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Abstract

This paper presents design of an self contained actuators unit in wide area damping control of power system in
stabilizing system response for both nominal system condition and during actuator faults. First it is presented that use
of multiple actuators in wide area control aid in improving damping in power system. A wide area damping controller
feeding multiple actuators to satisfy multiple objectives in wide area damping control of power system is designed.
Minimization of infinity norm of closed loop transfer function of power system with wide area controller in feedback
path & closed loop poles placement techniques are used in controller synthesis. Second a reconfigurable control on
the lines of fault hiding principle is added to the controller design to maintain system damping to pre-fault level in
case of actuator faults. A reconfiguration component(RC) is activated on occurrence of actuator fault thereby
reconfiguring system dynamics and redistributing wide area control signal among remaining active actuators. RC
together with remaining active actuators and under same wide area damping controller maintains system damping to
pre-fault level thereby preserving system dynamic response. In the reconfigurable control design presented here no
new actuators outside the unit of actuators designed for wide area damping control is required. This makes for an self
contained actuators unit in wide area damping control of power system both for nominal system condition and for
system affected by actuator faults. A two area power system model is considered here for demonstrating effectiveness
of designed robust damping controller with multiple outputs feeding multiple actuators in wide area control and
illustrating the idea of self contained actuators unit for maintaining system damping in case of actuator faults.

Keywords: Wide area control, Robust damping controller, Actuator fault, Reconfigurable control, Reconfiguration
component, Self contained actuators unit, Power oscillations

1 Introduction

One of the major concerns of power system is small sig-
nal instability and power oscillations arising out of small
changes taking place in power system. Small signal sta-
bility is the ability of the system to maintain synchronous
operation of generators for constant changes(small in
comparison to net generated power in system) in operat-
ing conditions of power system. This can be load changes,
transmission line outages, generator faults and so on.
These constant changes witnessed in power system results
in power oscillations mostly of electro-mechanical in
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nature involving multiple machines with-in same or dif-
ferent areas exchanging power between them [1]. Local
oscillations are damped by control units like power sys-
tem stabilizers(PSS) but for inter-area oscillations involv-
ing generators from different areas is difficult to be
damped locally. Local controllers lack global observation
to see inter-area modes responsible for power oscillations
between machines from different areas [2]. With advent
of phasor measurement units(PMUs) involved in synchro-
nised and high speed data measurements and transmis-
sion from remote locations is made possible [3, 4]. This
solves problem of lack of global observation needed for
control action to damp out inter-area oscillations [5].
PMUs led to newer controller designs for wide area damp-
ing control of power system [6—8]. Dedicated controllers
connecting remote signals to local stabilizing units are
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designed as part of wide area control(WAC) and damp-
ing of power system. Newer controller design techniques
based on remote feedback signals and wide area control
inputs capable of robust system performance under wide
operating conditions have been made possible[7, 9].

The pace of implementation of wide area control &
damping in power system is slow. The reluctance of
power companies to do so can be attributed to issues
like latency in transmission of wide area signals, insuf-
ficient bandwidth & loss of wide area signals [10]. The
use of centralized controller in WAC of power system
requires highly reliable communications and fast and effi-
cient computations. Signals are transmitted from remote
locations to central controller and from there to select ref-
erence inputs(actuators) of power system. Any delay in
transmission and arrival of signal or loss of link between
controller and power system can adversely affect system
performance [11].

The development of WAC includes design of supple-
mentary control inputs at excitation system of generators,
at reference input of HVDC system & at reference input
of FACTS devices. The loss of either of (i) remote signals
to controller called as sensor faults or (ii) control sig-
nals from controller to system termed as actuator faults,
reduces effectiveness of WAC. To gain full benefit of WAC
in oscillation damping and improving reliability of it’s
operation wide area controller should be cemented fur-
ther with appropriate fault tolerant control strategy to
prevent any deterioration from setting in system response.
The issues of loss of remote signals in WAC and it’s effect
on system stability was studied and reported in [11, 12].
Few fault tolerant control designs for damping of oscil-
lations in WAC of power system are [13-17]. Sevilla et
al. [16] has dealt specifically with sensor faults in WAC
and presented fault tolerant controller effective during
fault but conservative in action during normal system
condition. In [15] design of dynamical block called vir-
tual actuator on occurrence of actuator fault as part of
fault tolerant damping controller is presented. Pedersen
et al. [13] presents design of VA as part of fault tolerant
emergency control for system stability under sudden loss
of actuator in WAC of power system.

In this paper design of self contained actuators unit, a
novel concept, in wide area damping control of power sys-
tem, for maintaining sufficient damping in system under
different operating points and at the same time capable
of restoring system performance on actuator fault is pre-
sented. First the use of multiple actuators in wide area
damping control and its effectiveness in increasing damp-
ing in system is presented. A wide area robust damping
controller(WRDC) with multiple outputs connected to
multiple actuators(here called self contained unit of actu-
ators) is synthesized to meet multiple requirements from
it like disturbance rejection, control effort optimization
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& to maintain minimum specified damping in system.
The design framework used to realize WRDC is based on
linear matrix inequality(LMI) condition. Each LMI cor-
responds to a constraint imposed on controller. Solving
for optimization of defined objective function under given
constraints results into controller realization.

Second a reconfigurable control is added to wide area
damping controller that on actuator fault activates an
dynamical block called reconfiguration component(RC).
RC together with remaining active actuators(from the
same unit) compensate for loss of control action due to
actuator fault. RC redistributes wide area control signal
to active actuators left from the unit without need of
adding any redundant actuator to the unit. RC is designed
to satisfy fault hiding principle that hides the actuator
fault from the nominal WRDC. On activation of RC
the same nominal WRDC is used in generating control
action required for meeting specified minimum damp-
ing in system and maintaining system performance post
actuator fault. The dependence on actuators from same
unit designed for wide area control and damping of power
system even in case of actuator faults for maintaining sys-
tem performance makes for an self contained actuators
unit. The unit consisting of multiple actuators involved
in wide area damping control with controller(WRDC)
becomes self sufficient and sees dynamic allocation of
control action among active actuators on actuator faults
during control operation. This paper extends [18, 19]
from discussing effect of actuator faults on system perfor-
mance to proposing FTC strategy against actuator fault.
In particular this paper extends [15] from single actuator
to multiple actuator based wide area control, proposing
design of self contained actuators unit independently sta-
bilizing system response on actuator fault without any
dependence on redundant actuators unlike in [15].

The rest of the paper is organized as follows: dynamic
model representation of components used as actuators in
WAC is given in Section 2, in Section 3 robust control
design of wide area robust damping controller(WRDC)
is given. In Section 4 the proposed concept of self con-
tained actuators unit in wide area control & damping is
described and design of reconfiguration component(RC)
and its application to WAC of power system is given.
In Section 5 study of proposed wide area robust damp-
ing controller(WRDC) and reconfigurable control as fault
tolerant control methodology on a two area power sys-
tem is presented with results and discussion. Concluding
remarks are made in Section 6.

2 Inputs:wide area control of power system

In this section model representation of components used
as possible inputs(actuators) in wide area control of power
system is given. The supplementary control input at Gen-
erator’s excitation system, FACTS devices like static var
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compensator(SVC) & High voltage dc system(HVDC) can
be used for connecting wide area damping controller to

power system. Rotor dynamics of synchronous machine is
described in (1) [20, 21].

ds
E =w — W
2H dw . .
QTOE =T — D(w — wo) — (Yaiq — Yqia)
1 dyy
wo dt Y "
LW _
wo dt
idlpkql = —pai
wo dt = —Tkqlliql
idl/fqu — i
wo dt = —Tkq2lkq2

Where generator constants ry, 1, rkql&rqu are given in
(2). The variables and constants used in (1) & (2) are
described in nomenclature.

rr= xczzdus/(xd - x;)/wo T;IO
ria = (xy — 5/ (6l — %)) /(@0 T))

/ 2 / 2 / /" 1
rkgr = (&, — x)?/ (%, — x1)° ) () — &) [ Ty

Generator is equipped with controls like (i) excitation
system(ES) for maintaining constant terminal voltage and
(ii) turbine-governor for constant rotor speed. The role
of ES is primarily to regulate terminal voltage of gener-
ator under different changes in system. ES additionally
provides damping component of torque for fast settling
of response in attaining steady state condition. The wide
area control signal is fed to the supplementary input ter-
minal of ES as part of WAC to increase the damping in the
system. The dynamics of ES is described by the (3) [22].

dEfd E Ky

The 2" supplementary control input in WAC for damp-
ing of power oscillations is provided by static var com-
pensator(SVC).The main control objective of SVC is to
maintain constant bus voltage. It comprises of thyris-
tor control rectifier(TCR) and fixed capacitor(C). Set-
ting appropriate values of firing angle of TCR, net
susceptance(Bs,.) and reactive current by it can be con-
trolled. The dynamic model of SVC used here is given in
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(4) [23, 24]. The variables and constants used in (4) are
described in nomenclature.

dXisve Ks(T35 — Ths)

T35 dt = —Xlsvc Ty [V - Vref + me)d]
dXasye Ks(Tys — Tos) KsT15(Tas — Tos
T. = =" Xjgc — X: ——— = [V-V, Ve
4s dt Tas 1sve 2sve T T35 Tas [ ref + mod]
dBsyc Tos ksT15Tas S
Tss a - Exlsvc + (X2sve — Bsve) + m[ V= Vier +V,0al
(4)

The supplementary control terminal at the input of the
HVDC system serves as another possible input point loca-
tion for wide area control signal. HVDC system is based
on line commutated converter. Damping can be increased
in power system by modulating the reference current at
the input of the rectifier. The dynamics of the modu-
lated DC power by applying wide area control input to
the supplementary control terminal of HVDC system is as
represented in (5) [15]. The variables and constants used
in (5) are explained in nomenclature.

dP;,
dt

Ty =—Py + Pref + sat (Pf[VDC> (5)

3 Wide area robust damping controller:WRDC
In this section a wide area robust damping con-
troller(WRDC) for damping of power oscillations is
designed. The wide area controller is designed to meet
multiple objectives from sensitivity minimization, to
attenuate disturbance effects on system output to achieve
desired minimum damping in system. The objective of
sensitivity minimization in presence of system uncertain-
ties and disturbance attenuation is obtained by minimiz-
ing the infinity norm of the closed loop transfer function
between output disturbance (d) and system input (u) as
shown in Fig. 1. The second objective of minimum damp-
ing in system is obtained by regional closed loop pole
placement in conic region in complex plane.

The linear model of nominal system under normal oper-
ating conditions is given by (6). It is represented as open
loop system(G) in the Fig. 1.

x = Ax + Bu + Byd
zgz{ d 6)

y=Cx

where matrices A, B & C are the state matrices of appro-
priate dimensions depending on system order and num-
ber of inputs and outputs. A dynamic controller (K(s)) rep-
resenting WRDC is connected to open loop system(G(s)),
representing power system. With select output signals of
G as feedback to K and output of K to select inputs of G
forms a closed loop system as shown in Fig. 1. The state
space model of K(s) is as given in (7).

| Xk =Acxi + Bey
Yk { u = Coxy (7)
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Open-loop d
Controller System
u y AN
K(s) G(s) >

Fig. 1 Closed loop system with disturbance input

The infinity norm of closed loop transfer function from
disturbance signal d to system input u is given by

[[KT - GK) 1]|o < ¥c (8)
[K(I—GK)—l]é[ ‘2 ]3 } 9)

where closed loop state matrices(f\, B and é) are given
by

. A BC

A:[BCC AC}

. [0 (10)
=[5

c=[0cC]

Where the scalar y¢ is any positive number (yc > 0).
Minimization of the yc results into disturbance rejection
characteristic of the closed loop system. On applying pos-
itive real lemma to (8), matrix inequality condition of (11)
is obtained [16, 25].

QA+ATQ QB €T
ﬁTQ —vI 0 <0
C 0 —yl

(11)

Where matrix Q is a symmetric positive definite matrix
satisfying condition, Q > 0. The feasibility of the matrix
inequality of (11) results into optimizing control effort,
disturbance attenuation and making controller less sensi-
tive to model uncertainties [16]. Second controller objec-
tive of ensuring minimum specified damping in system
requires confining closed loop system poles inside the
conic region (internal angle 6;) in s-plane. The second
objective leads to the 2"¢ matrix inequality condition to be
satisfied in design of controller and is given in (12), [26].

|:sin9,'(QA +ATQ) cost;(QA — ATQ) :| -0 (12
cosb; (ATQ — QA) sin@i(QA + ATQ)

The matrix inequalities as stated in (11) and (12) are bilin-
ear matrix inequalities(product of unknown matrices in
single term) and are converted into linear matrix inequal-
ities(LMIs) by method of substitution of matrix variables,
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[16, 25, 26].The two matrix inequalities stated under (11)
and (12) act as constraint of an optimization problem.
The objective function of which is minimization of scalar
ye(for Y. > 0). The solution to the resultant optimization
problem gives controller state matrices (A, B¢, Cc) along
with the matrix Q [25, 26].

4 Proposed FTC design of self contained
actuators unit:
In this section the concept of self contained actuators unit
as actuator fault-tolerant control design is discussed. In
wide area control and damping of power system first a
robust wide area damping controller(WRDC) with multi-
ple outputs connected to multiple actuators is designed.
The group of actuators involved in damping of oscilla-
tions in wide area control act as a self independent unit for
different operating conditions of nominal system as well
as for system with actuator faults. The unit is even effec-
tive for damping of power oscillations even when one or
more actuators goes off and the number of active actu-
ators is reduced. Reconfigurable control is added to the
design of WRDC where a reconfiguration component(RC)
is embedded in the feedback path of the controller. RC is
designed along the lines of fault hiding principle and is
activated only on occurrence of actuator fault. On acti-
vation RC connects to remaining active actuators and
together make-up for loss of control action due to actua-
tor faults. RC redistributes control effort among the active
actuators to meet system performance objectives.Hence
no redundant actuator is required post actuator fault
to transfer control to prevent system performance from
deteriorating. The multiple actuators involved in WAC of
power system under reconfigurable control acts as one
self contained unit capable to keep system response unaf-
fected from any actuator faults. With fault hiding principle
based reconfigurable control the RC acts as virtual actu-
ator on occurrence of actuator fault. Under the proposed
fault tolerant control design nominal wide area damping
controller(WRDC) can be used without any changes to its
parameter. The design of reconfiguration component that
leads to self contained actuators unit is discussed below.
The schematic diagram illustrating working of recon-
figurable control for fault tolerant WAC involving mul-
tiple actuators is shown in Fig. 2. A;, Ay, ..., A, are
the n number of wide area control actuators connected
to n outputs of wide area controller. The reconfigurable
control on actuator fault introduces a new dynamical
block called reconfiguration component(RC) in the feed-
back loop. The design of RC is along the lines of fault
hiding principle(fhp). On activation of RC the input to
controller(WRDC) in the Fig. 2 is the reconfigured sys-
tem output (y¢) and output from controller is the new
reconfigured signal(uc). While the actual input and output
signals of power system on account of actuator fault are
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Fig. 2 Schematic diagram of wide area damping control

u¢ and yf respectively. The main objective of RC is to hide
actuator fault from the controller and stabilize the sys-
tem output. The dynamic equation describing the internal
dynamics of the RC is given in (13).

;( =Ax — Bfi“f"rBllc
us = M;X + Njuc
Ye =yt +Cx

YGpe : (13)

Matrix By, represents i/ actuator fault and its i column
corresponding to i actuator is scaled by o, (@ > 0) and
elements of i column given by abj;,j = 1,2,..n. Further

(13) is reduced to (14).

):2 = AAX + Bauc

=vyr+ Cx

Ye = Yt (14)
whereAA = A — BgM;
Ba =B — BgN;

The feedback gain matrix M; of RC for (14) is determined
such that eigenvalues of matrix (A — B¢ M;) have nega-
tive real parts. Using pole placement design large negative
eigenvalues can be chosen. Since in (13) state vector (x)
represents deviation in state trajectory from nominal state
path on actuator fault, choosing large negative eigenval-
ues will lead to fast disappearance of deviation in state
of reconfigured system. The parameter M; of RC cor-
responding to fault of /# actuator in multiple actuator
led WAC is dependent on remaining active actuators(non
zero columns of Bg). The dependence of RC on input
matrix By to meet desired eigenvalues of (14), results into
new and distinct parameter matrix M for each actuator
fault. This in turn decides the redistribution of wide area
control input by RC among remaining active actuators.
In nominal system condition the distribution of wide area
control signal among the actuators is based on control law
of (7). In case of actuator fault the distribution of wide
area signal input among the remaining active actuators
is based on (14).
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A new state vector (e) giving deviation in state trajec-
tory of faulty system from nominal system is introduced.
Where e = x¢ + X modifies the state variable model as
given in (15). The new state vector e, can be interpreted as
the state of nominal system.

(i)=<13 A—(l)sfiM) (i) + (B_l;fiN>uc (15)
Ye=(CO) (i) (16)

The reconfigured signals u. and yc in (15) are the out-
put and input signals of controller(WRDC). As seen from
(15) the reconfigured system dynamics(e) presented to
WRDC(u, and y) is such that no actuator fault has taken
place. Inserting RC between WRDC and power system
hides actuator fault from WRDC.

The parameters of RC are dependent on actuator fault.
The relationship between the parameters(M;, N;) of RC
and active actuators remaining in the wide area unit of
actuators({Aj, Ay, ..., AN}) on any i actuator fault is
given by (17). The i actuator fault is represented by input
matrix Bg ( with all zeros i column) .

(B, O1xn, Inxn) : All — actuators — active
(B, M1, Nyp) : {Ag, A3, ..., AN}Active

(Bfiy Miy Nl) — (sz, Mz, Nz) . {Al,Ag, ooy AN}ACtiVe (17)

(BfN, MnN,NN) : {A1,Ag, ..., AN_1}Active

This results in parameters of RC becoming dynamic
with respect to actuator fault and change with respect to
change in actuator fault as given in (17). For each actuator
fault RC assumes related parameters from (17) and drives
remaining active actuators to stabilize the system output.
The control effort is redistributed by RC among active
actuators to keep system response unaffected by actuator
fault. More details on state variable model of reconfigured
system and design of reconfiguration components can be
found in [27, 28] and [29].

5 Numerical Results And Discussion

5.1 Case Study

One of the bench mark model for study of stability
methods in power system, Kundur’s 2-Area Power System
[20], is used here in testing and demonstrating efficacy
of proposed method. [20] is used in several methods as
in [6, 15] to demonstrate respective robust controllers in
damping of low frequency power oscillations in power
system . [20] comprises of 4 generating machines, set of
tie lines connecting two areas Area-1 and Area-2. In the
modified model a HVDC line is introduced between the
two areas Area-1 and Area-2 for transmission of power
between the regions. The line diagram of two area power
system is shown in Fig. 3. A Static VAR compensator
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Fig. 3 Two-Area Power System with WAC: Dotted lines show remote
feedback connections & dashed lines show wide area control input

(SVC) is configured in power system and installed at bus
in the centre of tie-lines. The system parameters and
related details are mentioned in [20, 30]. Each genera-
tor is represented by a sub-transient model and is of 5%
order with two damper windings and rated at 1000 MVA.
A IEEE type-1A D.C excitation system (3"?order), TG
model(3"order), Power system stabilizer(PSS) (3" dorder )
at generator input for damping of local modes. SVC rated
at 200 MVA(2"%order), HVDC line transporting power at
510 kV (1%order).

5.2 Modal Analysis

The operating point considered is for an inter-area power
transfer of 300MW from Area-1 to Area-2. The small sig-
nal model of the power system at the nominal operating
point is of order 65, obtained using Matlab toolbox PST
[31]. In absence of WRDC system model is treated as open
loop system in context of wide area control(WAC). The
two critical eigen modes with insufficient damping are
listed in Table 1.

Mode /; in Table 1 is inter-area mode where machines
G1, G2 from Area-1 oscillates against Gz, G4 from Area-
2 [32]. Mode [, in Table 1 is an intra-area mode where
machines from same area oscillate against each other. A
wide area control scheme utilizing relevant system output
as feedback signals (y) connected to WRDC and out-
put from WRDC connected to suitable inputs of power
system as wide area control signal(u) is implemented.
Machines G;, Go, HVDC system and SVC are selected as
inputs for control signal(u) coming from wide area con-
troller. While signals pezandpes giving power generation
at machines G3 and G are selected as feedback signals(y)

Table 1 Critical mode

Mode type Damp(¢) Freq(Hz)
Inter-area(ly) 0.030 0.65
Intra-Area(/,) 0.046 0.97
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and connected to controller thereby completing closed
loop system in context of wide area control. The method
of residues is used in selecting pes&pes as output feed-
back signals of power system connecting it to WRDC
[33]. Residue values are considered as index of observ-
ability and controllability of the modes of oscillations [34,
35]. The highest controllability of modes /jandl, is with
WRDC connected to machine Gj.

Rotor speed(ws) of generator(Gs) is chosen as per-
formance signal. The eigen vectors corresponding to
modes(/yandly) has w3 as their largest component. This
gives high observability of modes /jandl, in rotor speed
3. The actuator and sensor placements in WAC of power
system (G) is as given in Table 2. The output of WRDC
(u) is fed to supplementary damping control inputs of (i)
excitation system of G (ii) excitation system of G (iii)
HVDC system & (iv) SVC. A detailed scheme of imple-
mentation of WAC in two area power system model is
shown in Fig. 3. Where dash-lines represent wide area
control signal(u) to four selected actuators, and dotted
lines represent system output feedback signal(y) as input
to WRDC.

5.3 Realization of WRDC: Nominal System Condition

The connection of WRDC and power system is as shown
by the inter-connection between controller(K) and sys-
tem(G) shown in Fig. 1. This requires WRDC controller
of same order as of power system model. A bulky model
of WRDC is practically not viable hence power system
model is reduced from it’s original order(65) to 8 order.
Balanced model order reduction techniques are used to
preserve the frequency response of the original system
into reduced order system model [36]. As per the design
criterion laid down for wide area controller(WRDC), in
Section 3, minimum damping specified for closed loop
power system(PS with WRDC) is {pin = 0.1. WRDC
with four outputs is tested to meet the multiple design
objectives from control effort optimization, disturbance
attenuation to ensuring minimum damping specified in
system. The four actuators selected for connecting to mul-
tiple output WRDC are in the following order (i) G; as
actuator for single output controller, (ii) G1, G2 as actu-
ators for two output WRDC, (iii) G;, Go and SVC for
WRDC with three outputs, to (iv) Gy, Go, SVC and HVDC
system for four output WRDC . The location of multiple

Table 2 Actuator and sensor locations

i Aj Si

1 Gy Pe3
2 G, Pes
3 HVDC —
4 SVC —
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Fig. 4 Plot of eigen modes:(@) Open loop system (b) Single output WRDC; (€) WRDC with two outputs; (d) Three output WRDC; (e) Four output WRDC

actuators and feedback signals used in tuning of WRDC
are listed in Table 2 & shown in Fig. 3.

Plot of eigen modes involving damping(¢) vs fre-
quency(f) for WRDC with single, two, three and four
outputs is given in Fig. 4. It can be seen from Fig. 4 sys-
tem damping is highest corresponding to WRDC with
four outputs. Table 3 gives critical mode(¢y,;» and freq.)
of closed loop system with WRDC having single output,
two outputs, three outputs and four outputs. Figure 4
shows damping in system increases with increase in num-
ber of outputs of wide area controller. The damping
achieved in system is largest in case of WRDC with four
outputs(Z,in = 0.22) double of specified damping(&spe =
0.1) in design objective. This establishes effectiveness of
having multiple output controller over single output con-
troller. The state space model of WRDC(A(, Bc&Cy) is
given in Appendix A.

In Fig. 5 closed loop power system with WRDC in feed-
back(four output controller) is compared against open
loop system, for different operating conditions in terms
of the chosen dynamic response(y;) i.e change in speed
of generator G3(Aw). The different operating points con-
sidered vary from system under single tie line(on outage
of other tie-line) to change in power flow across tie-lines

Table 3 Critical modes of closed loop power system for different
number wide area control inputs(outputs of WRDC)

oL 11/P 21/P 3P 41/p
=03 =1 =16 =19 =022
f=65(Hz) f=1.2(H2) f=1.3(H2) f=03(H2) f=0.03(H2)

for change in loads in the two area power system model.
For every operating point considered closed loop(CL) sys-
tem response under WRDC shows improved damping of
oscillations compared to open loop(OL) system response.

5.4 Actuator Fault(s)

This part of the section demonstrates working of self con-
tained actuators unit in restoring system performance in
event of actuator faults taking place in wide area control
of power system. The reconfigurable control on actuator
fault restructures feedback loop such that WAC driven
by multiple actuators makes for an self contained actua-
tors unit capable of restoring system performance without
depending on any redundant actuator outside the unit.
The reconfiguration component(RC) embedded in the
feedback loop gets activated on actuator fault and redis-
tributes the wide area control input from WRDC among
the remaining active actuators of the unit. The design
implementation of reconfigurable control shows online-
activation of reconfiguration component(RC) on actuator
fault. This results in two reconfigured signals(y. & uc) at
input and output of WRDC, hiding actuator fault from
it. In design implementation along with reconfigured sig-
nals shown are actual output and input signals of power
system (yg & ug) respectively. The redistribution of con-
trol signal by RC on actuator fault to remaining active
actuators is seen in actual input signal(ug). The distribu-
tion of control input among the actuators unit is dynamic
and changes based upon actuator faults. The parameters
of RC corresponding to a actuator fault are determined
online and control reconfiguration happens in real time.
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Fig. 5 Dynamic response of system with WRDC(CL) versus without WRDC(OL) under different operating conditions. a At nominal operating

point(Tie-line power flow of 400MW) (b) Under one of the tie-line outag

This makes for an autonomous fault tolerant control sys-
tem and nominal controller(WRDC) along with RC makes
for an fault tolerant wide area damping controller.

A disturbance is created in power system by outage
of one of the two tie-lines for 1ms and system response
(yz) i.e change in speed of generator G3(Aw) is studied.
A fault on actuator A;(G;) is simulated at ¢t = 4s. The
online control reconfiguration caused by activation of RC
together with remaining active actuators {Aj, AzandA4}
result in reconfigured signals u. and y. at output and
input of nominal controller as shown in Fig. 6. The Fig. 6a
shows actual input signal uf to the system, where input
line corresponding to actuator A;(in color blue) goes to
zero for t > 4s indicating actuator fault. This causes
activation of RC in system resulting in reconfiguration

e (c) Tie-line power flow of 700MW (d) Tie-line power flow of T00MW

of system dynamics. The redistribution of control signals
at t=4s to remaining active actuators A, A3 and A4 can
be clearly seen in signal u¢. In Fig. 6b the reconfigured
control signal(uc) as seen by controller WRDC at system
input is shown. In u., WRDC sees all actuators up and
active for all the time, no redistribution of control sig-
nals and hence sees no actuator fault. The signal y¢ shown
in Fig. 6¢ is actual output signal of power system that
goes as feedback to WRDC. The effect of integration of
RC at t = 4s causing sudden reconfiguration of system
dynamics can be seen in form of spike at ¢ = 4s in actual
feedback signal yf. Whereas the feedback signal reaching
to WRDC is reconfigured signal yc(output of RC + yy)
shown in Fig.6d. In y. WRDC sees no such disturbance
at it’s input due to any actuator fault. The reconfigured

Time(s)

(<)
Fig. 6 System reconfiguration with actuators {A,, AsandAa4} active on ac

signal(ue) as seen by controller at system input; € Actual feedback signa
feedback signal(y¢) seen by controller at it's input

15 20

10
Time(s)

(d)

tuator fault at Ay. a Actual input(ug) to system; b Reconfigured control
I(yg) showing effect of integration of RC at time of fault ; d Reconfigured
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Fig. 7 System reconfiguration with actuators {A;, A>, A4} active on actuator fault at As. a Actual input(ug) to system; b Reconfigured control
signal(uc) as seen by controller at system input; € Actual feedback signal(yg) showing effect of integration of RC at time of fault; d Reconfigured

feedback signal(y¢) seen by controller at it's input

signals y¢ and u, thus successfully hides the fault at actu-
ator A; from the WRDC, based on fault hiding principle.
It aids in fast stabilizing the system response which other-
wise is affected on actuator fault as shown in Fig. 8. The
interfacing signals connecting WRDC to the reconfigured
power system are yc & uc. The parameter M; of RC to
some arbitrary closed loop poles of reconfigurable block,
on actuator fault at A; and corresponding to remaining
active actuators {Aj, A3, A4} is given in Appendix B.

The Fig. 7 shows system reconfiguration on actuator
fault at A3 at t= 4s and control action completed with
remaining active actuators {A1, Az, A4} from the unit of
wide area actuators. The reconfigured signals (ycanduc)
generated on fault at A3, to actual input-output signals
of system(ygandug) are shown in Fig. 7. The change in
control signal(ug) at t=4s, caused by activation of RC and
redistribution among the remaining active actuators can
be seen in Fig.7a. The reconfiguration of system dynam-
ics on account of activation of RC at t=4s and its effect
on out put feedback signal yy is seen in Fig. 7c. While the
two reconfigured signals(ycandu,) connecting WRDC to
reconfigured system hides actuator fault at A3 from it.The

No RC

_A17A2 A37A4

Time(s)

(a)

parameter M3 of RC to some arbitrary closed loop poles
of reconfigurable block, on actuator fault at A3 and corre-
sponding to active actuators set {41, A2 and A4} is given in
Appendix B.

Similarly faults at other actuators could be simulated
and signals generated by system reconfiguration could be
discussed. The reconfigurable control causes change in
system dynamics by inserting new dynamical block(RC)
between WRDC and power system. RC on activation
causes reconfiguration of system dynamics allowing for
stabilizing system response affected from actuator fault.
The effects of actuator faults on chosen system perfor-
mance path(y;) i.e rotor speed of generator G3 are shown
in Figs. 8 and 9. In Fig. 8a shows wide area control
input to power system on actuator fault at A; at t=4s.
The input line corresponding to actuator A; becomes
zero for t > 4s. It can be seen from Fig. 8a that in
absence of RC there is no re-distribution of control input
among other active actuators of the unit. The Fig. 8b
shows comparison of system performance path (Change
in rotor speed of Gs) with and without RC, on occur-
rence of actuator fault at A;. While Fig. 9 compares effect

5e-05 "F-No RC—With RC
VN
> .5e-05
-0.0001
0 5 10 15 20 25 30
Time(s)

(b)

Fig. 8 Fault at actuator Ay at t=4s: (@) Wide area control input to power system in absence of RC; (b) Comparison of system performance path

(Change in rotor speed of Gs) with and without RC
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Fig. 9 Fault at actuator As at t=4s: (@) Wide area control input to power system in absence of RC; (b) Comparison of system performance path

(Change in rotor speed of Gz) with and without RC

of actuator fault at A3 on system performance path y,
with and without RC. In both the figures Figs. 8 and 9
it can be seen system response(y,) stabilizes fast in pres-
ence of RC compared to system response without RC. The
actuators(Aq, Ay, Az, As) selected for wide area control
action and tuned under reconfigurable control(following
fault hiding principle), stabilizes system response in pres-
ence of actuator faults, without any need of redun-
dant actuators thereby making for an self contained
actuators unit.

Comparison of results from proposed method with
other fault tolerant control methods on actuator and sen-
sor faults in wide area control of power system is given in
Table 4.

The results discussed from Figs. 6 and 7 clearly estab-
lishes group of actuators in WAC as self contained actu-
ators unit not depending on any redundant actuators
outside the unit, in case of actuator faults. While in [15]
actuator fault severs feedback loop in WAC and requires
control signal to be re-routed to redundant actuator. The
use of multiple actuators in system as proposed here
leads to higher damping compared to other two meth-
ods. Reconfigurable control(as proposed here) is activated
only on occurrence of actuator fault unlike in [16] where

designed controller is active even for nominal system
condition and leads to conservative controller action in
absence of fault.

6 Conclusion

A novel concept of self contained actuators unit in wide
area control of damping in power system for nominal sys-
tem condition under different operating points as well as
for system affected by actuator faults is presented in the
paper. A wide area robust damping controller is designed
to meet multiple objectives from disturbance attenua-
tion to ensuring minimum damping in system. Infinity
norm minimization of closed loop transfer function and
pole placement criterion is used in the design of wide
area robust damping controller. The use of multiple out-
put wide area controller feeding multiple actuators in
power system allows for higher damping and fast settling
of power oscillations in system. The wide area damp-
ing controller is tested for different operating conditions
and controller is found suitable in providing sufficient
damping in system compared to open loop system. The
reconfigurable control design following fault hiding prin-
ciple that is added to wide area controller is found to
maintain sufficient system damping on actuator faults

Table 4 Comparison of results with other FTC methods in wide area control and damping of PS

Fault No. of Minimum Dependent
Tolerant active Damping on Switching
Paper Fault Control WAC Cmin redundant of
methodology actuators / actuators / RC
sensors sensors
Dynamic No (Self )
; Smin > Automatic
Proposed Actuator Reconfigurable Multiple Eonc Contained
Control Unit
Raoufat M.E. Static ” " |
) Single Cmin = es anua
[15] Actuator Reconfigurable actuator Lope
Control
il i- i o= Minimum
o e e =
Zspc Switching
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taking place in system. The reconfiguration component is
activated on actuator fault and together with remaining
active actuators from the same group(earlier to actuator
fault) stabilizes system response. The group of actuators
involved in wide area control and damping act as an self
sufficient actuators unit for maintaining system damping
and preserving system response even in the case of actua-
tor faults. The reconfiguration component is dynamic and
assumes parameters that changes with respect to change
in actuator fault but together with remaining active actu-
ators act to maintain system damping level to pre-fault
condition. On actuator fault wide area control signal is
redistributed to the remaining active actuators by the
reconfiguration component. A two area power system
model is considered for implementing the proposed meth-
ods of designing (i) robust wide area damping controller
and (ii) reconfiguration component to test their effective-
ness in damping control. The results obtained show that
reconfigurable control design for wide area damping con-
troller having multiple outputs makes for an self contained
actuators unit capable to maintain sufficient damping in
system with or without actuator fault, under different
operating points and independent of use of any redundant
actuators.

Appendix A
0.1710 —1.7409 3.2733 1.6910 0.3461 —4.8994 —-1.1374 7.2250
1.2781 —1.3612 1.5381 0.0917 —0.0372 —4.5000 —0.5359 4.4366
—1.7444 —2.1782 —3.6012 —8.1806 0.7019 24687 2.0896 —2.7564
i —0.0557 07671 37192 —0.3617 —3.2694 —0.8735 2.1639 —2.2471
0.04264 —0.5731 07163 53078 —2.9143 20177 7.1287 —6.7036
1.1957 —0.7803 0.0736 04511 —1.7304 —3.2593 —3.5096 4.5430
—0.0961 —0.4992 —0.0162 —1.7072 04617 15889 —12.8076 24.1110
03499 01309 —1.1687 —3.8928 —04294 15194 —14.3748 0.8720
T
0.2391 —0.4516 —0.0098 —1.4142 0.3205 —1.4287 0.9617 —0.9756
- (0.1014 —0.2836 —0.2957 1.0624 0.3243 —0.9794 0.2547 0.9253 )
0.3680 —0.0522 0.1192 —0.0410 —0.5885 0.2524 0.7456  1.1445
0.0423 —0.2422 —0.7053 —0.6360 0.1930 0.4405 0.0217 —1.5247
- 02223 0.7219 04906 1.3535 03904 1.6906 —1.1098 —0.8775
—0.0077 —0.0924 —0.0642 —0.0827 —0.1096 —0.2085 0.3493 —0.1370
Appendix B
0 0 0 0 0 0 0 0
—0.1107 0.1545 —0.2626 0.3001 0.2109 0.3395 0.0258 —0.3972
M; = 1.0e 4 05
0.5803 0.1024 0.2879 —1.6564 —0.7673 —1.2410 —0.1535 1.6303
—0.3682 0.1071 —0.2590 0.7594 0.2735 0.6111 0.0556 —0.7189
0.1977 —0.8128 1.0539 —0.1729 0.0898 —0.5675 —0.0218 0.7393
—0.1720 0.6105 —0.6944 —0.0690 —0.0047 02157 0.0663 —0.4616
M3 = 1.0e + 05
0 0 0 0 0 0 0 0

—0.5829 21859 —2.7574 04306 —02983 14691 0.0267 -—1.7801
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Nomenclature
8 rotor angle
w,wp rotor and synchronous speed
Y4, ¥q d-axis and g-axis flux linkages
Vs, Yra flux linkage to field coil and d-axis damper
coil
Vgl Vkaz flux linkages to two g-axis damper coils
Efy exciter output voltage
if,ixg current in field coil and d-axis damper coil
irql> ikq2 current in two g-axis damper coils
K4 AVR gain constant
K svc gain constant
PHVDC Supplementary control input of HVDC link
P,;, HVDC link modified ordered power
T4 AVR time constant
Tdé: T% d-axis and g-axis open circuit transient time
constants
Ty, Ty d-axis and g-axis subtransient time constants
Tis, ... Tss SVC time constants
T4 HVDC link time constant
v oq Supplementary control input of Exciter
S od Supplementary control input of SVC
Vyss voltage output of PSS
Vyer voltage reference set at input
X4, xgandx; direct axis, quadrature axis and leakage
reactance of generator
x;, x; d-axis and g-axis transient reactance of
generator
d-axis and g-axis subtransient reactance of
generator
Xadusr ¥aqus d-axis and g-axis mutual reactance of
generator
Bgye net susceptance contributed by SVC
H,D rotor Inertia and damping coefficient
Xisve, Xosve SVC state variables

VA4
X xq
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