues was from 1.920 to 1.86 pu.

5. Results and analysis

Performance of the proposed method was examined using
Matlab/Simulink V.7.6.0 324 on an Intel Core 2 Duo E6650
233 GHz PC computer. The simulations were done as follows:

1. The DE and initial reactive load (k0) were added to power sys-
tems without any control device, and the responses of the sys-
tems were observed. The simulation results are presented in
Figs. 2–5 and Table 2.

2. Next, a slightly reactive load was added to power systems with
a conventional composite controller (conventional CC). The
results are presented in Table 3.

3. Furthermore, power systems were equipped by the proposed
method (ANFIS-based CC-SVC) and two scenarios were taken
and illustrated as follows:
(a) Scenario 1: The DE was added to the rotor speed at the gen-

erator bus in 4 stages: 1.27, 1.3, 1.325 and 1.35 rad s�1. The
results are presented in Table 4.

(b) Scenario 2: The reactive load was added to the load bus with
0.04 pu per step. Reference voltage was taken at the values
of 0.98, 0.985, 0.99 and 0.995 pu. The simulation results are
listed in Table 5.

5.1. Power systems without control device

Power systems without any control schemes were very vulner-
able to disturbances during operation. The disturbances used were
DE and reactive load, as the initial condition and parameter,
respectively. The power system behavior changed qualitatively
when both the initial condition and the parameter was changed.

Fig. 9. Input–output control surface of ANFIS-based CC.

Fig. 10. Input–output control surface of ANFIS-based SVC.

Table 3
Performance of conventional CC and proposed method at k0:j11.27 pu.

Conventional CC Proposed method

k1 � j (pu) d (rad) Load Vmin (pu) Voltage V (pu) k1 � j d (rad) (pu) Load Vmin (pu) Voltage V (pu)

0.0 0.1359 0.9224 0.9770 0.0 0.1352 0.9334 0.9800
0.01 0.1365 0.8955 0.9712 0.02 0.1338 0.9325 0.9800
0.011 0.1365 0.8899 0.9706 0.04 0.1324 0.9300 0.9801
0.012 0.1366 0.8818 0.9699 0.06 0.1310 0.9287 0.9799
0.0125 0.1366 0.8729 0.9696 0.08 0.1296 0.9274 0.9800
0.01275 0.1367 0.8616 0.9695 0.10 0.1282 0.9265 0.9800
0.012772 0.1367 0.8571 0.9695 0.12 0.1267 0.9236 0.9799
0.0127721 0.1367 0.8570 0.9695 0.14 0.1253 0.9222 0.9803
0.0127726052101 0.1367 0.8567 0.9695 0.16 0.1239 0.9163 0.9807
– – – – 0.18 0.1189 0.8943 0.9810
– – – – 0.20 0.1173 0.8785 0.9814
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Both the DE and reactive load were increased step by step, and the
responses in the phase-plane trajectory were observed. Four types
of qualitative behavior have been observed in power system oper-
ation such as: Chaos (Fig. 2), equilibrium point (EP, Fig. 3), voltage
collapse (VC, Fig. 4) and chaos to voltage collapse (CVC, Fig. 5). Fur-
thermore, the qualitative behavior of power systems are described
in Table 2.

5.2. Power systems with conventional CC

Power systems equipped by a conventional CC was able to con-
trol chaos and voltage collapse, but the load voltage remains
uncontrolled and fluctuated, according to reactive load changed.
The power systemmay be operated in an over-voltage/under-voltage
mode when the reactive load was taken at light/heavy values.
When power systems were under critical (heavy) load and the
reactive load was slightly increased, the load voltage declined
rapidly to voltage collapse.

Power system responses by changing reactive loads are de-
picted in Table 3. Three variables were observed in this simulation
such as: The voltage angle, minimum voltage (Vmin) and steady-
state voltage (V). The minimum voltages were obtained 0.9224,
0.8955 and 0.8567 pu for the reactive load at its initial value,
j0.01 and j0.0127726 pu, respectively. And the steady-state volt-

ages were obtained at the values of 0.9770, 0.9712 and 0.9695 pu
for the reactive load at its initial value, j0.01 and j0.0127726 pu,
respectively. The load voltage variation was strongly depends on
the reactive load. Meanwhile, the voltage angle slightly increased
from 0.1359 to 0.1367 rad when the reactive load was increased
from initial value to j0.01277 pu. Furthermore, systems with a con-
ventional CC was able to control the rotor speed deviation. Unfor-
tunately, this controller was not able to maintain the load voltage
because its controller did not have reactive power control device.

The load voltage dynamics of the CC are described in Fig. 11. The
voltage stability can be observed in the minimum voltage, which
rapidly decreased when the reactive load was slightly increased.
As illustrated, the minimum voltage at the value of 0.9224 pu
when the reactive load was at the initial value, while its value
immediately decreased to 0.8567 pu when the reactive load was
slightly increased. When the reactive load were increased again,
then voltage collapse occurred due to lack of reactive power in
the networks.

Table 4
Performance of the proposed method for the DE variation.

DE (rad s�1) Vref = 0.98 pu Vref = 0.985 pu

tON(s) Bsvc; Qsvc; V (pu) tON (s) Bsvc; Qsvc; V(pu)

1.2744 1.9247 1.8914
1.30 1.9797 Bsvc: �j0.4063 1.9609 Bsvc: �j0.3943
1.325 2.0478 Qsvc: �j0.4013 2.665 Qsvc: �j0.3825
1.35 3.3204 V:0.98 2.83 V:0.985

Vref = 0.99 pu Vref = 0.995 pu

1.2744 1.8643 1.8185
1.30 1.9364 Bsvc: �j0.3813 1.8930 Bsvc: �j0.3677
1.325 2.0226 Qsvc: �j0.3737 2.0036 Qsvc: �j0.3640
1.35 2.8019 V:0.99 2.737 V:0.995

Table 5
Performance of the proposed method for reactive load variation.

k0:j11.27 pu Vref: 0.98 pu Vref = 0.985 pu

k1 �j (pu) Bsvc �j (pu) Qsvc�j (pu) V (pu) Err (%) Bsvc�j (pu) Qsvc �j (pu) V (pu) Err (%)

0.0 0.0084 0.0081 0.9800 0.0 0.0181 0.0176 0.9850 0.0
0.04 0.0510 0.0490 0.9801 0.01 0.0628 0.0609 0.9850 0.0
0.08 0.0958 0.0920 0.9800 0.0 0.1077 0.1045 0.9850 0.0
0.12 0.1410 0.1354 0.9799 0.01 0.1529 0.1483 0.9850 0.0
0.16 0.1906 0.1833 0.9807 0.07 0.1983 0.1924 0.9850 0.0
0.20 0.2377 0.2289 0.9814 0.14 0.2441 0.2368 0.9850 0.0
0.24 – – – – 0.2901 0.2815 0.9851 0.01
0.28 – – – – 0.3367 0.3267 0.9851 0.01

k0:j11.37 pu Vref = 0.99 pu Vref = 0.995 pu

0.0 0.0285 0.0280 0.9900 0.0 0.0398 0.0394 0.9950 0.0
0.04 0.0730 0.0716 0.9901 0.01 0.0841 0.0833 0.9951 0.01
0.08 0.1178 0.1154 0.9900 0.0 0.1287 0.1274 0.9950 0.0
0.12 0.1628 0.1596 0.9900 0.01 0.1735 0.1718 0.9950 0.0
0.16 0.2081 0.2040 0.9900 0.07 0.2187 0.2165 0.9951 0.01
0.20 0.2537 0.2486 0.9902 0.02 0.2641 0.2615 0.9949 0.01
0.24 0.2901 0.2936 0.9900 0.00 0.3098 0.3067 0.9949 0.01
0.28 0.3457 0.3388 0.9903 0.03 0.3557 0.3522 0.9952 0.02
0.32 0.3921 0.3842 0.9900 0.01 0.4020 0.3980 0.9953 0.03
0.36 0.4389 0.4301 0.9900 0.00 0.4487 0.4443 0.9951 0.01
0.37 0.4507 0.4418 0.9990 0.14 0.4603 0.4557 0.9950 0.0
0.38 – – – – 0.4956 0.4907 0.9950 0.0
0.42 – – – – 0.5192 0.5141 0.9951 0.01
0.46 – – – – 0.5674 0.5622 0.9954 0.04

Fig. 11. Load voltage responses of conventional CC with various reactive loads.
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5.3. Power systems with the proposed method

The proposed method is used to control both chaos and voltage
collapse in power systems. Chaos and voltage collapse control are
provided by the ANFIS-based CC- and SVC, respectively. Voltage
regulation is the main function of the SVC device, through control
of SVC susceptance.

5.3.1. Scenario 1
In this scenario, the proposed method was tested using the DE

at the rotor speed deviation. The performance of the proposed
method when the DE at the values of 1.27439, 1.3, 1.325 and
1.35 rad s�1 forced to the power systems are listed in Table 4. In
this simulation the reference voltage was taken to be 0.98 pu, the
SVC ON adjustment time (tON) was taken the at time of 1.9247,
1.9797, 2.0478 and 3.3204 s for DE values of 1.274398, 1.3, 1.325
and 1.35 rad s�1, respectively. When the DE was increased, then
tON also increased. On the contrary, the SVC ON adjustment time
decreased when the reference voltage was increased. The shortest
of the tON was at time of 1.8185 s, for the DE of 1.274398 rad s�1

and a reference voltage of 0.995 pu. The SVC susceptance and the
reactive power absorbed by the SVC were �j0.4063 and
j0.4013 pu, respectively, for a reference voltage of 0.98 pu. The
SVC susceptance and the reactive power absorbed by the SVC de-
creased when the reference voltage was increased. Stress on the
power systems also increased when the DE was increased. It was
more difficult to rapidly reduced this disturbance. Voltage collapse
occurred when the load voltage decreased too early. In order to
avoid the voltage collapse caused by the reduction of the load volt-
age too early, the proper tON must be realized.

Fig. 12 shows that the equilibrium point was achieved by the
phase plane (V;d) trajectories at coordinate (0.98; 0.16) when the
DE and tON at the values of 1.27439 rad s�1 and 1.9247 s, respec-
tively. Meanwhile, Fig. 13 demonstrates the comparison of conven-
tional CC and the proposed method when the DE was forced at
generator bus. It is shown that the load voltage uncontrolled and
stayed at the high value (1.086 pu) when power systems equipped
by conventional CC. On the other hand, the load voltage was able to
control at the value of 0.98 pu when the power systems equipped
by the proposed method.

5.3.2. Scenario 2
Performance of the proposed method was evaluated by adding a

reactive load at the load bus and observing the reaction of the SVC

susceptance (Bsvc), reactive power supplied by the SVC (Qsvc), and
the load voltage (V) at different reference voltage (Vref) in this sce-

Fig. 12. Equilibrium point was achieved at coordinate (0.98; 0.16).

Fig. 13. Comparison of load voltage responses when DE was forced to power
systems.

Fig. 14. Load voltage responses of the proposed method with various reactive loads.

Fig. 15. Comparison of the V responses when power systems were forced by
minimum and maximum reactive loads.
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nario. The simulation results of the proposed method are in
Figs. 14–17 and Tables 5 and 6.

Fig. 14 shows the performance of the proposed method when
the load bus was forced by reactive load. The reactive load was var-
ied from initial value to j0.2 pu and the load voltage was able to
control at the value of 0.98 pu. Furthermore, the load voltage
dynamics were significantly improved by using the proposed
method. Meanwhile, the minimum voltages varied depending on
the reactive load. As discussed before, when the reactive load
was increased made the minimum voltage decreased. When the
reactive load was at its initial value, the resulting minimum volt-
age was 0.9334 pu. Furthermore, when the reactive load increased
to j0.2 pu, then the minimum voltage decreased to 0.8785 pu.

Fig. 15 shows the load voltage responses of the proposed meth-
od at k1 = j0.0; j0.2 pu and conventional CC at k1 = j0.0;
j0.012772 pu. From Fig. 15, we can see that the proposed method
was better than conventional CC. Power systems equipped by the
proposed method was able to handle the k1 at the value of
j0.2 pu. Meanwhile, the ability of power systems using conven-
tional CC was limited at the k1 of j0.012772 pu. In addition, the Vmin

of the proposed method was achieved at the value of 0.8785 pu for
the k1 = j0.2 pu; the Vmin of the conventional CC was at the value of
0.8567 pu for the k1 = j0.012772 pu. Finally, the V of the proposed
method was at the value of 0.9814 pu for the k1 = j0.2 pu; the V
of conventional CC at 0.9695 pu for the k1 = j0.012772 pu.

Fig. 16 demonstrates the performance of the proposed method
(ANFIS-based CC-SVC) and the conventional CC. The performances
are assessed by the graph of additional reactive load vis steady-
state and minimum voltage. Fig. 16a shows that the steady-state
and minimum voltage sharply decreased when the reactive load
was slightly increased. Meanwhile, when the proposed method
was applied, the steady-state voltage was held at around of
0.98 pu (Fig. 16b). And the minimum voltage regularly decreased
until the reactive load was around j0.16 pu. Furthermore, the min-
imum voltage sharply decreased when the reactive load was
around j0.2 pu (Fig. 16b).

Fig. 17 illustrates the SVC susceptance and the reactive power
supplied by the SVC device. Both the SVC susceptance and reactive
power supplied by the SVC increased when the reactive load was
increased at the load bus. The SVC susceptance needs to increase
to keep the load voltage at the set value when the reactive load
in a power system varies. The reactive power supplied by the
SVC needs to maintain reactive power balance in the power system
to prevent voltage collapse under critical (heavy) loading. The error
percentage of the reference voltage and load voltage were used to
validate the proposed method. The error percentage was obtained
from the difference between the reference voltage and load volt-
age: where the reference voltages were taken at the fixed values
of 0.98, 0.985, 0.99 and 0.995 pu and the load voltages were ob-
served on the load bus. From Table 5, it can be seen that the load
voltage error was from 0.0% to 0.14%. This error was sufficiently
small. The SVC susceptance ranged from j0.0084 to j0.2377 pu
when the reference voltage was set to 0.98 pu. At this setting,
the additional reactive load (loading margin, k1) that could be han-
dled was j0.2 pu, with a load voltage at the value of 0.9814 pu. As
described in Table 5, the SVC susceptance and load voltage in-
creased when the reference voltage was increased. The SVC suscep-
tance ranged from j0.0398 to j0.5674 pu at a reference voltage of
0.995 pu. At this setting, the loading margin was achieved at the
value of j0.46 pu at a load voltage of 0.9954 pu.

The reactive power supplied by the SVC increased from j0.0084
to j0.2289 pu as the additional reactive load was increased from
j0.0 to j0.2 pu at a reference voltage of 0.98 pu. The maximum reac-
tive power supplied by the SVC was j0.5622 pu, at the loading mar-
gin of j0.46 pu. Control of the load voltage was achieved by
regulating the SVC susceptance. The SVC must hold the load volt-
age around the reference voltage. As a consequence, the SVC sus-
ceptance must vary according to the network reactive power
needed. Furthermore, the power supplied/absorbed by the SVC
varies according to the SVC susceptance. When the load voltage
was at a high level due to light loading, the SVC absorbed the reac-
tive power from the network. When the load voltage was at a low
level, the SVC supplied reactive power to the network.

The performances of the power systems were improved by
increasing of loading margin (k1). Computation of the k1 was done
by using Eq. (12), the results are summarized in Table 6. Table 6
shows that the k1 for Vref = 0.98 pu was obtained at the value of
j0.2 pu. When the Vref was increased to 0.985 pu, the k1 expanded
to j0.28 pu. Initial reactive load (k0) was taken at the value of

Fig. 16. Comparison of Vss and Vmin for the proposed method and conventional CC.

Fig. 17. SVC susceptance and reactive power supplied by the SVC against k1.

Table 6
Loading margin of the proposed method for reference voltage variation.

Vref (pu) k0�j (pu) kmax �j (pu) k1 �j (pu)

0.98 11.27 11.47 0.2
0.985 11.27 11.55 0.28
0.99 11.37 11.74 0.37
0.995 11.37 11.83 0.46
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j11.27 pu for Vref = 0.98 and 0.985 pu. Next, the Vref was increased
at the values of 0.99 and 0.995 pu. And the k0 was taken at the va-
lue of j11.37 pu. The k1 for the Vref=0.99 pu was obtained at the va-
lue of j0.37 pu. Finally, the maximum k1 for Vref of 0.995 pu was
obtained at the value of j0.46 pu. As a consequence, the proposed
method was able to expand the saddle-node bifurcation by shifting
the loading margin to the right in parameter space.

Based on the simulation results, it can be stated that the pro-
posed method was able to control both chaos and voltage collapse
caused by DE and critical reactive loads in power systems. Further-
more, the proposed method was able to control the load voltage to
values near the set value.

6. Conclusion

Chaotic oscillation, voltage collapse and their control were clo-
sely investigated in this study. Both chaos and voltage collapse ex-
ist in power systems due to heavy loading conditions and
disturbing of energy. The results presented here show that the pro-
posed method can successfully control and suppress both chaos
and voltage collapse. Furthermore, the load voltage can be con-
trolled by adjusting the reactive power supplied by the SVC device.
When the reactive load was increased, the SVC susceptance and
the reactive power supplied by the SVC also increased in order to
maintain reactive power balanced in the system. The load voltage
was also improved by the proposed method. Finally, the loading
margin was expanded by the proposed method and the maximum
loading margin was achieved at the value of j0.46 pu.
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