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FACTS DEVICE WIDE AREA ROBUST CONTROL FOR
DAMPING POWER SYSTEM INTER-AREA OSCILLATIONS:
A COMPARISON BETWEEN SVC AND TCSC

Saced ABAZARI', Abbas ARAB DARDORI?, Mojtaba BARKHORDARI
YAZDI?

The main objective of this paper is a comparative investigate in enhancement
of damping power system inter-area oscillations via design of static var
compensators (SVC) and thyristor controlled series compensator (TCSC) Wide Area
Controllers (WAC). The eigenvalue analysis and linear simulation is performed to
validate the effects of these FACTS wide area controllers on a 16machine-68bus
system and a comparison between the SVC and TCSC WAC shows that them play an
effective part in enhancement damping ratios of inter-area modes but under
disturbance, the SVC WAC exhibits the best effectiveness on damping power system.

Keywords: inter-area oscillations, linear matrix inequality, robust control,
SVC, TCSC, wide-area controller

1. Introduction

Large power systems typically exhibit multiple dominant inter-area swing
modes on the order of 0.1-1.0 Hz. This type of oscillations limits the amount of
power transfer on the tie-lines between the regions containing coherent generator
groups [1] and these oscillations occur due to inadequate damping torque in the
mechanical mode of some generators [2].

Recent development of power electronics introduces the use of Flexible
AC Transmission Systems (FACTS) controllers in power systems. Out of which
the Static var compensators (SVC) and thyristor controlled series compensator
(TCSC). The SVC has been employed to an increasing extent since dynamic
reactive power control gives considerable advantages for power system operation.
Besides to the voltage control as a main task SVC may also be employed for
additional tasks resulting in improvement of damping power oscillations [3].The
TCSC is used primarily in long transmission lines to reduce their electrical
distances and hence, to increase the amount of power transmitted over these lines.
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it can also be used to improve the dynamic stability of the system using
supplementary control [4].

The conventional damping controller design synthesis is simple but tends
to lack of robustness even after careful tuning [5]. Robust control technique has
been applied to power system controller design to guarantee robust performance
and robust stability, due to uncertainty in plant parameter variations[6].

One of the methods recently used to provide a supplementary control
signal of FACTS devices for small disturbance rejection is the Hoo control. Hoo is
a method used to design a controller by minimizing the disturbance effect on the
system outputs. The Hoo problem has been solved using the Linear Matrix
Inequality (LMI) technique [7].

Decentralized construction is often adopted by these controllers. But for
inter-area oscillations, conventional decentralized control may not work so well
since they have not observability of system level. Maximum observability for
particular modes can be obtained from the remote signals or from the combination
of remote and local signals [8,9,10]. Phasor measurement units (PMU)-based
wide-area measurement system (WAMS) [11] can provide system level
observability and controllability and make so-called wide-area damping control
practical.

Many researchers achieved good results by applying wide-area
measurements and robust control techniques to the design of FACTS device wide-
area control system for power system oscillations damping.

Reference [12] proposes a design of wide-area supplementary controller
for static var compensator (SVC) using Heo loop-shaping technique to damp low
frequency, in particular inter-area oscillations. In [13] the design method of robust
thyristor controlled series capacitor (TCSC) wide-area damping controller
(WADC) to enhance the stability of power system with considering time delay
of wide-area signals is investigated. The result show time-delays reduce the
damping of control systems. Therefore It’s necessary to model time-delays in the
controller design procedure so that the designed controller can handle time-delays
introduced into wide-area control systems. A robust wide-area stabilising control
approach to enhance the stability of large power systems, including high-voltage
direct current (HVDC) transmission is presented in [14] and the wide-area
controller is designed by using the linear control design technique, and the
presented optimisation-based iterative algorithm is constructed by the nonlinear
optimisation object with a set of LMI constraints. A robust coordination approach
for the controller design of multiple high-voltage direct-current (HVDC) and
flexible ac transmission systems (FACTS) wide-area controls (WACs) is
presented in this paper and has the aim of stabilizing multiple interarea oscillation
modes in large-scale power systems is presented in [15].
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In this paper, the mixed-sensitivity based LMI approach using Hoo control
techniques is applied to design the SVC and TCSC Wide area controller for
damping inter-area oscillations in a l16machine-68bus. The simulation results
show the designed controllers can be improve damping inter-area oscillations and
it take the power system stable under impulse disturbance but the SVC WAC
damp and stable power system more than the TCSC WAC.

This paper is organized as follows: In section 2, description of WAMS-
based FACTS controllers is presented. In section 3, examines modeling of SVC
and TCSC for power oscillations damping .The robust design formulation
regarding Hoo based mixed-sensitivity in the LMI framework is discussed in
section 4. In section 5, the general procedure on the wide-area robust controller
design is briefly described. The simulation results are shown in section 5 and
section 6 gives the conclusions.
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Fig. 1. General structure of wide area measurement system

2. WAMS-based facts device controller description

2.1 WAMS Structure

A wide-area measurement system (WAMS) can provide streaming measurements
at update rates of 10-20 Hz, in order to monitor, operate, control and protect
power systems [16]. The general structure of WAMS consists of the following
parts as seen in Fig 1.

2.1.1 Phasor Measurement System (PMU)

PMU that rely on satellite-based GPS clocks, determines phase angles and
amplitudes of currents and voltages, frequency, power etc. in various parts of a
power system [1, 17].
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2.1.2 Phasor Data Concentrator (PDC)

The measured data are then transmitted to PDC using telecommunication
equipment. PDC gathers data from several PMUs and send to WAC after
processing on them such as reject bad data, align the time stamps, and create a
coherent record of simultaneously recorded data [16].

2.1.3 Wide Area Controller

A WAC system uses the received suitable data to provide auxiliary stabilising
controls to the distributed agents in the power network for enhance the system
dynamic performance.
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Fig. 2. SVC scheme: (a) Equivalent susceptance model (b) Small signal model of SVC
3. Modeling

This section discusses the models of the SVC and TCSC which can be
used for power swing studies.
3.1 SVC

SVC is basically a shunt connected static var generator/load whose output
is adjusted to exchange capacitive or inductive current so as to maintain or control
specific power system variables [18].

A common approximation consists in assuming that the controlled variable
is bsyc (Fig 2). The simplified control scheme is depicted in Figure 2.b and
undergoes the following differential equation [7-19]:

bsvc :(Krolref_\/m)_bsvc)/-rr (1)

Where Tr,Kr,V,; and V, the SVC time constant, gain, reference voltage

and measured voltage of bus m, respectively. This model is completed by the
algebraic equation expressing the reactive power injected at the SVC bus [19]:
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Q = stcv ? (2)

3.2. TCSC

The TCSC allow varying the series reactance of a transmission line and
thus, regulating the active flow through the transmission line itself [19]. For power
swing damping studies, a TCSC can be modeled as a variable reactance. Fig. 3
shows the general block diagram of the TCSC model used for power swing studies

[4].
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Fig. 3. TCSC scheme: (a) Equivalent model (b) Small signal model of TCSC

4, Robust Controller

4.1 Hoo Mixed Sensitivity

The mixed sensitivity formulation for output disturbance rejection and
control effort optimization is shown in fig. 4 where G(s) is open loop system
model, K(s) is the controller to be designed, W,(s) and W,(S) are associated
weight function [20]. For minimizing the impact of any disturbance on the
measured output and to optimize the control effect within a limited bandwidth, it
is required to minimize Hoo norm of transfer function between the disturbance
input W and the measured output y(s) [7,21]. Thus the minimization problem can

be summarized as follows:
S Or Min Ty
KS ||, kes I T
Where S is sensitivity function.

Normally in Hoo-Mixed-sensitivity method, weights are applied on (3) and
the aim of the controller design is to find a controller K(s) from a set of internally
stabilizing controller such that [5]:

WlTyd
WZTud

Where J is the bound on H_ norm.

Min 3)

KeS
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The standard practice, therefore, is to select Wi(s) as an appropriate low
pass filter for output disturbance rejection and W»(s) as a high-pass filter to reduce
the control effort over the high frequency range [21].

A modified plant G(s) which includes the weighting function and a
controller which is to be obtained by H_ optimization, is shown in fig. 5. The

state space description of G(s) is

X A B, B, |x
z|=|Cc, D, D, |w 6))
y C2 D21 D22 u

Where Xx: state variable vector; w: disturbance input; U: control input; y: measured
output; Z: regulated output

4.2 Generalized Heo problem in power system

In power systems, the entries of the Dy, matrix are zero as there is no
direct influence of the control input on the FACTS device by the measured signals
[18] and due to the nature of the disturbance considered such as mechanical power
of generator or real power of load, there is no direct effect of disturbance on the
power system output i.e Dy; is equal to zero [7]. The disturbed plant with FACTS
devices and Hoo controller K(s) is shown in fig. 6.

1 z w z

W | G®

| K(s)

Fig. 4 Mixed-sensitivity formulation Fig. 5. Closed-loop system via Hoo control

Fig. 6. Schematic diagram of the disturbed plant with controller
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For Heo controller design its necessary to find an LTI control law
u=K(s)y, for some Hoo performance,)o such that T (7 - If the state space

represention of LTI controller in given by [7,13]:

MY ©

Then the closed-loop transfer T, (s) from w to z is given by

Twz = Dcl +Cc| (SI _ﬂl )71 Bcl (7)
Where
Al _Oz(msucokcz Buckj ®)
21 k™2 AK
Bcl :(BW+BuDkD21j (9)
D, =0 BD,,
Cclz(Cl+D]2DkCZ Dlzck) (10)
Dy DZ]ZOZ(DH+D12DkD21) (11)

4.3 LMI formulation

The bounded real lemma and Schur’s formula for the determinant of a
partitioned matrix, enable one to conclude that the Heo constraint |1 || ¢y s
equivalent to the existence of a solution X_=XxT)0 to the following matrix
inequality [17]:

A&I Xec BCI X ooC;

Bl -4 D [0 (12)
Cclxoo Dcl _]/I

The inequalities in (21) contains A;X and C, X, i.e. products of X and
the controller variables. This problem is therefore nonlinear in X.A change of
controller variables is necessary to convert this problem into a linear one [19]. Let
X and X 'be partitioned as:

R M
)
M U

X‘—(S N] (13)

NT Vv
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For [7, :[ RT Ij, x‘:(l ST] and X satisfies the identity X T, =TT, .
M™ 0 0 N

The new controller variables are defined in (14)-(17).

A=NAMT +NB,C,+SB,C,MT +S(A+B,D,C,)R (14)
B=NB, SB,D, (15)
¢=C,MT +D,C,R (16)
B =D, (17
The identity XX ' =Itogether with (13) gives:
MN" =1 —RS (18)

If M and N have full row rank, then given A, é,é, [3,R,S, M and N. Moreover, the

controller matrices can be determined uniquely if the controller order is chosen to
be equal to that of the generalized regulator.

Pre- and post-multiplying each of the inequalities i.e. the inequality X)0
by [Ijand [I,, and also pre- and post-multiplying the inequality (12) by
diag(IT},1,1) anddiag(I1,,I,1) respectively, followed by a change of variables
according to (14)-(17), the following LMIs are obtained [17]

(R 'Jjo , [«//n ‘/’TDJ<0 (19)
IS Yo Vn
Where
_{AR+RAT+BQC+(§TBQ B,+BZI5D21} 20)
L= X
: (B, +B,DD,))" A
_| A+(A+B,DC,)"  SB +BD, 1)
. CR+D,.  D,+D,DD,
[ ATs+sA+BC,+CIB" (C,+D,,DC,) (22)
2 = N
C,+D,DC, —A

The system of LMISs in (19) are solved for A B,C,D,R,S,M and N and With
known these values he system of linear equations (14)-(17) can be solved for Ak,
Bk, Ck and Dk in that order. The controller K is obtained and the resultant
controller satisfies|T,, || (» [21].
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5. Wide-area robust controller design procedure

The design of wide-area damping controllers for inter-area oscillations
includes the following steps:

Step 1) Power System modeling and small signal Analysis: The full-order
nonlinear model of the study system including SVC and TCSC, should
be obtained first. In this paper, it’s calculated using power system
analysis toolbox (psat) [22] and the detailed description of the study
system including network data and dynamic data for the generators,
excitation systems, PSSs can be found in [21]. Then the nonlinear model
is linearized around an operating point. Small signal analysis is
conducted with this linear model to get the frequencies, shapes and
damping ratios of inter-area modes [23].

Step 2) Selection of FACTS device location and feedback signals to controller:
The residue method [24] is employed to determination of best location of
the SVC and TCSC for damping inter-area oscillation. The
measurements (y) that can be easily obtained, synchronized and have the
highest observability of inter-area modes are good candidates for
feedback signals [1] such as rotor angle, real power or current of lines
and bus voltage [21]. In this paper, real power of lines is selected as
feedback signals. The modal observability index Obs is computed for all
transmission lines giving the most effective real power signals for each
inter-area mode I [7]:

Obs, =C4¢, (23)

Where C is output matrix of system and is right valuevector associated
with the ith eigenvalue. Lines that have the highest amount of
observability in any mode is selected as the feedback signal.

Step 3) Open-loop Power system order reduction: The LMI approach needs a
large amount time for calculation. On the other hand, not all the states of
the model are dominant and no more than a few states can contain the
characteristics of this system [1]. Therefore, model reduction is often
applied to obtain a lower order model for controller design. here the
balanced truncation method is used to reduce order of the open loop
power system.

Step 4) Controller synthesis: The mixed-sensitivity based LMI approach using
Hoo control techniques is applied to design a the SVC and TCSC WAC
for damping inter-area oscillations. The designed controller should meet
the requirements of robust stability and robust performance.
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Step 5) Designed controller order reduction: Sometimes the order of the obtained
controller still needs to be reduced for easy implementation. the balanced
truncation method [21] is applied again.

Step 6) Closed-loop verification: The performance of the controller is evaluated in
the closed-loop system with the full-order linear model by applying
impulse distribution as Change in mechanical power of generators.

6. Simulation result

6.1 Study case

A 16-machine, 68-bus study system, shown in Fig. 7, is considered for this study.
This is a reduced order equivalent of the New England Test System (NETS) and
the New York Power System (NYPS) model. There are nine generators in NETS
area and three in NYPS area. The three neighboring utilities are represented as
three equivalent large generators 14, 15 and 16. It has 3 corridors
(interconnection) between the NETS and NYPS connecting line 60-61, 53-54 and
27-53, which have double circuit. The detailed description of the study system
including network data and dynamic data for the generators, excitation systems,
PSSs can be found in [17, 22].

WAC- Center | 7777

Fig.7. The 16machine-68bus test system
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6.2 Modal analysis

Fig. 8 shows the mode shapes of the inter-area oscillation modes between
different areas. From this, it is clear that there are four typical inter-area
oscillation modes with the low damping ratios, that is, the oscillation between
Area 1, 2 , Area 3, 4 and Area 5, between Area 1, Area 3 and Area 5, between
Area 1, Area 2, Area 3 and Area 5, and between Area 3, Area 4 and Area 5. Table
1 further represents, oscillation frequencies f, damping ratios (, etc.

(®)

o 180

(D

Fig. 8. Mode shapes of inter-area oscillations.(a) Mode 1, 0.38 Hz. (b) Mode 2, 0.55 Hz. (c) Mode
3, 0.6 Hz. (d) Mode 4, 0.81 Hz.

Table 1

Interarea oscillation modes of the test system
Mode Eignvalues f(Hz) ¢
Index

1 -0.095+2.41 0.38 0.039

2 -0.025+3.48 0.55 0.007

3 -0.157+3.82 0.60 0.041

4 -0.211£5.12 0.81 0.041

6.3 Selection of SVC and TCSC location and feedback signals

Here, by using the residue method, Bus 51 and line 50-51 is selected to
install the SVC and TCSC, respectively that can be used to introduce the
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supplementary wide-area damping control strategy. install location of the SVC
and TCSC is shown in fig. 6.

Fig. 9 shows the observability index Obs for each of the inter-area modes i
computed from each transmission line. Therefore Apiineis-17 , APiineis-18 and Apiinels-
4 are found as the best feedback signals for SVC and TCSC wide-area robust
controller design.

© | N @

Fig. 9. Observability index Mode 1, 0.38 Hz. (b) Mode 2, 0.55 Hz. (c) Mode 3, 0.6 Hz. (d) Mode
4,0.81 Hz.

6.4 Open-loop Power System Order Reduction

The order of the original linear model with FACTS device (SVC or TCSC)
is 136. To facilitate the control design, and to reduce the complexity of the
designed controller, the nominal system model using balanced model reduction
[21] is reduced to a 10™ order model. The frequency responses of the full-order
model and reduced-order model are shown in Fig. 10.

6.5 Controller Design

As mentioned earlier (section 4), the standard practice in Hoo mixed-
sensitivity design is to choose the weight W,(s)as an appropriate low pass filter
and W, (s)as a high-pass filter, so the selected weight functions for SVC and TCSC

controller design is given as follows:
50 65s
W, (8)=—— > W, (s)=
9= 150 =165
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Fig.10. Frequency response of the full- and reduced order system

The controller design is carried out with the help of MATLAB Robust
Control toolbox and LMI control toolbox [25].
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Fig. 11. Frequency response of the full- and reduced order system (a) The SVC controller (b)
The TCSC controller

6.6 Controller Order Reduction and Closed-loop Verification

The order of the controller obtained from this design routine is equal to the
order of the reduced system order plus the order of the weights. As there are three
weights associated with the three measured outputs and one with the control input,
the size of the designed controller is 14 (10+3+1). The SVC and TCSC designed
controllers was reduced to an 10™ and 11" order equivalent, respectively using
balanced model reduction method [24] without affecting the frequency response
as shown in Figure 11.

Small signal analysis and time response of linear closed-loop system is
used to verify the performance of the controller. Table 2 shows the influence of
the designed SVC and TCSC wide area controller on the damping ratios and the



Real power deviation of Ling 1848

154

Saeed Abazari, Abbas Arab Dardori, Mojtaba Barkhordari Yazdi

oscillation frequencies of the inter-area modes. It can be clearly seen that when
the system is installed with the designed controllers, all of the inter-area modes
can be damped effectively with the relative higher.

Table 2
Damping ratios and frequencies of the inter-area modes with and without wide-area
controller
Mode Without WAC With SVC WAC | With TCSC WAC
Index
f(Hz) C f(Hz) C f(Hz) C

1 0.38 0.039 0.36 0.22 0.45 0.159

2 0.55 0.007 0.543 0.39 0.465 | 0.338

3 0.60 0.041 0.599 0.1 0.585 | 0.086

4 0.81 0.041 0.816 0.085 0.795 | 0.105

Fig. 12 shows the impulse response of the real power deviation of tie lines i.e line
60-61, 27-53, 18-49 and 18-50 without and with the wide area controllers. The
impulse signal is added to the input mechanical torque of generator 5.

Real power deviation of Line G0-51

Real power deviation of Line 27-53

Real pewer deviation f Line 16-50

@

Fig. 10. The real power response of tie lines to impulse disturbance (a)Line 60-61 (b) Line 27-53
(¢) Line 18-49 (d) Line 18-50
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7. Conclusions

In this paper, the SVC and TCSC wide-area controllers are designed based on Hoo
mixed-sensitivity method and a comparison is performed between the SVC and TCSC for
damping inter area oscillation in power system. The suitable wide-area control signals
and the SVC and TCSC locations respectively are chosen by observability and residue
method and line power flows are found to be the most effective input signals. The WAC
are designed under the same conditions such as same filter functions and same feedback
signals. The 16-machine 5-area test system, which is installed with the designed WAC, is
evaluated under small signal analysis and time response of linear closed-loop system. The
results indicate that the SVC and TCSC wide area controllers play an effective part in
damping multiple inter area oscillations but under disturbance, the SVC WAC damp and
stable power system more than the TCSC WAC.
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