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Adaptive Delay Compensator Based H,/H,,
Wide-Area Controller to Improve Damping of
Inter-Area Oscillations
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Recent technical advances in Wide-Area Measurement Systems (WAMS) have made it possible to use a combination of
measured signals from remote locations to design centralized control. However, the transmission delay of remote signals and
changes in the power system operating point are significant issues in the operation of the Wide-Area Damping Controller
(WADC). Regarding issues and uncertainties in the power system, mixed H,/H,, synthesis has been proposed for wide-area
robust controller design. In this paper, an adaptive wide-area robust controller for Thyristor Controlled Series Capacitors
(TCSC) is presented to improve the inter-area oscillation damping in multi-machine power systems in which the time-varying
delays in feedback signal time are taken into account. So, an Adaptive Delay Compensator (ADC) is used to compensate for
the delay of receiving remote signals. Despite the nonlinearity of the power system, the changes in the operating point, and
the presence of time-varying delays, the proposed scheme shows robust performance in damping the low-frequency
oscillations. The efficiency of the proposed control system in the presence of TCSC is shown through simulation results that
show its superiority over the conventional control system. The simulation of the paper is carried out on the Four-Machine

Two-Area test system and 10-machine, 39-bus New England power system.
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I. INTRODUCTION

Once Damping inter-area modes of oscillation depend on
different factors such as the system load level, the optimal
transmission system design, the severity of the fault, and the
type of system load [1]. Economically, power systems need to
be operated near the system stability limit to reduce inter-area
oscillations damping.

Also, the critical conditions are generated once the number of
industrial loads and power electronics devices have increased,
primarily constant power and constant current loads. Therefore,
increasing the damping of inter-area oscillations is necessary to
increase the transferable power using a suitable control strategy
[2]. With the emergence and development of WAMS, many
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various controllers have been proposed to improve the
performance of the power system [3]. Wide-Area Controller
System (WACS) is used to improve the damping of inter-area
oscillations which is called the Wide-Area Damping
Controller (WADC). WADC for inter-area oscillation
damping was first introduced in [4] under a hierarchical
control structure, while Power System Stabilizers (PSSs) are
used to stabilize local modes. WADC design method using
wide-area signals can make it possible to select the optimal
feedback signals with high observability from the inter-area
modes of oscillation. As a result, WADC is more effective in
damping inter-area oscillations than local controllers [5].
There is a time delay in transmitting feedback signals by a
telecommunications channel from one place to another as an
inherent feature of the WAMS. The delay depends on various
factors such as the type of telecommunication channel,
distance, and signal transmission protocol [6]. If the delay is
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not correctly considered in the controller design, it can affect
WADC performance and system stability. The designh method
of conventional lead-lag compensators is presented to
compensate for the phase change caused by the signal
transmission delay in [7]. In [8] and [9], the methods based on
Lyapunov stability theory are used to take the latency in the
telecommunication channel into account. Also, the Smith
Predictor is used to compensate for a certain amount of delay
in [10]-[12], in which the linear model of the system is
designed at an operating point. Therefore, the predictor may be
ineffective in compensating for the delay once the system's
operating point changes and leads to the production of an
unstable signal.

Controllers designed using the aforementioned methods
have constant parameters. So, these controllers will perform
well only in small changes in latency. To ensure the optimal
performance of the controller under abnormal operating
conditions, it is necessary to compensate for the time-varying
delay using adaptive approaches. Adaptive Delay
Compensator (ADC) for wide-area robust damping controller
design is presented in [13]-[16].

In [17], a robust multipurpose controller has been used to
design the wide-area controller. For this purpose, the control
scheme is based on the use of hierarchical control. Another
limitation that poses a severe challenge to WADC
implementation is the uncertainty in the system dynamic
model. In [13]-[17], first, the structure which is used to
implement WADC is introduced, then the multipurpose
controller design method is investigated by mixed H,/H,
synthesis and pole-placement using Linear Matrix Inequalities
(LMI).

In this paper, an adaptive wide-area robust controller for
TCSC is designed to improve the damping of inter-area
oscillations in multi-machine power systems by considering
the time-varying delay in the transmission of feedback signals.
The structure of the topics of the article is as follows. Section
Il describes the modeling of different power system
components, such as generator, excitation system, PSS, load,
and TCSC. Section Il introduces the design method of the
robust inter-area controller. In section 1V, the implementation
of the proposed method for adaptive delay compensation is
introduced. In section V, the results of the ADC-based wide-
area controller for TCSC applied to the Four-Machine Two-
Avrea test system and 39-bus New England power system are
discussed. Finally, the conclusion is given in section V1.

Il. MODELLING OF POWER SYSTEM
COMPONENTS

performance as well as system stability. Power system
dynamics and electrical relationships, which are described by
differential equations, are nonlinear by nature. These equations
represent the dynamical model of elements such as generators,
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excitation systems, governors, PSS, wind turbines, FACTS
devices, etc. Generally, the power system can be expressed by
a set of first-order differential and algebraic equations. With
differential equations of power system components as well as
the algebraic equations of the transmission network, the
mathematical model of the whole system can be expressed by
Eq. (1) [18], [19]:

X = f(xs.d.w)
0 =g(x.d.u) 1)
Vs = h(xs.d.u)

Where the vector function f defines the differential equations
while g and h are the algebraic vector functions of the power
system static equations. Also, x, is the vector state variables
of the system which is defined by Eq. (2).

Xs = [har Aaz = i Aaqr Aaga v Azqi -

E,dl E'dz"' E,di'E’ql E'qz "'E’qi'al 52 (2)

wy Wy Wi Xipr Xipr v XipiXopr Xopo
Xzpr Xzpp o XBEi'Xtcsc]T
Also, d is the vector of power system variables, as shown in
Eqg. (3).
d
= [0, 6, - enbus W Vo o anus ]T ®)

Generally, the system inputs include governor reference,
excitation system voltage, generator rotor speeds, and TCSC
reference compensation percentage. In this paper, the
reference voltage and rotor speed of the generators are
considered the system's inputs, which are defined in Eq. (4).

u = [Viwapci ti€{cg} 4
cg refers to a set of controlled generators that damping of
inter-area oscillations by applying control signals to their
excitation system. Also, the static load model can be
considered as Eqgs. (5-6) [19]:

XWADCL' ]T

V V 5

P, (V) = Py(44 +A270+A3(70) ) )
\'% \'% 5

QL(V) = Qo(B; + BZV_O + Bs(v_o) ) (6)

Where P, and Q, are the active and reactive load power at
rated voltage V,, respectively. Also, P, and Q, represent
the active and reactive load power at V voltages, respectively.
Also, the weighting factors A; ,A,, A;(B; ,B,,B;) represent
the share percentage of active (reactive) load of constant
impedance, constant current, and constant power, respectively.
It should be noted that constant impedance and constant power
load models are used in the Four-Machine Two-Area and 39-
bus New England test systems, respectively. The relationship
between these weighting factors must be established, as shown
in Eq. (7).
A;+A,+A;=B;+B,+B;=1 @)

The sub-transient model is also used to model the synchronous
generators which are shown in Egs. (8)-(13) [1].



T aoik'qi= —E'y
— (g — %" ai) [idi
X —x" 8
T e o
+ (g — x)iar) — E,qi] + Efq;
T"goidrai = —Aai + E i — (¢ 3y — %) )

’ S ’
T'q0iE'ai = —E'qi

+ (g = ¥'q1) [iqi

X'qi = X" (10)
@ T a (y
(x’qi — x;)? ( 2at
+ (x’qi - xu-)iqi) + E’di:l
T"qu/iZqi = i — E'qi — (x’ql- = X)igi (11)
Si = W — Wy (12)
2H;w; = Py — (iqildi - idilqi) — Kpi(w; — 1) (13)

The IEEE type AC4A excitation system model is used in this
paper. The block diagram of the excitation system is shown in
Fig. 1 [18]. Differential equations that show the dynamic
behavior of this type of excitation system defined as Egs. (14)-

(17).
vTi
Bl
D S .o B R
Xigi  [1+5Tgj | Xogi | 1+5Taj X3EiJ foi
‘/PSSiI ‘/refix Bl
Fig. 1. IEEE type AC4A excitation system model
. KaiXop 1
Erq; = ——E¢y; (14)
rat Ty T '
Xipi = ! Xipi + ! v, (15)
1Ei TRi 1Ei TRi Ti
. 1 Tg 1
Xopi = T_Bi (T_RL = DXig — EXZEL‘
T..
_ Ci VTi
TpiTr (16)
1
+ T Mwabci + Vpssi
Bi
+ Veeri)
Efqi=
Emin
r min (17)
X3k iEfdi <X < I
max
fdi

The third-order model was used to design the PSS to stabilize
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the local modes of oscillations, as shown in Fig. 2. The rotor
speed of the generator is used as an input signal to the PSS. So,
Egs. (18)-(20) represent the dynamic behavior of the PSS
model.

@ STs; PSSy 1+5Tqi | PSSy 1+sTy | PSSy
K - - - i
P 14sTs 14Ty L+sTy Vessi

Fig. 2. Type PSS1A power system stabilizer model

. 1 1
PSSH = —T—PSSu + Kpssima)i (18)
5i
PSS, = —— PSS, + — PSS, + -1 pss (19)
20 — T2i 2i Tzi 1i T2i 1i
. 1 1 Ty .
PSSs; = ——PSSs; + — PSS,; + —~ PSSy, (20)
Ty Ty Ty

Also, the dynamical model of TCSC considering the delay in
thyristor firing angles is depicted by a lag compensator block
in Fig. 3 [20]. Therefore, the output reactance changes can be
expressed by Egs. (21)-(24).

X ;eésc A~ R 1 Xtese
:U " 1+5Trese "
Us
15Ty | V2 [kssTy] Ut 1 Az
14sTy | 1+sT, | 1+sTy
Fig. 3. TCSC block diagram
. 1 1
Uy = _T_dUO +T_dA613 (21)
U ——iu +11<U +£KU (22)
1 T, 2T, et
U3=—1U3+1U1+EU1 (23)
T, T, T,
. 1 1
Kicse = _T_Xtcsc + T_X'E‘%SC
tcsc tcsc
' (24)
TtCSC 3

Where U, is a complementary control signal generated
through a third-order dynamical model with generator rotor
angle changes as its input. Also, the connection between the
dynamic equations of the generators is established through the
network admittance model. In the two-axis model of the
synchronous generator, the dynamics of each machine are
presented in a d-q reference frame that rotates at the speed of
the machine rotor. To solve these equations, it is necessary to
define a single reference frame for the whole system, called the
system reference frame, and express all voltages and currents
in that reference frame. The system reference frame rotates at
synchronous speed. The voltage and current quantities of each
machine can be expressed in the d-q reference frame of the
machine or the system reference frame (R-1 axes), as shown in
Fig. 4. According to Fig.4, Egs. (25) and (26) will be



established between the d-q and R-I quantities.

1 a
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Vi et RV
/
iqi ///
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Idi
Vdi
d
Fig. 4. The system reference frame and it"generator reference
frame
—_ . TT.
Ve = Vii + jVii = (Va; + jvg)e’C2 (25)
Iy = I + jly; = (ig; +]'iqi)ej(5i_5) (26)

I1l. WIDE-AREA DAMPING CONTROLLER
DESIGN

This paper uses a robust multipurpose control based on [21]
to design the wide-area controller. For this purpose, a two-
level hierarchical control scheme is used with local controllers
at the first level while the wide-area controller is implemented
at the second stage. The hierarchical control scheme has
minimum damping due to the performance of local controllers
in the case of loss of telecommunications [3], [22]-[24].

The main goal of the multipurpose controller design is to use
the combination of time and frequency domain performance of
mixed H,/H, synthesis and defining the constraints of
closed-loop poles placement in the desired location. In the
design of the single-purpose H, controller, robust stability,
and elimination of output disturbance are achieved by H,
synthesis. In the multipurpose controller design of mixed
H,/H, synthesis, the H, synthesis is only used to obtain
robust stability against model uncertainty, while the
elimination of output disturbance with considered limitations
is carried out by H, synthesis. So, the multipurpose controller
has a better transient response than the single-purpose scheme.
The block diagram of the closed-loop system with WADC
utilizing the multipurpose design is shown in Fig. 5, where
Upaae aNd V,qqc represent the wide-area controller's input
vector and output vector, respectively [25].

-(E)—2.
d ‘@_>}Zz
Pi() —(56)

Nominal Plant Model

Y

Y wadc NADC (S)

Fig. 5. Multipurpose controller design using weighting
functions
In Fig. 5, the output channel z,, corresponds to optimizing
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the H, performance while the output channel z, aims to
improve the H, performance. Also, W5(s), W,(s) and
W, (s) are the weighting functions in the frequency domain.
The W5(s) function, which is in the z, channel, is a low-
pass filter used to eliminate the disturbance effect on the output.
Also, the weighting function W,(s) is a high-pass filter
which usually is considered as a small constant number to
minimize the disturbance effect on the controller output.
Finally, the weighting function W, (s), which is in the output
channel of Z, is a high-pass filter used to robust stability
against the model uncertainty. Furthermore, P,(s) is the
nominal plant of the system which is obtained by the reduced
model of the power system. The delay has been considered in
this system linear model [15]. So, the system shown in Fig. 5
can be shown as a Linear Fractional Transformation (LFT)
model in Fig. 6, where P,(s) represents the modified plant
model with weighting functions.

| »Zw

d——= B,(s) Z,

_Uwabc

YwADe (v ADC (s)

Fig. 6. LFT block diagram for the multipurpose design
approach

xp = ApXp + Bpad + BpYyaac
Zo = CxXp + Dgxd + DyYwaac

27

7y = Gxp + Dgod + DyYaac @7
Ys = Uwgac = Cpxp + Dpdd

{ X = AXy + Brlwaac 28)

Ywade = CiXi + DiUyaac

So, state-space equations of the closed-loop system can be
expressed in Eq. (29).

Yo = AgXa + Bgd
Zow = ConXq + Depnd (29)
Zy = CopXey + Deppd
Where x., C.q, and C.,are defined as Eqgs. (30)-(32),

respectively.

X.

_ 14
Xci _( ) 'Acl

Xk

Ap + BpDyCp BpCy

= (BKCP AK) g (30)

B <de + BpDkDpd>

B BkDpd

Conn = (Coo + Do D4, Do,Cy). Doy 1)
= Dy + DenDyDpy

Corz = (C2 + DyDiC, D,Cy). Dep 32)

= Dy + D, Dy Dpq
According to Fig. 5, the main objectives of WADC design
are as follows. 1) Improve H, synthesis performance to
controller robustness against system uncertainties, 2) Improve
H, synthesis performance to improve controller performance



once the system is subjected to large disturbances, 3)
Placement of the closed-loop poles in a specific location on the
left-half plane to achieve a desired transient response. In
mathematical terms, multipurpose controller design can be
expressed as an optimization problem that minimizes mixed
H,/H, synthesis, which is displayed as Eq. (33).
Minimize am”szw(s)”zo + a2||TdZZ(s)||z
subject to: (33)
poles € region
Where Ty, (s) and Ty, (s) are the closed-loop transfer
functions of the disturbance d to the outputs z, and z,,
respectively. ||Ta,,,(s)||_and ||sz2(5)||2 represent the H,
and H, norms of the Ty, (s) and Tg,,(s) transfer
functions, respectively. Also, a,, and a, weighting factors.
To achieve the desired transient response, it is necessary to
place the closed-loop poles in the left-half plane. This specific
location for the placement of closed-loop poles is considered
according to Fig. 7. Therefore, the maximum settling time and
the minimum inter-area oscillation damping ratio will be

limited to 4/, and cos(P), respectively.

’ v

Fig. 7. The region of interest for the pole-placement of the
closed-loop system

1V. ADAPTIVE DELAY COMPENSATOR FOR
WIDE-AREA ROBUST CONTROLLER
DESIGN

An ADC for the robust controller system to dampen the
inter-area oscillations has been presented. The implementation
of the proposed method contains two main steps: 1) To design
an ADC, First, ADC is defined as the weighted sum of several
phase compensators with the consideration of the delay
variation range. Then, the weighting factors are adjusted in
real-time according to the measured delay value to compensate
for the time-varying delay. 2) To design the robust controller,
the delay compensator is considered as a part of the controlled
system, and the WADC controller is designed using the
method as mentioned above described in Section Il to
improve the damping of inter-area oscillations.
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\ Time Delay of Control Loop
PMUn ettt
POUERSISTEN WADC Local Controller
Fig. 8. Control structure based on generator excitation system
with ADC

The most crucial point to remember about continuous-time
delay compensation is the robustness of WADC against delay
changes. However, the ADC can easily extract the delay model
and use it to design WADC and its robustness against delay
changes. The delay caused by signal transmission becomes
even more critical once the used control scheme is the wide-
area controller [26]. The structure of the wide-area control
system with the ADC is shown in Fig. 8. PMU measurements
are collected at t; and synchronized in Phasor Data
Concentrator (PDC) [27]. When one or more
telecommunications links become overloaded, the PDC waits
until it receives all the signals with timestamp ¢; and sends
feedback signals to the WADC after the measured signals are
synchronized. After receiving the feedback signals, WADC
calculates the control signal V'ypc, Wwith the timestamp ¢
and sends it to the ADC located at the control center. When
ADC receives control signal V'y,pc, (corresponds to

timestamp t;), the control loop delay is calculated as T =
t, — t;, where t, represents the new timestamp currently that
the control signal reaches the delay compensator. Also, it is
determined in real-time by the Global Positioning System
(GPS). So, the ADC generates the appropriate phase value to
compensate for the measured delay. Then, the compensated
signal Viyapci IS applied to the Automatic Voltage Regulator
(AVR) input mounted on the synchronous generator excitation
system or FACTS compensator to achieve desirable dynamical
performance. In this paper, the ADC performance is evaluated
in a wide-area control system on the TCSC. Also, it is assumed
that the WADC is located near of the TCSC installed location.
So, the proposed control scheme is shown in Fig. 9. In the
presented scheme, ADC receives the feedback signal M
(corresponds to timestamp t;) from the data center. ADC
performs the phase compensation concerning measured delay
and applies the compensated signal to the WADC input. So,
WADC calculates the control signal Xy, 4pc and apply it to
TCSC to improve the damping of inter-area oscillations.
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A. The delay of the WAMS communication network

The delays in the WAMS communication network are
caused by the measurements' processing time, synchronization,
sending of measurement signals, calculation of control signals,
and sending them. Therefore, the total delay is equal to the time
it takes to send a measured signal by the PMU to the control
center. Conventional telecommunication lines in the WAMS
are generally divided into two categories; wired links and
wireless links. Satellite and digital microwave links are the
most used wireless links, while fiber-optic lines, Power Line
Carriers (PLCs), and telephone lines are among the most
common wired links. The delay for these conventional
telecommunication lines is shown in Table 1[28], [29].

TABLE |
DELAY FOR VARIOUS TELECOMMUNICATION LINES
IN THE WAMS SYSTEM [30]

Telecommunication line Delay

type (milliseconds)
Fiber optic lines 100-150
Digital microwaves 100-150
Power line carrier 150-350
Telephone lines 200-300
Satellite 500-700

B. Delay modeling

The most widely used approach of delay modeling is to
approximate it with a transfer function in a specific frequency
range. The delay transfer function is generally defined as Eq.
(34). A common approach used for delay modeling is the Pade
Approximation of order n of the delay, which is presented as
Eg. (35) [15].

Gg(s) =e™™ (34)
a(s)
(-DX@n-Knl_y
Zk=0 oy TS (35)
- Zn (2n—k)!nl kek
k=0 2niki(n-k)!

The approximated delay model is obtained by Eq. (36).
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1- %)n
Gp(s) = @ (36)

C. Adaptive Delay Compensation Design
The proposed ADC is a weighted sum of several
compensators in which the weighting factor corresponds to
each compensator is updated in continuous time according to
the measured delay. To describe the ADC process, Gp(s)
considered as a minimum phase transfer function, as shown in
Eq. (37).
_ 1
Gp(s) = @ (37)
The phase of the G, (s) the transfer function is the same as
the approximate delay model phase expressed by the Eq. (36).
Therefore, the transfer function of each compensator using
Gp(s) is defined by Eq. (38).

(143 )Zn
1+ T )20

Where DC;(s) represents the " compensator transfer
function, m shows the number of compensators, T; and T.
are the phase lead (numerator) and phase lag (denominator)
time constants of the are i*"* compensator, respectively. Also,
K is the Gain Correction Factor (GCF), a function of the delay.
So, the state-space equations of the compensators can be
expressed using controllable canonical realization. The it
compensator state-space equations will be defined as Egs. (39)
and (40).

Xapc(t) = AapcXapc(t) + Bapcuapc(t) (39)

Yoc; () = Cpg;Xapc(t) + Dpe;uapc(t) (40)

Where A,p. and Bypc are state matrices and delay
compensator inputs, respectively. Also, Cp¢, and Dy, are
the output and direct supply matrices of the i® compensator,
respectively. x4, is the state variable vector of delay
compensator, uypc represents the remote signal applied to the
compensator input, and finally, y,c, represents the output of
the it" compensator. The proposed ADC is considered as a
weighted sum of a small number of compensators where its
transfer function is indicated in Eq. (41).

DC;(s) = K(Ty) i=12,-,m (38)

ADC(s) = Z B.(t)DC;(s) (41)

D()

Where N(s) and D(s) are the polynomials of the
numerator and denominator of ADC, respectively. Also, B;(t)
is the weighting factor of the i*"* compensator. If m is the
number of compensators, then the weighting factors used in Eq.
(41) can be obtained by Eq. (42).

B =TT, (42)
Where $(r), T,and T, are expressed as Eqgs. (43)-(45).



B 43
=[50 p(1) ﬁm(f)]’( :
1 1 1
T, T, T,
T=K T T, Ty ) (44)
' Tlm—l sz—1‘ Tm7:n—1
1
T
Tr= T'z (45)
o1

The implementation of the proposed ADC is shown in Fig.
10, where matrices C,pc and D,p. are defined as Eqgs. (46)
and (47), respectively.

CADc = [CDC1T CDczT CDCmT ]T (46)
BADc

(47)
= [DDC1T DDczT DDCmT ]T

Time delay

6 Delay Compensated
Signal

Remote Signal
(Wide-area signal)

Fig. 10. The proposed ADC

The block diagram of the closed-loop system by considering
WADC and ADC is depicted in Fig. 11. In this figure, G,(s)
represents the linearized model of the power system, and the
compensated delay model is represented by CDM,(s). To
implement the ADC using Eq. (41), the compensated delay
model will be represented as Eq. (48) [27].

CDM_.(s) = ADC(s)Gp(s)

m T 2n -
_ IR (1458 -2 (48)
(1 + sT)2n (1+>n
Ys
> Gy (S) > CDMt (s) |
Power System Linearized Compensated Delay
Model Model
WADC (5) Ore=

Wide Area Controller
Fig. 11. Closed-loop system block diagram considering
WADC and ADC

By considering the ADC, the common point of the system
linearized and compensated delay models are considered the
plant that the WADC is designed. The plant for the above-
mentioned system displayed in Fig. 11 is defined as Eq. (49).
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P(s) = Go(s)CDM(s) (49)

V. SIMULATION RESULTS

A. Case Study I: Four-Machine Two-Area Test System

To show the advantages of TCSC-based WADC
performance, the proposed control scheme was applied to the
Four-Machine Two-Area test system, which is shown in Fig.
12. It should be noted that PSSs are only installed on G1 and
G3 generators, while PSSs for G2 and G4 generators have not
been considered. The transfer function of the PSSs as
mentioned earlier and the conventional wide-area controller
are shown in Egs. (50) and (51), respectively.

7s 1+ 008s

— )2 50
1+85(1+0035) (0)

7s 1+ 0.08s
Hwanc(s) = Ka 325 G57035

Hpss(s) =8

)? (51)

Fig. 12. Single line diagram of two area four machine system
with TCSC
TABLE 11
TIME-VARYING DELAY CONSIDERED

Time Interval (s) Time Delay (ms)

0<t<7 470 + 6,
7<t<10 150 + 6,
10 <t <20 290 + 6,

Where K, is selected based on a trade-off between the
delay margin and the damping performance. The time-domain
simulations are carried out to show the performance of the
proposed WADC in the presence and absence of TCSC once
the system is subjected to a large disturbance. The simulation
results for the three-phase fault that occurred on the L2 line for
different delay values are shown in Fig. 13. The three-phase to
fault occurs at 0.1 s while it is cleared after 0.1 s. Also, the
assumed time-varying delay is considered in Table Il, where
6, is a random value between zero and 30 ms. As shown in
Fig. 13, the adaptive wide-area robust controller has a great
performance in damping inter-area oscillations against the
different values delay compared to the other methods. When
the delay is 100 ms, the ADC is equal to the DC1 compensator,
and the performance of the lead-lag controller with K, = 4 is
approximately similar to the performance of the proposed
method. However, the performance of the conventional



controller completely deteriorates with an increase in delay
value and time-varying delay. On the other hand, the controller
with K, = 2 gain can withstand a more extensive range of
delay changes because its delay margin is 358 ms. As can be
seen, this enhancement in the delay margin is obtained by
weakening the controller damping performance where
damping of the oscillations is last more than 20 s with different
values of time delay. Although this gain provides an enhanced
damping ratio for the lead-lag controller compared to the open-
loop system, the desirable damping is not preserved in either
low or high values of delay.

x10°

W1 - W3 (pu)

B I I I I I I
[ 2 4 6 8 10 12 14 16 18 20
(a)

x10°%

1.5 —--wADC Conventional Controller Ka = 2.

W1 - W3 (pu)

(b)

157 T T T
——Local PSSs Only
==-WADC Conventional Controller Ka = 2 1
----- 'WADC Conventional Controller Ka = 4 1 ‘;‘-_
—ADC Based WADC Controller S

0.5

W1 - W3 (pu)

0.5

0 2 4 6 8 10 12 14 16 18 20

()

3
T : T
—Local PSSs Only

| ===WADC Conventional Controller Ka = 2
e WADC Conventional Controller Ka = 4
——ADC Based WADC Controller

W1 - W3 (pu)

0 2 4 6 8 10 12 14 16 18 20
time (sec)
C)
Fig. 13. The rotor speed changes of the G1 and G3 subjected
to a 3-phase fault on the L2 line (a) delay =100 ms (b) delay

=300 ms, (c) delay =500 ms, (d) time-varying delay.
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Also, Fig. 14 shows the simulation results of the G1 and G3
generators' speed changes caused by different delays with
ADC-based centralized controller and PSS. As can be seen, the
ADC-based WADC has appropriate damping at different time
delays than the fixed-delay compensators (DC1, DC3, and
DC5) and PSS.

x10°

——PsSs controller only

~ ~WADC controller with time delay 100ms (DC1) and PSSs
===WADC controller with time delay 300ms (DC3) and PSSs
----- WADC controller with time delay 500ms (DCS) and PSSs
| —WADC controller with time varying delay (ADC) and PSSs

0.5

W1 - W3 (pu)

0.5

I
0 2 4 6 8 10 12 14 16 18 20
time (sec)

Fig. 14. Different delays with ADC-based centralized
controller caused the rotor speed changes of the G1 and G3

Small signal analysis for the Two-Area test system in the
presence and absence of TCSC shows that the system has three
oscillatory modes. The participation of each generator in these
oscillatory modes is shown in Tables 111 and IV. As can be seen,
the damping ratio of all electromechanical modes as well as
the frequency of local modes has changed. However, the inter-
area mode frequency increased from 0.7344 Hz to 0.7515 Hz.
This mode has a settling time of 30 s because of its damping
ratio and low oscillation frequency. So, it is essential to
improve the damping ratio of this oscillatory mode.

TABLE 111
ELECTROMECHANICAL MODES OF TWO-AREA
SYSTEM WITHOUT TCSC

Local )
_ ocal and Mode Damping requency
inter-area shape o (o) - Vode
modes value P
—0.6467 GL, G2
+4.6711i  VS.G3, G4 13.71 0.7344 1
—5.8336 G3VS.
+12.298i G4 42.86 1.9573 2
—4.7517 G1Vs.
+13.7841i G2 32.59 2.1938 3
TABLE IV

ELECTROMECHANICAL MODES OF TWO-AREA
SYSTEM WITH TCSC

Local

e Made Damping Frequency

inter-area shape ratio (%) (HZ) Mode
modes value P

—0.7349 G1, G2

+4.7116i  VS.G3,G4 1541 0.7515 1
—5.8698 G3 VS,
+ 12.4025i G4 42.78 1.9739 2
—4.7804 G1VS.
+13.9393i G2 32.44 2.2185 3




The considered feedback signals are the speed changes of
the generators in the system. The inter-area mode damping is
done by applying a control signal to the generator excitation
system. The relative values of the inter-area mode for different
feedback signals and control locations are shown in Table V.
According to the results, the G1 generator is considered the
control location, and the speed changes between the G1 and
G3 generators, which have the highest visibility of the inter-
area mode, are selected as the feedback signal. In this work,
the WADC is located near the TCSC while ADC is installed to
compensate for the delay in the feedback signal.

TABLE V
FEEDBACK SIGNALS AND CONTROL LOCATIONS
Feedback Signal
wq wq wq Wy wy w3
— w2 — w3 Wy — w3 Wy Wy

G1 0.0561 1.0000 0.9038 0.8175 0.8178  0.0409
Control G2 0.0506 0.8148 07984 0.7138 0.7581  0.0385
Location  G3 00423 08506 0.6417 05163 05896  0.0289

G4 00473 07124 0.7064 0.6791 0.6302  0.0353

The order of the linearized model obtained by MATLAB
software is 55, which is reduced to 10 using the Schur model
order reduction method [31]. The bode diagram for the original
model and reduced model are shown in Fig. 15 (a). As can be
seen, the reduced model in the frequency range of the
electromechanical oscillations has the same dynamic behavior
as the original model. The delay variation is considered
between 100 ms and 500 ms. Also, the time constants of these
compensators are considered as T; =0.1, T, =0.2, T; =0.3,
T, =0.4, T =0.5. The variations in the delay will cause
uncertainty in the compensated delay model. The main part of
this uncertainty is due to the variation in the gain value of this
model, which if GCF is not used, the gain increases with
increasing of the delay value and decreases with decreasing of
the delay value. Therefore, using an appropriate gain factor can
reduce the caused uncertainty by delay variations. The MSV
diagram of the designed plant considering the uncertainty is
shown in Fig.15 (b).
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Fig. 15. (a) Bode plot of the linearized model and reduced
model (b) MSV diagram for W, (s) weighting function and
plant uncertainty

Also, the weighting functions W, (s) ,W,(s),Ws(s) are
considered as Egs. (52) - (54) [32].

W,(s) = 02 (52)
_ 10 (53)

Ws(9) = %0

W, (s) = 8s/(s + 90) (54)

The weighting factors of H,, and H, are assumed 0.5. The
results of the controller design are presented in Table VI.
TABLE VI
THE DESIGNED CONTROLLER WITH TCSC BY
CONSIDERING a =0.49 AND g =87 FOR THE LMI

REGION
Designed controller with TCSC
= ez,
0.786 0.244

The time-varying delay, the weighting factors of
compensators, and the ADC output signal applied to the AVR
input of the G1 generator are shown in Fig. 16. This figure
shows the ADC output variations between the outputs of other
compensators when a large latency variation occurs.
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Fig. 16. Vertex compensator weights and control signals. (a)
Time-varying delay, (b) Weight of vertex compensators, (c)
the output of vertex compensators and ADC

Also, Fig. 17 shows the rotor speed changes of the G1 and
G3 caused by different delays with ADC-based centralized
controller and TCSC. As can be seen, the ADC-based WADC
with TCSC has suitable damping at different time delays than
the fixed-delay compensators (DC1, DC3, and DC5).

x10°3
:

= T T T
4+ i ~ “WADC controller with time delay 100ms (DC1) and PSSs and TCSC |
~=-WADC controller with time delay 300ms (DC3) and PSSs and TCSC
3k n e WADC controller with time delay 500ms (DC5) and PSSs and TCSC |
i —WADC controller with time varying delay (ADC) and PSSs and TCSC
—PSSs controller only with TCSC

W1 - W3 (pu)

time (sec)
Fig. 17. The rotor speed changes of the G1 and G3 were
caused by different delays with an ADC-based centralized
controller and TCSC

Fig. 18 shows the active power from bus 7 to bus 9 with fault
levels and different operating conditions. A three-phase to
fault occurs at 1 s on the L2 line, and it is cleared after 0.1 s.
Fig. 18 (a) shows the active power from bus 7 to bus 9
considering 80% of the load, Fig. 18 (b) shows 100% of the
load, and Fig. 18 (c) shows 120% of the loads. As can be seen,
WADC based ADC with TCSC compared to WADC with 300
ms fixed-delay compensator and PSSs have better
performance.
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Fig. 18. The occurrence of 3-phase to fault on the L2 line at
different operating points with the presence of TCSC (a) 80%
load (b) 100% load (c) 120% load

B. Case Study Il: 39-Bus 10-Machine Power System

The IEEE 39-bus 10-machine system with TCSC is chosen
to evaluate the performance of the proposed method in a wide-
area controller based on the use of FACTS devices. The single-
line diagram of the network is shown in Fig. 19. This system
consists of 10 synchronous generators, in which the G1
generator represents the dynamic model of the external grid.
To impose the stress on the system, the load level and the
generation have been increased. The local PSSs are installed
only on generators G2, G3, G5, G8, and G9, while other
generators are not equipped with PSS. The PSS transfer
function installed on the aforementioned generators is
displayed in Table V11 [33], [34].

Small signal analysis of the linearized model of the system,
according to Table (8), shows that the system has four
oscillatory modes with a frequency of less than one Hz. Since,
in each of these oscillatory modes, several generators oscillate
against each other, they can be considered inter-area
oscillation modes. Corresponding generators that produce
these oscillatory modes include five groups of coherent
generators. As shown in Table VIII, the groups mentioned
above of coherent generators consist of G9, (G2 and G3), (G4,
G5, G6, and G7), (G8 and G10), and G1.
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Fig. 19. 39-Bus 10-Machine Power System

TABLE VII
THE INSTALLED PSS ON 39-BUS TEST SYSTEM
GENERATORS
Generator The Installed PSS
8s 1+0.06s 2
G2, G3 1485 140015
8 1+0.06s, 1+005s
G9,G8,G5 “1+8s5s'1+0.01s’ 1+0.01s

TABLE VIII
INTER-AREA MODES OF OSCILLATION OF THE 39-
BUS TEST SYSTEM WITH TCSC

Local
and inter- Mode Dan_1p|ng Frequency Mode
area modes shape ratio
value
—0.58 G1VS. the
+1.760 others 31.29 0.2801 1
291 (G3,G2)
+ 2 oy VS. G9 and 65.93 0.4010 2
Teoal (G8,G10)
_181 G9 VS,
T (G4, G7) and 55.11 0.4361 3
+2.740 (G8, G10)
164 (G7,G4)
' VS. (G2, G3 1 7432 4
+4.67i ( ) 33.13 0.743

and (G8,G10)

Controllability and observability methods are used to
determine the appropriate control location and control signal.
One of these methods is the Residue Value which is based on
model analysis [30]. This value is calculated for the lines of
the case study system, as shown in Table IX. As shown in
Table 1X, the maximum value of the residues is related to the
line (26-25). According to this controllability index, line (26-
25) is the best place to install TCSC in this system. The
measured signals are the speed of synchronous generators, and
the feedback signals are considered the speed difference
between the two generators. Also, for a comparative study
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without TCSC, a wide-area control signal is applied to the
input of the AVR system installed on the excitation of some
synchronous generators. The selection of the appropriate
feedback signal and control location is made independently
according to the maximum Geometric Measure of
Controllability (GMC) and the maximum Geometric Measure
of Controllability (GMO) for that mode to damp the inter-area
oscillations. The details of these measures are not discussed
here and can be found in [35], while the effectiveness of this
method has been confirmed in [32]. Table X shows each
mode's control location and selected feedback signal based on
the maximum GMC and GMO indices. For example,
according to Table 8, the first mode shows the oscillation of
the G1 generator compared to the rest of the system generators.
It can be effectively controlled by measuring the speed
difference between the G1 and G9 generators and applying a
control signal to the G9 generator. Therefore, G2, G4, and G9
are the selected control locations to improve the damping of
inter-area oscillations. It is also assumed that the bus connected
to generators G1, G2, G3, G5, G9, and G10 are equipped with
PMUs to obtain feedback signals.
TABLE IX
TCSC RESIDUE COEFFICIENT IN THE 39-BUS TEST
SYSTEM
TCSC Placement

The Normalized Residue Line
0.34 9-39
0.59 17 -27
0.28 15-16
0.91 16 -21
0.26 14 -15
0.58 21-22
0.41 16 -17
0.53 2-3
0.13 3-4
0.68 2-25
0.28 7-8
1.00 25-26
0.52 26 - 28
0.64 28 -29
0.45 17-18

TABLE X
FEEDBACK SIGNALS AND THE SELECTED CONTROL
LOCATIONS TO IMPROVE THE DAMPING OF INTER-
AREA OSCILLATIONS

Mode Number 1 2 3 4

Control Location Based

on Maximum GMC 9 G2 69 G4
Feedback Signal Based on [N W, Wo w5
Maximum GMO — Wq — Wo — wqg — ws

The linearized model of the case study system is obtained at
the nominal operating point using MATLAB software. The
order of the obtained linear model is equal to 116. To facilitate
the design of the WADC, the order of the system is reduced to



10 using the Schur model order reduction method in the robust
control toolbox of MATLAB software. The frequency
response of the full-order and the reduced model are shown in
Fig. 20 (a). According to this figure, the reduced model has the
dynamic behavior of the full-order system with reasonable
accuracy in the frequency range of electromechanical modes.
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Fig. 20. (a) Bode plot of the linearized model and reduced
model (b) MSV plot of plant model uncertainty and the
corresponding weighting function

As mentioned before, changes in the delay will cause
uncertainty in the compensated delay model. The main
contribution of the uncertainty is due to the change in the gain
of this model. If the GCF is not used to modify the gain value,
the gain increases with increasing delay and decreases with
decreasing delay. So, the resulted uncertainty can be
significantly reduced using an appropriate gain factor. The
MSV diagram of the designed plant uncertainty is shown in
Fig. 20 (b). The time-varying delay is considered according to

Table X1, where 6. isarandom value between zero and 30ms.

TABLE Xl
THE CONSIDERED TIME-VARYING DELAY
Time Interval (s) Time Delay (ms)

0<t<7 120 + 6,
7<t<13 300 + 6,
13 <t <20 480 + 6,

The maximum and minimum value of the delay for the
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system is considered 100 ms and 500 ms, respectively. Then,
ADCs are designed to compensate for delayed changes
adaptively. Therefore, the ADC is installed in the control
location, close to the TCSC installation site, to compensate for
the delay. The lead-phase time constants of the delay
compensator are selected as T, =01, T, =02, T; =03,
T, =04, T; =0.5. Also, the selection of optimal weighting
functions W;(s) , W,(s) , and W5(s) to design the
centralized WADC for the 39-bus test system are considered
as Egs. (55)-(57) [32].

10s
Wi(s) = o (55)
10s
") = %0 (56)
5
Ws(s) =75 ®7)

To design the central controller, the relative weighting
factors of a, and a, are considered to 0.5 to consider the
robustness and efficiency of the controller. In this study, the
value of T, = 004 is selected as the ADC lag-phase time
constant, and the performance of the designed controller is
evaluated. Using small signal analysis for the closed-loop
system, the designed controller performance is examined in the
face of various delay values and system operating point
changes. To define the new operating points, it is assumed that
the load of the area containing the G9 and busbars 26, 27, 28,
and 29 will change from 60% of the nominal load to 140%.
Given that the G9 is involved in all the first three modes, the
main purpose of the changes in load and generation is to
change the power exchange between the adjacent areas. As
shown in Figs. 13 and 14, the proposed WADC improves the
damping of inter-area oscillations while its performance does
not weaken when confronted with the change in delay value or
the operating points.

Time-domain simulations confirm the effectiveness of the
presented ADC in the presence of the TCSC. For this purpose,
nonlinear simulations are performed for 20 s, and the
performance of the proposed method in the face of different
values of delay, nonlinear nature of the power system, large
disturbances, and changes in operating conditions are
evaluated. The proposed method shows excellent damping in
different operating conditions and different scenarios of delay
changes. Fig. 21 shows the simulation results of a three-phase
fault that occurs in 0.1 s between busbars 17 and 18 and clears
after 0.1 s. To illustrate the advantage of having a TCSC with
an ADC, comparisons are made between WADC with ADC, a
DCs constant compensator designed for a fixed delay value of
500 ms, and a robust controller provided in [21]. In
conventional controllers, the coefficients of the controllers
must be changed to keep the system stable by changing the
system's operating point, but the ADC and TCSC-based wide-
area controller, which is shown in Fig. 22, is robust against
load level changes of the system.



According to the time-varying delay scenario presented in
Table 10, the moving average of the delay, the weighting
factors of the compensators, and control signals with
compensated delay (the output of each ADC) applied to the
AVR of G2, G4, and G9, which is depicted in Fig. 23. As
shown in Fig. 23, the proposed method maintains the desired
performance in damping oscillations, and ADC effectively
compensates for the time-varying delay. In 0 <t < 7, the
average delay is 120 msand DC,; can compensate for 100 ms.
Therefore, the delay can be partially compensated, and as a
result, the performance of DC; and ADC is almost the same.
As the delay increases during the t > 7, the uncompensated
delay increases significantly, leading to a deterioration in
WADC performance.
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Also, in Figs. 25 and 26, a comparison of the two cases
without TCSC and with TCSC with ADC is considered. When
TCSC is used, the wide-area robust control of the system is
done in a centralized way (i.e., all feedback signals from the
speed difference of the generators are in the same place with
WADC and applied to TCSC). Also, when TCSC is not used,
the wide-area robust control can be applied semi-centralized,
which means at the location of G9, G4, and G2 with PSS signal
is applied to the excitation system. Fig. 24 shows the controller
analysis against delay changes, while in Fig. 25, the controller
is analyzed against load changes.
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Fig. 23. (a) Moving average delay, (b) Changes in compensator
weighting factors, and (c) ADC output in the presented scenario

in Table IV
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VI. CONCLUSION

This paper presents an ADC to compensate for the time-
varying delay in a wide-area robust controller. The proposed
adaptive compensator is implemented as the weighted sum of
several compensators which each of them has a weighting
factor according to the measured delay. Consequently, with the
delay variations and compensating for it, these weighting
factors are continuously updated. Using this compensator, a
model for the compensated delay is presented, which can be
easily applied to the system nominal plant to design WADC by
the mixed H,/H,. synthesis. Also, the uncertainties in the
compensated delay model, caused by delay value variations,
have been considered in designing a wide-area controller to
ensure its robust stability. Using the simulations carried out on
the Two-Area Four-Machine power system, and 39-bus New
England test system, the efficiency of the proposed method
was investigated by implementing two control schemes based
on the use of voltage control loops synchronous generators and
the TCSC for damping of the inter-area oscillations. The
simulation results confirm the effectiveness of the presented
method in compensation for time-varying delay and its
robustness against changes in the operating point of the system.
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