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Abstract

Power system stability control is a challenging task in power generation, transmission and distri-
butions based applications and in many fields. Multi-machine power compensation control can
achieve system stabilization within a prescribed time in conventional controller. However, limited
time control cannot guarantee the system convergence within particular time independent on the
initial condition, which makes illegal application into the practical system if the initial condition is
unknown in advance. The proposed Multi-Machine Power System Compensation (MMPSC) control
overcomes the issues in existing systems and limited time stability controller. Due to this attrac-
tive solution, multi-machine power compensation control stability has found applications in uni-
form exact differentiator design for the multi-agent system. The proposed multi-machine power
compensation control reduces damping oscillation and improves the power system stability con-
trol. The main objective of proposed controller is to improve the stability of MMPSC limited time
system stabilization independent of the initial state and ensure fast convergence both far away
from and at a close range of the power monitoring system. This feature can reduce the loss caused
by unwanted oscillation and avoid voltage collapse. To overcome the linearity problem of terminal
mode control, saturation function is introduced to limit the amplitude of power input. In compar-
ison with the existing results on stability control, the proposed MMPSC applies a simpler method
to overcome stability problem and achieves higher efficiency.
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1. Introduction

Power systems unit is classified into three different stages namely generation, transmission, and distribution. In
the generation unit, the electric power is generated mostly by using synchronous generators. Transformers are
used to increase the power and reduce the line currents which automatically reduce the power transmission
losses. It is necessary to maintain the power systems with continuous power supply and voltage stability. How-
ever, the unpredictable events such as lightning, accidents or any other critical situation, short circuits between
the transmission lines produce a fault. The power system fault produce, one or more generators, may be severely
disturbed causing an imbalance between generation and demand. If the failure persists and not cleared in a
pre-specified timeframe, it may cause severe damages to the equipment which in turn may lead to a power loss
and electricity outage.

The electric power demand should be satisfied in a reliable, stable and quality power in sensitive power in-
dustries like information technology, communication, electronics, etc. The power system engineers to
provide a stable and adequate power quality parameter to the consumers. In this work, we discussed the access
of stability in a power system, improvement of the stability and prevention methods of the unstable system. In
this study, we have used different methods for stabilization under various disturbances in the wind farm. Re-
searchers have not given attention to proper wind farm stabilization in some previous researches. Recently, the
most widely used variable wind turbine is the Doubly Fed Induction Generator type (DFIG) because it can oper-
ate at a wider range of speed depending on the wind speed or other specific operation requirements. Hence, this
work explains about the improvement in power quality and stability analysis performed on FACTS devices for
flexible MMPSC power control damping of the power system and stabilization of power system. This work
presents a comparative analysis of the use of multi-machine power system stabilization.

From the above discussion, this work proposes a time constrained MMPSC method and applies it to design
energy storage device controller for noise reduction in power system. The main advantage of proposed control-
ler is that it can guarantee finite time system stabilization independent on initial state and ensure fast conver-
gence both far away from and at a close range of the control objective. This feature can reduce the loss caused
by instant oscillation and avoid voltage collapse. In order to overcome the singularity problem of load voltage
control, saturation function is introduced to limit the amplitude of control input. In comparison with the existing
results such as Automatic Voltage Regulator (AVR) and Artificial Neural Network (ANN) on fixed-time control,
the proposed controller applies a simpler method to overcome singularity problem and achieves faster conver-
gence.

Hence the proposed work implementation based on closed loop system stability analysis involved in the sys-
tem models has been presented. The open loop system is unstable, and three damping controllers are imple-
mented in the multi-machine system to enhance the system stability. A detailed stability analysis has been pre-
sented, based on the computed eigen values, damping ratios and deviation responses of the system models.
Based on the various closed loop stability analysis, it is evident that the proposed MMPSC is better than the
conventional AVR and ANN based controller for multi-machine power system stability enhancement.

2. Literature Review

Numerous related research works are already existed in literature which based on power system stability and
power quality control system. Some of them are reviewed here.

Power system is a complex nonlinear dynamical system and when the power system operates near its stability
boundary, parameter variations [1], time delay [2] and external disturbances [3] can induce chaos. Chaotic os-
cillation is an undesirable phenomenon for power system and it may result

in voltage collapse [4] [5] and even catastrophic blackouts [6]. Therefore, it is necessary to study chaos con-
trol method to avoid voltage collapse in power system. Different control schemes have been proposed for chaos
suppression and voltage stabilization, such as, parameter perturbation method [7], washout filter aided feedback
[8], feedback linearization [9], ANFIS based control [10], adaptive control using LaSalle’s invariance principle
[11], etc. However, all the aforementioned control methods can only achieve asymptotic stability, that is, the
convergence time cannot be assigned in advance. From the viewpoint of power system operation, oscillations
are acceptable if they can be damped within a limited time.

Finite time control can achieve system stabilization within a prescribed time and it has been applied in many
fields (for instance, [12] [13]). However, finite time control cannot guarantee the system convergence within
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bounded time independent on the initial condition, which prohibits its application into practical system if theini-
tial condition is unknown in advance.

The fixed-time stability introduced by Polyakov [14] can overcome this drawback. Due to this attractive
property, fixed-time stability has found applications in uniform exact differentiator design [15] and consensus
for multi-agent system [16]. However, there are few results about fixed-time stable control. Zuo [17] proposed a
non-singular fixed-time terminal sliding mode controller for a class of second order nonlinear systems. However,
the convergence time of the non-singular fixed-time terminal sliding mode controller is not an optimal one;
moreover, the method used to eliminate singularity is complicated.

The high penetration of DFIG wind farms in power systems may adversely impact on the damping of oscilla-
tion modes due to the reduction of system inertia, the interaction among DFIG converter controls, the less syn-
chronized coupling, and the displacement of synchronous generators (SGs) [18]. These situations cause the
complicated power oscillations problem which may lead to wide area blackouts. Under these scenarios, the
conventional power system stabilizer (PSS) may not be able to handle the power oscillations [19].

To augment the PSS effect, the coordinated power oscillation damper (POD) is significantly anticipated. Re-
cently, the DFIG wind turbine which is equipped with the POD has been applied to suppress the power oscilla-
tions based on the active and reactive output power control of the DFIG [20]. This makes the possibility of the
coordinated control of POD and PSS for the stabilization of power oscillations. In [21], the optimized partial ei-
gen-structure assignment for the design of the combined PSS and POD is proposed. Additionally, the coordi-
nated POD and PSS considering output power variation is presented in [22].

From the above issues, an innovative work is needed to ignore the fact that voltage instability always accom-
panies with frequency oscillation caused by active power imbalance. In power system, energy storage device
and adaptable compensator can provide flexible active and reactive power compensation respectively. Therefore,
design of proposed controller and energy storage device controller to achieve system stabilization within a lim-
ited time is significant for chaos suppression in power system.Hence the work concentrates to develop tech-
niques which significantly improve the stability analysis with better efficiency and high power quality between
Grid systems with acceptable delay.

3. Multi-Machine Power System Compensation Controller (MMPSC) Methodology

The general power system architecture for voltage stability model is shown in Figure 1. MMPSC scheme is ap-
plied to design MMPSC controller and energy storage device controller for voltage stability improvement in
power system. The power system model consists of two generator buses and one load bus. One generator bus is
treated as a slack bus, while the other generator is equipped with energy storage device and its dynamics can be
described by stability equation. The load bus includes a dynamic induction motor in parallel with a constant PQ
load and a MMPSC. The mathematical model for the dynamic motor, MMPSC and energy storage device con-
troller are described in the section of mathematical formulation.

— Energy storage
System
E<O0 Em < Generator angle

V < Generator angle

| MMPSC

Pi, Qi

Figure 1. MMPSC system model.
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Multi-machine power compensation control can achieve system stabilization within a prescribed time, and it
has been applied in many fields. However, limited time control cannot guarantee the system convergence within
particular time independent on the initial condition, which makes illegal application into the practical system if
the initial condition is unknown in advance. The proposed multi-machine power compensation control over-
comes the issues in existing systems and limited time stability controller. Due to this attractive solution,
MMPSC stability has found applications in uniform exact differentiator design for the multi-agent system.
However, MMPSC proposed a nonlinear time terminal mode controller for a class of second-order nonlinear
systems. However, the proposed method eliminates the convergence time of the multi-machine controller is pro-
vides an optimal solution and also it is used to remove system complications.

Modelling of MMPSC Controller

The mathematical model for the dynamic motor, MMPSC and energy storage device controller are taken from
following equations. The dynamics of controlled power system model can be described as: The inequality holds
along every trail of the multi-machine power system. The proposed work revises the following statement. Con-
sider a transmission network interconnects a multi-machine power system satisfying Assumption 1 with N ge-
nerators described by following Equations and M loads.

Let ¢ be an equilibrium point for the generators that is consistent with all the equations describing the power
system. The equilibrium €” is globally asymptotically stable if

(Lss,i L )2 + ( Lily, )2 <4D @

holds for all i {f1........ Ng}.

However, we can design a control law, where a MMPSC compensator device enforces a voltage drop of

(T; _T;*)Vazc,l (2)
and a MMPSC device enforces a current drop of at the terminals of the i"" generator,
(To =T Ve ®)

where @ is the rotor angle of the i" generator, 6. is the reference rotor angle of the same generator and T,
is defined

cos(6) cos(e—z—;j cos(9+%nj 0

ngﬁ sin(0) sin(ﬁ—ﬁj sin(9+2—nj 0 (4)
3 3 3
22 NE.
2 2 2

We note that T, =T, . Typically, steady state angle differences between the generators are provided, and the
reference rotor angles can be constructed a priori from this information by choosing one of the regular state an-
gles as the reference frame. Under this control law, the voltages and currents in XYZ coordinates at the i gene-
rator terminals become

*

V =V

Xyz,i (T;I— - THT* )Vabc,i

= TH-Ii—Vabc,i (5)

XyZ,i,new

*

Ixyz,i,new = I><yz,i _(THT _Ta-li-*) Iabc,i :THT Iabc,i (6)

Equations (5)-(6) show that by applying voltage drop and current drop , we can equalize the incremental

power in xyz and abc coordinates, i.e.,
V) | =V ToiTa Laei = Ve | (7)

Xyz,i,new * xyz,i,new abc,i i "abc,i abc,i " abc

We now show that, under the action of these controllers, multi-machine power compensation control

(MMPSC) is always satisfied.
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4. Mathematical Formulation

The primary objective of any compensation scheme is that it should have a fast response, flexible and easy to
implement. The control algorithms of an MMPSC mainly applied in the following steps:

1. Measurements of system voltages and current,

2. Signal conditioning,

3. Calculation of compensating signals.

The control block (Figure 2) used which switch Pure Wave MMPSC modules as required to control the ex-
ternal devices such as mechanically switched capacitor banks. The performance of the MMPSC depends on the
PQ Theory algorithm i.e. the extraction of the current components. The MMPSC control performance is ana-
lyzed and verified using power device which provides fast response, suitable for dynamic load response or vol-
tage regulation and automation needs. MMPSC also used to correct voltage swells or sags caused by reactive
power demands on a wide range of distribution and transmission voltage, overload capability of this provides
reserve energy for transients

The three-phase unbalanced load currents in the a-b-c reference frame can be expressed as follows. A radial
distribution system with an unbalance load and a MMPSC

Vol 11 17V Vi
Vi |= ‘a \7&1 =[T] \7%1 (8)

.|
-

e R A | AV
bL = _Yalf) YbIE 0 VbIE (9)
- 0 Yo YL ||V

ca

3]

Applying the symmetrical components method transfers the three-phase load currents to positive- and nega-
tive-sequence components, as shown, the linnet- line voltages are assumed equal to simplify the derivation of
the compensation scheme.

(10)
I =(1-a)Y'V,
Y, . 11 17V
where: | Y," =3/ o' a || Y| V||L=|\7||L,1|-
Y, 1 a o ||V

The detection of the load power can be obtained via two wattmeter method, as shown in Equation (10), the

N

Fcn

»dq0
abc —#{Signal(s) Pulses

out :i;;‘:tzisabc PWM Generator Goto
prop.MMPSC Freq =@
m Controller i Cos
wt
PLL

Figure 2. Control block of MMPSC.
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positive- and negative-sequence load currents are represented with line-to-line active and reactive powers, as
shown Equation (11)
(Vi) (1) = (w2 =307) [ (1) +(12)
(Vi) (1) = (W2 =90 ) (1) + o (12 )

[y 1 121500 12150° |[PL —jQL
it Mie-1) Lo (11)
| Mif(a-1)12-150 12-30° | Ry -3Q},

For fast load compensation, the MMPSC should compensate the imaginary part of the positive-sequence load
current and the entire negative-sequence load current in (11) as soon as possible. In this way, the power source
supplies only real part of the positive-sequence load current.

Since no zero sequence component appears in three-phase three-wire system, the compensation current can be
derived from Equation (10)~(11). Finally, the needed compensation current of the MMPSC for load compensa-
tion is obtained, as shown

T S
—eq |23 72 V3 2 72 . )
Ia 1 1 1 1 \/5 Pab/ VII
Iel=| —= = =+ =1 Py VS (12)
ne 323 T2 2 T2 Lyl
Ic 1 Qab/ VII
RSN O N D
23 72 243 2
e =im(TH)+ T T =a?Im(TY) +alt, T8 =aim(TY)+ T} (13)
The overall compensation scheme of the MMPSC is now completed
1| = KpAvy, + K [ Avy dt (14)

For fast real-time compensation, the MMPSC needs to detect the line-to-line power data very quickly to cal-
culate the required compensation current, as shown in (14). With a high-performance DSP-based system, the
compensation scheme and other necessary functions regarding power detections can be implemented very
quickly. In this way, the necessity for measuring instruments is reduced. This significantly reduces the con-
structing cost of the MMPSC and enhances the system reliability (Figure 3).

5. Results and Discussion

All the above discussed approaches have been implemented in Matlab tool, with various scenarios of mul-
ti-machine systems under different fault conditions. Each method has been tested for its voltage stability im-
provement in number of factors such as frequency, speed deviation, Power angle deviation and time duration
under scenarios. The performance of the proposed MMPSC method is tested with available on IEEE Bus sys-
tems. The efficiency of the proposed model has been evaluated as follows.

5.1. IEEE Test System

Test system described to implement a two IEEE test systems namely two-area test system and 16-machine, a
68-bus system for identification of inter-area oscillations. The proposed method also validated on real time sig-
nals captured by WAFMS at Indian Institute of Technology, Mumbai, India.

A benchmark model consisting of 16-machine, 68-bus system shown in Figure 4 represents five geographical
regions with tie-lines highlighted by a thick line. This proposed system a reduced order equivalent of the inter-
connected New England test system (NETS) and New York power system (NYPS). The first nine machines
represent NETS generation, while represent NYPS generation. The last three machines represent three other
neighbouring areas which are approximated by their equivalent generator models. The detailed description of the
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START

A 4

Design Multimachine system using MATLAB SIMULINK

A

Create distortion by introducing various fault

»

<

A4

Run the simulation between (0-1) seconds

A

Varies the value of fault resistance

h 4

Is voltage Inject MMPSC
sag>0.9 p.u? controller into the
PQ>0.9 p.u? Distribution

Q\chfnm
Yes
— Add filter

Figure 4. Single line diagram of 16-machine 68-bus system.
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test system along with network, devices and bus data are available. All machines have static exciters with PSS
installed on all machines except for generators 13, 14, 15 and 16. Loads are modeled as constant impedance type.
For the present work, tie-lines 46 - 49 and 1 - 47 are assumed to be out of commission.

5.2. Parameter Selection of IEEE Test System

The Generator angle, frequency deviation and load voltage are depends on the number of Generators participa-
tion in generation. Table 1 shows the detail presents the frequency and damping of four inter-area modes pre-
sent in the system. The generators participating in each mode are also given.

5.3. Multi-Machine System Oscillations Damping Analysis

Implementation of the proposed MMPSC controllers in multi-machine model provides the optimal controller
parameters. The MMPSC system damping analysis oscillations in the form of rotor speed and power angle devi-
ations are represented in Figures 5-8 for generators G2 and G3 for various operating conditions and distur-
bances. The experimental oscillations for all operating conditions in non linear time domain based MMPSC re-
sults are as follows.

The above results show the dynamic responses point out the deviation overshoots are minimized and damped
as early as possible for the various controllers (AVR, ANN and MMPSC). The better damping oscillation P =
0.33, Q =0.03, Pd = 0.02 p.u was shown in Figure 5, the maximum speed deviation overshoot obtained for Au-
tomatic voltage regulator (AVR) is 4.2 x 10 p.u, for Artificial neural network(ANN) is 3 x 10™* and for Pro-
posed it is 2.6 x 10~ p.u.

. x 10 Generator-03
------- with AVR
4t ——— with ANN
0 with MMPSC
3 4
= 2 .
& ‘
g 1t .
s
.E i
<Y _—
5 .
5
5 |
2 i
3L ';;: i
-4 1 1 1 Il 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time (secs)

Figure 5. Speed deviation responses of G3 for P=0.33, Q=0.03,APd=0.02p.u condition.

Table 1. Stability analysis parameters under different mode of IEEE 16 bus system.

Modes Frequency (Hz) Damping value Generators participating
1 0.2199 0.2366 G2-G7, G9, G12-G14, G16
2 0.4382 0.0939 G14, G16
3 0.6613 0.0885 G3-G7, G9, G12, G13
4 0.7727 0.0859 G14, G15, G16
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Generator-03

0.045 . : . . : . : : :
5 with AVR
0.04f 1 2 with ANN 1
R with MMPSC

0.035

0.03

0.025
0.02}

0.015

Power Angle Deviation, (p.u)

0.01

0.005

0 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10

-
-

Time (secs)

Figure 6. Power angle deviation responses of G3 for P=0.24, Q=0.055, APd=0.02p.u condition.

Generator-02
0.08 T T T T T T T T T

0.06 - N —  with ANN |
i with MMPSC

0.04 | iy i

0.02

-0.02

-0.04

Power Angle Deviation, (p.u)

-0.06

1 1

0 1 2 3 4 5 6 7 8 9 10

1
=
—_

Time (secs)

Figure 7. Power angle deviation responses of G2 for P=0.61, Q=0.051, APd=0.03p.u condition.

5.4. Comparison for New England Test System

The proposed approach employs a MMPSC control technique to search optimal design of multi-machine power
system stabilizers. Table 2 gives the comparison of performance of AVR, ANN and MMPSC for NETS based
IEEE System under heavy loading condition. From above results show the dynamic responses point out the
deviation overshoots are minimized and damped as early as possible for the various controllers (AVR, ANN and
MMPSC). The better damping ratio for various controllers are observed and noted in Table 2. AVR is 0.17845
p.u, for Artificial Neural Network(ANN) is 0.23101 p.u and for Proposed it is 0.624335 p.u. Also the deviations
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settle at 9 sec AVR, 6 sec ANN and only 3 seconds for Proposed MMPSC. This shows the effective damping
exerted by the proposed MMPSC based controller design. These time domain responses clearly confirm the
damping action and stability enhancement provided by the proposed MMPSC controllers for various operating
conditions of the wind system considered for analysis.

Figure 9 shows the comparative charts will reveal the effective damping performance and fast settling time
exerted by the MMPSC based controller compared to conventional AVR and ANN based controller in Table 2.

’ x 1073 Generator-02

—— with MMPSC

u
S 2 9
XN o »

(=4
N
T

ed Deviation, (p.u)
S
v oo

[

0.4}
"

Sp

06 Y G :
-0.8f i 1

-1 | ! ! ! 1 )
0 1 2 3 4 5 6 7 8 9 10

Time (secs)

Figure 8. Speed deviation responses of G2 for P=0.24, Q=0.055, APd=0.02 p.u condition.

Performance comparision of different controllers

10
9
8
7
6
5
4
3
2
1
0
AVR ANN Prop.MMPSC
M Damping Ratio(p.u) 0.17845 0.23101 0.624335
M Settling time(seconds) 9 6 3

Figure 9. Comparison results of various controllers.

Table 2. Comparison table for stability analysis parameters.

Controller Type Damping Ratio (p.u.) Settling Time in Seconds
AVR 0.17845 9
ANN 0.23101 6

Prop. MMPSC 0.624355 3
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The MMPSC with control algorithm is generating reference signal into produced compensating current to re-
duce the voltage sag and compensating reactive power at load side.

6. Conclusion

In this work a fast limited-time, nonlinear mode control of MMPSC is derived. The proposed control strategy
applies nonlinear function to overcome stability problem and achieves fast unity power quality by accelerating
rotor speed when the system is closed to the origin. Hence the proposed work implementation based on closed
loop system stability analysis involved in the system models has been presented. The open loop system is unsta-
ble, and three damping controllers are implemented in the multi-ma- chine system to enhance the system stabil-
ity. A detailed stability analysis has been presented, based on the computed eigen values, damping ratios and
deviation responses of the system models. Based on the various closed loop stability analysis, it is evident that
the proposed MMPSC is better than the conventional AVR and ANN based controller for multi-machine power
system stability enhancement. Simulation results are provided to show the effectiveness and superiority of pro-
posed control scheme. The proposed control method can be applied to secure communication and network syn-
chronization.
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