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Stability analysis of multi machine system using
FACTS and renewable energy source

Ravi Babu G* and Gowri Manohar T**

In this paper, to achieve damping improvement of an offshore wind farm (OWF) fed to a multi-machine
system using a static synchronous compensator (STATCOM) is presented. The operating performance
of the studied OWF is simulated by an equivalent aggregated doubly-fed induction generator (DFIG)
driven by an equivalent aggregated wind turbine (WT) through an equivalent gearbox. A fuzzy logic
controller (FLC) plus adaptive neuro-fuzzy inference system (ANFIS) are designed to achieve adequate
damping characteristics to the dominant modes of the test system under various operating conditions.
A frequency-domain approach based on a linearized system model using root-loci technique and a
time-domain scheme based on a nonlinear system model subject to a three-phase short-circuit fault at
the connected bus are systematically performed to examine the effectiveness of the proposed control
schemes. It can be concluded from the simulated results that the proposed STATCOM integrated with
the FLC plus ANFIS is shown to be superior for improving the stability of the system considered.

Keywords: Doubly-fed induction generator, fuzzy logic controller, multi-machine system, offshore

wind farm, stability, static synchronous compensator ANFIS.

1.0 INTRODUCTION controller located at the rectifier current regulator
of the HVDC link was proposed to contribute

Doubly-fed induction generator (DFIG) is, adequate damping to the OWF under various

currently, the most employed wind generator due
to its several merits. One of the advantages is
the higher efficiency compared to a direct-drive
wind power generation system with full-scale
power converters since only about 20% of power
flowing through power converter and the rest
through stator without power electronics. Another
advantage of a wind DFIG is the capability of
decoupling control of active power and reactive
power for better grid integration[1]. The operating
point of the power system changes from time to
time when the wind power is integrated with the
power system. DFIG-based OWF connected to
a power grid through a line-commutated high-
voltage direct-current (HVDC) with a damping

wind speeds and different disturbance conditions.
But this control scheme was only suitable for
the systems having a long distance from OWFs
to onshore grids. In [4], a variable frequency
transformer (VFT) was proposed to smooth
the fluctuating active power generated by the
OWF sent to the power grid and improve the
damping of the OWF. These papers, however,
just considered a power grid as an infinite bus
that is not a practical power system.

To study the performance of a practical power
system, a multi-machine power system is
generally employed to replace the single-
machine infinite-bus (SMIB) equivalent model.
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In [5], The dynamic performance of DFIG-
based wind turbines connected to multi-machine
systems under three different configurations was
presented in [6]. While a small series dynamic
braking resistor was located at the stator circuit
of the DFIG along with a DC-chopper braking
resistor. Especially, increase of wind-power
penetration could lead to the problem of sudden
disconnection of considerable amount of power
generation in case of a transient fault occurred in
the system, causing the system to be unstable from
an otherwise harmless fault condition. In this case,
a static synchronous compensator (STATCOM)
is the alternative for dynamic compensation of
reactive power when the voltage is lower than
the normal voltage range. A STATCOM can
generate more reactive power than other FACTS
devices like static VAR compensator (SVC). This
is due to the fact that the maximum capacitive
power generated by a STATCOM decreases
only linearly with the bus voltage but it drops
off as square of the bus voltage for an SVC.
In addition, the STATCOM normally exhibits a
faster response as it has no significant time delay
associated with thyristor firing (in the order of
4 ms for an SVC) [8]. In [9], a STATCOM was
connected at the point of common coupling
(PCC) to maintain stable voltage and to improve
the power quality by protecting DFIG-based
wind farm connected to a weak grid from going
offline during and after disturbances. In [11],
performance of a permanent-magnet generator
(PMGQG) based wind energy system employing a
dynamic voltage regulator (DVR) was compared
to one of the system employing a STATCOM.
It is recommended to use a STATCOM in
systems with large loads where reactive power
consumption from the grid could cause serious
effects on connected loads. Also in [12], a
STATCOM with a fuzzy logic controller (FLC)
was used to enhance power stability of a two-area
four-generator interconnected power system. Co-
operating a PI controller and an FLC applied to
improve dynamic and steady-state performance
of a speed controller based interior permanent-
magnet synchronous motor was proposed in
[13]. Simulation and experimental results were
demonstrated that the superior performance of the
proposed ANFIS control over conventional fixed-
gain PI controller and fuzzy control. The tuning
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of the scaling factors of ANFIS controller with
other fuzzy systems used in the excitation control
of a synchronous power generator connected to
an infinite bus through a transmission line was
proposed in [14]. It was found that ANFIS and
fuzzy controller combinations can produce a better
quality control. For the purpose of improving the
damping of the studied power system for grid
integration of an OWF, this paper proposes a
STATCOM connected to the interconnected bus of
a DFIG-based OWF fed to a three-machine nine-
bus system for compensating reactive power and
maintaining the voltage at the connected bus. The
main contribution of this study is the FLC plus
ANFIS considered as a new damping controller.

In this paper a novel technique for real-time tuning
of the parameters of the dual input power system
stabilizers in a multi-machine system using neuro-
fuzzy system, is presented. A systematic approach
for generating training patterns and training of
the neuro-fuzzy system is presented.

Investigations reveal that the performance of
neuro-fuzzy dual input power system stabilizers
in a multi-machine system is quite robust under
wide variations in loading conditions
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FIG.1 CONFIGURATION OF THE SYSTEM

CONSIDERED

This paper investigates the robustness of an
adaptive neuro-fuzzy power system stabilizer
(ANFIS PSS) [17] using the speed/acceleration
state of the study unit. The proposed stabilizer
is composed of a fuzzy controller transformer
and an adaptive neural network. Speed deviation,
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rotor angle and electrical power are chosen as the
input signals to the neuro-fuzzy controller. The
measured signals are the real power output and/or
the speed ofthe study unit. From the measurements,
the speed / acceleration state of the study unit is
introduced, and a desired stabilizing signal is
derived from the state according to pre-specified
fuzzy logic control rules. The ANFIS generates
supplementary control signals to conventional
controllers and works adaptively in response to
changes in operating conditions and network
configuration. The supplementary stabilizing
signals to the primary controller are utilized
to improve damping of the electromechanical
oscillations and to control the excitation. The
control rules are quite simple so as to avoid a
heavy computational burden. This is essential
when considering the real time control of the
study unit.

Nonlinear simulations show the robustness of
the proposed ANFIS PSS subject to a wide range
of loading conditions. A three-machine nine bus
system is used as a model multi machine system.
Comparison studies are also made between the
ANFIS PSS and the FLC installed at the all
subarea. The results indicate the advantages and
the efficiency of the ANFIS PSS as applied to a
multi machine system.

2.0 SYSTEM CONFIGURATION AND
MATHEMATICAL MODELS

Figure 1 shows the configuration of the system
considered. A DFIG- based OWF of 100 MW and
a STATCOM of 50-MVAR are connected to bus
9 of a three-machine nine-bus system. The OWF
is represented by a large equivalent aggregated
DFIG driven by an equivalent aggregated
variable-speed wind turbine (VSWT) through an
equivalent gearbox. The employed mathematical
models of the system considered are described as
below.

2.1 Wind Turbine

The captured mechanical power (in W) by
aVSWT can be written by
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P=2pAVo Gy (1)

Where p is the air density (kg/m?), A is the blade
impact area (m?), Vy is the wind speed (m/s),
and C; is the dimensionless power coefficient of
the VSWT. The power coefficient of the VSWT
Cp[22] is given by

C»=0.5[(116/A,)- 0_4.[3—5]e_21/}‘i+0.0068~7\. (2)

ATip Speed ratio (Keep the TSR constant at the
optimal level at all times) [7], B Pitch angle of
the blade

WR

= Ve .(3)

Where W Rotor angular speed in rad/sec, R Rotor
blade radius in meter [22]

1 1 N 0.035
A A+0.0883 p3+1 (4

Pitch Angle controller will start when the wind
speed reaches to its rated or above rated value.
Up to cut in to rated speed will maintain zero
for Optimum power extraction from the wind [5].
The cut-in, rated, and cut-out wind speeds of the
studied VSWT are 4, 14, and 24 m/s, respectively.
When V> 14 m/s, B = 0°. When Vy>14 m/s, the
pitch-angle control system activates to increase f3.
The two-inertia reduced-order equivalent mass-
spring damper model of the VSWT coupled to
the rotor shaft of the wind DFIG through an
equivalent gearbox isused. The per-unit (pu)
equations of motion can be referred to [2], [15],
and [17].

2.2 DFIG-Based OWF Model

The stator windings of the studied wind DFIG
are directly connected to the low-voltage side
of the 0.69/33-kV step-up transformer while the
rotor windings of the DFIG are connected to the
same 0.69-kV side through a rotor-side converter
(RSC), a DC link, a grid-side converter (GSC),
and a connection line. For normal operation of a
DFIG, the input AC-side voltages of the RSC and
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the GSC can be effectively controlled to achieve
the aims of simultaneous output active-power and
reactive-power control [15].

Figure 2 shows the control block diagram [7] of
the RSC, and the operation of the RSC requires
1gw and 14, to follow the varying reference points
that are determined by maintaining the output
active power and the stator-winding voltage at the
setting values, respectively. The required voltage
for the RSC (v,,) is derived by controlling the pu
d- and g-axis currents of the RSC. The control
block diagram [7] of the GSC is shown in
Figure 3. The pu d- and g-axis currents of the
GSC, 14 and iy, , have to track the reference
points that are determined by maintaining the DC
link voltage V., at the setting value and keeping
the output of the GSC (V,,) at unity power factor,
respectively. The required pu voltage of the GSC
is derived by controlling the per-unit d- and g-axis
currents of the GSC [2].
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FIG.2 CONTROL BLOCK DIAGRAM FOR THE GSC OF
THE STUDIED WIND DFIG
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2.3 STATCOM MODEL

The pu d- and g-axis output voltages [20] of the
STATCOM shown in Figure 1 can be written by,
respectively,

Vdsta— Vdcsta . Kmsta .sin (ebus + asta) (5)

Vasta— Vdcsta . IQnsta -COs (ebus + asta) ,,,.(6)

where vy, and vy, are the pu d- and g-axis
voltages at the output terminals of the STATCOM,
respectively; Kmg, and oy, are, respectively,
the modulation index and phase angle of the
STATCOM; 8y, is the voltage phase angle of the
common AC bus, and V., 1s the pu DC voltage
of the DC capacitor C,. The pu DC voltage-
current equation of the DC capacitor C,, can be
described by

. Vdcsta
(Cm) p (Vdcsta) - Wb [Idcsta - (i—m)] (7)

where p is a differential operator with respect to
time t and

Idcsta = idsta -Kmsta .sin (ebus + usta) + iqSta 'KmSta
.c08(Opys + Olgra) ...(8)

is the pu DC current flowing into the positive
terminal of V., Rin 18 the pu equivalent resistance
considering the equivalent electrical losses of the
STATCOM, and 14, and i, are the pu d- and
g-axis currents flowing into the terminals of the
STATCOM, respectively. The pu DC voltage is
Vs controlled by oy, while the AC voltage Vg,
is varied by changing Kmy, .

2.4 Three-Machine Nine-Bus System

The well-known three-machine nine-bus power
system which is widely used in power system
stability studies was shown in Figure 1. The
complete parameters of this system can be
referred to [20]. In this paper, each synchronous
generator is represented by a two-axis model
whose block diagram is shown in Figure 4. In
this model, the transient effects are accounted for
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while the sub transient effects are neglected. The
additional assumptions made in this model are
that the transformer-voltage terms in the stator
voltage equations are negligible compared to the
speed-voltage terms and the rotational speed is
approximate to the rated speed of 1.0 pu. The pu
differential equations for the i-th synchronous
generator are described as follows:

( T/qoi) p (E/di) = _E/di — (Xqi— X/qi) Ly e (9)

(T w) P (E/qi) = _E/qi + Eppit (Xai —X'ai) L ....(10)
(Ti)p (W) = T — [ 1si Elai + I Eli — (L' — L)
Lai Iai] — piw; ...(11)
P(&;) =wi— 1. ...(12)
i | g
R - 1 = — 1)
I \‘I : q 1+s r;a q
i —> 3 1 E
XXy \ Ty — =

FIG.4 BLOCK DIAGRAM REPRESENTATION OF
TWO-AXIS MODEL FOR THE STUDIED
SYNCHRONOUS GENERATOR.

Consider the multi-machine system with constant
impedance loads shown in Figure 5 whose
network has three generators and three loads.

63

~
=
¥

*® 3
(l) I
3 '

*2

IS

3 ®

Transmission

system

—|
—
¢'J

e

Iy

RO [ r-—ll# [z
7z “

FIG.5 MULTI-MACHINE SYSTEM WITH CONSTANT
IMPEDANCE LOADS

FIG.6 TRANSFORMATION FROM THE TH
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REFERENCE FRAME

Assume that the three loads are represented by
three constant impedances while three generators
are represented by three active sources. Therefore,
all the nodes have zero injection currents except
for the generator nodes. This property is used to
obtain the network reduction as shown below.
With the relation between nodal currents and
voltages is

[=Yy vV ..(13)

-6 5

Where I; = [I; I, I;5]" is the injected current
vector at generator nodes, V3 = [V, V, V5" is
the voltage vector at the generator nodes, Vs, =
[V V, V3. ]"is the voltage vector at the eliminated

(14
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nodes, and y, is the original system admittance
matrix. Expanding the above equations, it yields

I3=Y3 V31 + Y3 Vs, and

0="Ys V31 + Y Vi (13)
From (15), V3, can be eliminated to get

L= (Y31 - Yl 715 Yas) Vs ...(16)
Y= (Ys1- Yol 7 Y3s) (17)

where Y is the desired reduced admittance
matrix and it has the dimensions of 3X3. Since
each generator is modeled under its own dg-
axis reference frame rotating with its rotor, the
transformation from each synchronous generator’s
dg-axis rotor reference frame to the common DQ-
axis reference frame is shown in Figure 6 and can
be given as follows:

[f_D] B [sindi
fol " lcosé;

wheref can be either a current i or a voltage v
while di is the angle between the g-axis of the i-th
synchronous generator and the common (Q-axis.

—50551'] fdi]

sind; | fqi

(18)

3. DESIGN OF DAMPING
CONTROLLERS FOR STATCOM

3.1 Design of an FLC

This section employs the technique of FLC
theorem to design the FLC controller, the
following fundamental design steps for a FLC
are employed and referred to [17] including:
1) fuzzification (FI), 2) decision-making
logic (DML), 3) defuzzification (DFI), and 4)
knowledge base (KB). This paper utilizes the
Sugeno-type fuzzy inference system since it
works well with linear, optimization, and adaptive
techniques. Seven linguistic variables for each
input variable are used. These are NB (Negative
Big), NM (Negative Medium), NS (Negative
Small), ZR (Zero), PS (Positive Small), PM
(Positive Medium), and PB (Positive Big). There
are also seven linguistic variables for output
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variable, namely, IB (Increase Big), IM (Increase
Medium), IS (Increase Small), KV (Keep Value),
DS (Decrease Small), DM (Decrease Medium),
and DB (Decrease Big). The control rules subject
to the two input signals and the output signal are
listed in Table 1 [7].

3.2 Adaptive Neuro-Fuzzy Method

Adaptive neuro-fuzzy method (or Adaptive neuro-
fuzzy inference system, ANFIS) has been

TABLE 1

CONTROL RULES OF THE STUDIED FUZZY
LOGIC CONTROLLER

NB | NM| NS |ZR | PS | PM | PB
PB | KV | IS IM | IB IB IB IB
PM | DS | KV | IS IM | IB IB IB
PS | DM | DS | KV | IS IM | IB 1B
ZR | DB | DM | DS | KV | IS M IB
NS | DB | DB | DM | DS | KV | IS M
NM | DB | DB | DB | DM | DS | KV | IS
NB | DB | DB | DB | DB | DM | DS | KV

became a popular method in control area. In
this section, we give a brief description of the
principles of Adaptive neuro-fuzzy inference
system (ANFIS) which are referred to [18] and
[19]. The basic structure of the type of fuzzy
inference system could be seen as a model that
maps input characteristics to input membership
functions. Then it maps input membership function
to rules and rules to a set of output characteristics.
Finally it maps output characteristics to
output membership functions, and the output
membership function to a single valued output
or a decision associated with the output. It has
been considered only fixed membership functions
that were chosen arbitrarily. Fuzzy inference is
only applied to only modeling systems whose
rule structure is essentially predetermined by
the user's interpretation of the characteristics of
the variables in the model. However, in some
modeling situations, it cannot be distinguish
what the membership functions should look
like simply from looking at data. Rather than
choosing the parameters associated with a given
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membership function arbitrarily, these parameters
could be chosen so as to tailor the membership
functions to the input/output data in order to
account for these types of variations in the data
values. In such case the necessity of the adaptive
neuro fuzzy inference system becomes obvious.
Neuro-adaptive learning techniques provide a
method for the fuzzy modeling procedure to
learn information about a data set. It computes
the membership function parameters that best
allow the associated fuzzy inference system to
track the given input/output data. A network-type
structure similar to that of a neural network can
be used to interpret the input/output map so it
maps inputs through input membership functions
and associated parameters, and then through
output membership functions and associated
parameters to outputs,. The parameters associated
with the membership functions changes through
the learning process. The computation of these
parameters (or their adjustment) is facilitated by
a gradient vector. This gradient vector provides a
measure of how well the fuzzy inference system
is modeling the input/output data for a given
set of parameters. When the gradient vector is
obtained, any of several optimization routines can
be applied in order to adjust the parameters to
reduce some error measure (performance index).
This error measure is usually defined by the sum
of the squared difference between actual and
desired outputs. ANFIS uses a combination of
least squares estimation and back propagation for
membership function parameter estimation.

The suggested ANFIS has several properties:

e The output is zeroth order Sugeno-type
system.

e It has a single output, obtained using
weighted average defuzzification. All output
membership functions are constant.

® [t has no rule sharing. Different rules do not
share the same output membership function,
namely the number of output membership
functions must be equal to the number of
rules.

e [t has unity weight for each rule.
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Figure 7 shows Sugeno’s fuzzy logic model.
Figure 8 shows the architecture of the ANFIS,
comprising by input, fuzzification, inference
and defuzzification layers. The network can be
visualized as consisting of inputs, with N neurons
in the input layer and F input membership
functions for each input, with F*N neurons in
the fuzzification layer. There are FN rules with
FY neurons in the inference and defuzzification
layers and one neuron in the output layer. For
simplicity, it is assumed that the fuzzy inference
system under consideration has two inputs x and
y and one output z as shown in Figure 8. For a
zero-order Sugeno fuzzy model, a common rule
set with two fuzzy if-then rules is the following:

Rule 1: If x is Al and y is B1, Then fl1 =rl

Rule 2: If x is A2 and y is B2, Then 2 =12

n i
Ay By
L\
/\ \ Wi fi=piXx+aiy+n
AN
—_f w,f +w,f,
n n W+ W,
Ay B>
N Wa f=pxX+aqy+n

FIG.7 SUGENO’S FUZZY LOGIC MODEL

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

FIG. 8 THE ARCHITECTURE OF ANFIS

4.0 METHODOLOGY

The procedure of this research is shown in
Figure 9. The simulation environment based on
MATLAB™ software package is selected. It is
used as the main engineering tool for performing
modeling and simulation of multi-machine power
systems, as well as for interfacing the user and
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appropriate simulation programs. MATLAB™ has
been chosen due to availability of the powerful
set of programming tools, signal processing,
numerical functions, and convenient user-friendly
interface. In this specially developed simulation
environment, the evaluation procedures can be
easily performed. We have used Fuzzy logic
Toolbox of MATLAB™ to develop the ANFIS
model with 4 inputs and single output as given
in Figure 8.
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FIG.9 FLOW CHART OF THE PROPOSED METHOD.
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5.0 SIMULATION RESULTS

This section uses the nonlinear system model
developed to compare the damping characteristics
contributed by the proposed STATCOM joined
with the designed FLC controller and FLC plus
ANFIS controller on stability improvement of
the system considered under a three-phase short-
circuit fault at bus 9 of Figure 1. The three-phase
short-circuit fault is suddenly applied to bus 9
at t=1s and is cleared at t=1.1s. Although this
type of fault seldom occurs in practical power
systems, it is the most critical and the most severe
fault to check whether the system considered
can withstand such severe system impacts.
If the system considered are stable when this
severe fault is suddenly applied and is cleared
by some protective relays, it means that the
system considered have ability to remain stable
operation when the systems are subject to other
faults such as single line-to-ground fault, line-
to-line fault, etc. It is assumed that the DFIG-
based OWF operates under a base wind speed of
12 m/s while the three-machine system operates
under a stable condition. The simulation results
of the proposed system using MATLAB™/
SIMULINK toolbox are presented in Figure
10. This figure plots the comparative transient
responses of the system considered with the
proposed STATCOM without controller, with the
designed FLC controller and with the FLC plus
ANFIS controller. It is clearly observed from the
comparative transient simulation results shown in
Figure 10 that the proposed STATCOM with the
designed FLC plus ANFIS controller can offer
better damping characteristics than the designed
FLC controller.
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