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    Abstract—Inter-area low frequency oscillation in power system
is  one  of  the  major  problems  for  bulk  power  transmission
through  weak  tie  lines.  Use  of  wide-area  signal  is  more  effective
than the  local  area  signal  in  damping  out  the  inter-area  oscilla-
tions.  Wide  area  measurement  system (WAMS) is  convenient  to
transmit the  wide  area  signal  through  the  communication  chan-
nel  to  the  remote  location.  Communication  failure  is  one  of  the
disastrous phenomena in a communication channel. In this paper,
a  dual  input  single  output  (DISO) H∞ controller  is  designed  to
build the control resiliency by employing two highest observabil-
ity ranking wide area signals with respect to the critical damping
inter-area  mode.  The  proposed  controller  can  provide  sufficient
damping  to  the  system and also  the  system remains  stabilized  if
one of  the  wide-area  signals  is  lost.  The  time  delay  is  an  un-
wanted phenomenon  that  degrades  the  performance  of  the  con-
trollers. The unified Smith predictor approach is used to design a
H∞ controller  to  handle  the  time  delay.  Kundur’s  two-area  and
IEEE-39 bus  test  systems  are  considered  to  verify  the  effective-
ness of the proposed controller. From the simulation results, it is
verified that,  the proposed controller provides excellent damping
performance at  normal  communication  and  improves  the  con-
troller resiliency to counteract the communication failure.
    Index Terms—Communication  failure,  dual  input  single  output
(DISO)  controller, H∞ control,  inter-area  oscillation,  unified  Smith
predictor.

I.  Introduction

LOW  frequency  oscillations  (LFO)  are  one  of  the  major
problems  for  an  interconnected  power  system.  There  are

two  forms  of  LFO,  e.g.,  local  area  oscillation  and  inter-area
oscillation.  In case of local  area oscillation,  the generators of
the  same area  are  involved.  A single  generator  or  a  group of
generators  oscillate  against  the  rest  of  the  generators  in  the
same area, it can be defined as the local area mode of oscilla-
tion. The frequency range of this type of oscillations is about

1–2 Hz. Inter-area oscillation can be defined as when generat-
ors of one area swing against the generators of other areas in a
wide  area  power  system  [1],  [2].  The  range  of  frequency  of
the  inter-area  mode  is  less  than  1  Hz.  The  damping  of  this
type  of  oscillation  is  very  low.  Hence,  the  power  companies
are  concerned  about  the  secure  operation  of  the  systems.
Power system stabilizer  (PSS)  is  widely  used  as  a  local  con-
troller  to  provide  additional  damping  to  the  aforementioned
oscillation. However,  these local measurement based control-
lers are not appropriate to damp out the inter-area oscillations
due to the low modal observability. The inter-area modes are
spread  to  the  multiple  areas  in  the  power  system.  Hence,  a
wide area signal based controller is more effective to provide
the damping to inter-area oscillations [3].

H∞

The  recent  technologies  such  as  wide  area  measurement
system (WAMS) and phasor measurement unit (PMU) provide
dynamic information about wide area signal and make it easier
to transmit the wide area signal to the control site [4], [5]. Fast
and  reliable  communication  systems  are  necessary  for  wide
area signal transmission. Even though the wide area signal gives
accurate  dynamic  behavior  of  the  system,  but  some
communication problems, e.g., communication failure and time
delay  are  associated  with  the  transmission  of  the  same.  The
communication delay may vary from 0.5 s to 1.0 s for wide area
signal  transmission  [6],  [7].  The  variation  of  the  time  delay
depends on the distance of communication line, the bandwidth
of  the  communication  channel  and  other  communication
factors.  Due  to  the  negative  effect  of  the  time  delay,  the
controller  performances  may  be  degraded,  as  a  result,  the
damping of the oscillation may be reduced even the system may
be unstable. So, it is necessary to compensate the time delay at
the design stage of the controller. A number of research works
have been proposed to compensate the effect of the time delay
[8], [9]. Pade approximation is one of the most conventional and
widely used methods for modeling time delay [10], [11]. The
effect of the order of Pade approximation on the damping of the
inter-area modes is discussed in [8]. Choice of optimal order is
required  for  Pade  approximation  to  compensate  the  effect  of
delay  properly.  Unified  Smith  predictor  (USP)  based  robust

 controller  is  designed  for  a  plant  with  dead  time  [6]  the
controller provided satisfactory damping up to 1 s delay in the
wide  area  signal.  Several  design  approaches  have  been
proposed in [6], [12], [13] for compensation the delay effect.

Due  to  communication  failure,  The  wide  area  signal
transmission  is  affected  which  leads  to  deterioration  of
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damping performance of  the controller.  To resolve the above
issue,  suitable  controller  needs  to  be  designed.  A  controller
has  been  proposed  in  [14]  in  the  cyber-physical  system
framework  to  secure  the  system  from  cyber  attack  and  to
improve  the  resiliency  of  the  power  system.  Recently  a  goal
representation  heuristic  dynamic  programming  (GrHDP)
based  WADC  is  proposed  to  address  the  issue  of  the
communication  failure  in  [15],  [16].  Further,  to  handle  the
situation  in  which  an  actuator  fails,  a  multi-objective /
based  fault  tolerant  controller  is  proposed  in  [17]  which
provides  a  virtual  actuator  between  the  plant  and  controller.
Sensor  fault  tolerant  controller  design  approach  has  been
proposed  in  [18],  [19]  to  handle  the  communication  failure.
Recently  a  genetic  algorithm  based  fixed  order  wide-area
damping  controller  is  proposed  in  [20]  to  handle  the
uncertainty and communication failure.

Also a number of solutions are proposed to address the issue
of communication failure of the remote signal by using a local
area signal as a backup feedback. A two level (centralized and
decentralized)  controller  schemes  is  proposed  in  [4]  by
employing local and wide area signal respectively, where time
delay  in  the  wide  area  signal  is  compensated.  It  is  shown  in
the  above  work  that  if  the  wide  area  signal  is  lost  then  local
area based decentralized controller stabilizes the system. One
local  and  one  wide-area  signals  are  employed  to  design  a
resilient controller in [11]. But the damping performance may
be  degraded  as  only  the  local  signal  is  available  when  wide-
area signal is lost [15], [21]. Hence, it is a challenging task to
provide  the  required  level  of  damping  performance  by  the
local  signals  following  loss  of  wide-area  signal.  Hence,  it  is
the beneficial to employ multiple wide-area signals to improve
the  controller  resiliency  during  communication  failure.
Several established methods use multiple wide-area signals as
feedback to design the controllers [3], [22], [23]. But very few
of  them  use  multiple  wide-area  signals  to  handle  the
communication failure in power systems.

H∞
H∞

H∞

In view of the above, this paper presents a new approach to
improve  the  controller  resiliency  (recovering  the  controller
performances after the communication failure) by designing a
DISO  controller. It employs two wide area signals with the
highest observability rank. The DISO  controller comprises
of two different single input single output (SISO) controllers. In
a  typical  communication,  both  of  the  SISO  controllers  work
simultaneously  and provide  adequate  damping to  the  system.
Unfortunately, if one of the wide area signals is lost, the DISO
controller becomes a SISO controller,  which utilizes the next
highest observability ranking wide area signal and provides the
damping to the system for stabilization. In this work, the time
delay is considered in the wide area signals and the system is
treated  as  a  dead-time  system.  We  propose  a  USP  approach
based  controller to handle the time delay.

The contributions of this paper are as follows:
H∞

H∞

H∞

1)  We  propose  a  DISO  controller  to  improve  the
controller resiliency by employing two wide area signals with
highest  observability  factor.  In  an  usual  communication
scenario,  the  DISO  controller  uses  both  signals  and
provide  excellent  damping.  When  the  highest  obsevabality
rank wide-area signal is lost, the DISO  controller becomes

a  SISO  controller  and  continues  to  provide  the  sufficient
damping.  Geometric  measures  of  controllability  and
observability  are  successfully  used  to  choose  the  two  most
efficient measurements signals and location of the controller.

H∞2)  USP  approach  is  successfully  applied  to  design  a 
controller with additional pole placement constraints to handle
a range of time delay variation in the power system.

3)  A  comparison  study  is  carried  out  with  a  conventional
delay compensation technique given in [11]. The performance
of the proposed controller is found to better than the later with
higher delay range.

4)  The  performance  of  the  proposed  controller  is  also
verified on a larger complex power system.

H∞

The  rest  of  the  paper  is  organized  as  follows.  Section  II
describes  the  design  of  controller  resiliency  for  a
communication  failure.  Formulation  of  unified  Smith
predictor  for  a  time  delay  system is  presented  in  Section  III.
Mixed  sensitivity  based  controller  procedure  is  briefly
discussed in Section IV. Sections V and VI present simulation
results  obtained  by  using  the  resilient  controller  to  the
Kundur’s  two  area  system  and  IEEE-39  bus  test  systems.
Finally, conclusions are drawn in Section VII.

II.  Controller Resiliency for Communication Failure

E1
E2 E2
(K2)

E1
E1

K1
E1

H∞

In this section, controller resiliency is built up by using two
most  efficient  signals  with  the  highest  observability  factors
with  respect  to  the  most  critical  mode.  When  the  most
effective  signal  become  unavailable  due  to  any
communication failure, the designed DISO controller acts as a
SISO controller and provides damping to the system by using
an  alternative  control  input  (next  to  the  highest  effective
signal).  Here  the  most  effective  signal  that  has  the  highest
observability factor for most critical mode is referred to as 
and next highest effective signal is referred as . At first, 
is  used  to  develop  a  supplementary  controller ,  which  is
effective in the situation of communication failure.  has the
highest observability so, if we design a controller by using ,
it gives better damping performance. So, the controller ( ) is
designed  by  using  signal  considering  a  delay.  At  normal
condition,  both  the  controllers  work  simultaneously  to
improve  the  damping  of  the  critical  modes.  To  realize  the
problem, a DISO  controller is presented here for a single
input dual output (SIDO) plant as shown in Fig. 1.
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H∞Fig. 1.     General  control structure.

 

A.  Dual Input Single Output (DISO) Controller Concept for
Single-Input Dual-Output (SIDO) Plant

The  resilient  controller  can  be  formulated  by  adding  an
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additional signal  as feedback for the controller as shown in
Fig. 2, where  is the plant, K denotes controller,  defines as
input,  defines as performance output,  denotes as measured
output and  is the disturbance. The measured output  is used
as a feedback to the controller.
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Fig. 2.     DISO controller set up for SIDO plant.
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Referring  to Fig. 2,  if  the  performance  output  is  used  as
the  feedback  signal,  then  another  controller  can  be  designed
for  the  plant  by  using  the  signal .  So,  it  is  a  SIDO  system.
Now  the  plant  can  be  described  as  and  which
represents  as  SIDO  system.  and  are  the  transfer
function for different outputs of the same plants. To achieve a
good  disturbance  attenuation  performance,  the  norm  of
the transfer function from  to  should be minimized.

By  using  co-prime  factorization,  the  following  expression
can  be  obtained  to  design  the  DISO  controller.  The  DISO
controller  can  be  described  in  terms  of  SIDO  systems  [11],
[24]

K1 =
m

(1−nG2) (1−mG1)
(1)

K2 =
n

(1−nG2)
, n,m ∈ RH∞ (2)

n m
u y z

where  and  are the two independent or free parameters in-
volved in the transfer function matrix from  to  and .  The
transfer  function  of  the  SIDO plant  including  the  parameters
can be written as

Tz,d =G1 (1−nG2) (1−mG1) (3)

Tu2,d = nG2 (1−mG1) . (4)

B.  Communication Failure Situation on Controller Performances

E1
z E2 y

E1 z = 0

u1 = 0 u2
E1

It  is  always  not  possible  to  obtain  a  wide  area  signal  as  a
feedback  of  the  controller  due  to  communication  network
issues such as congestion of the communication medium and
limited  bandwidth  availability.  In  this  paper,  the  most
effective  wide  area  signal  ( )  is  considered  as  performance
output  and  is  taken  as  the  measured  output .  When
signal  is not available, i.e., , the SIDO system act as a
SISO system and DISO controller becomes a SISO controller,
here  but  is  still  present.  The  closed  loop  transfer
function  of  the  SISO  controller  (only  signal  is  available)
can be obtained as

T1zd =G1 (1−nG2) (5)

T1u2,d = nG2. (6)

E1
m

m
∥Tzd∥∞

∥∥∥Tu2,d
∥∥∥∞

∥G1 (1−nG2)∥∞ ∥nG2∥∞

K1
m

m

E2
E1 K2
E2 E1

K1 E1

K2
K1 m

E1
K2

It  is  observed  that  in  the  case  of  communication  failure  of
the wide area signal ( ), both of the transfer functions given
in  (5)  and  (6)  do  not  contain  the  free  parameter .  The
additional  free  parameter  helps  to  manipulate  the  transfer
function  and  also  helps  to  minimize .  But  in
this case, if  decreases then  increases.
So,  there  is  a  trade-off  between  the  performance  and  the
robustness.  If  we  design  another  controller ,  then  another
free parameter  is introduced and the trade-off becomes less
pronounced.  The  SISO  feedback  system  has  one  degree  of
freedom in the controller design that is difficult to achieve all
the desired goal. The parameter  in the SIDO system adds an
additional  dimension  for  loop  shaping.  In  DISO  controller
both of the signals are used as the feedback to get the desired
frequency shaped which is easier than the SISO controller. In
the communication failure, one signal is used as the feedback
of the controller, so the controller gets one degree of freedom.
Such condition is utilized to establish resilient control for the
system.  signal  is  always  accessible  even  when  the
feedback signal  is lost. So, at first, we design controller 
by  using  signal  to  stabilize  the  system.  But  signal  is
more effective to provide the better damping performance. So,
controller  is  designed  using  the  signal  for  the  updated
plant  as  shown in Fig. 3.  The  updated  plant  is  the  open-loop
plant  integrated  with  controller .  So,  by  adding  controller

, the free parameter  can be added and the resulting DISO
controller  can  fulfill  the  stability  and  robustness  issues.  But
unfortunately,  if  signal  is  lost  (communication  fail)  then
the controller  can stabilize the system.
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z
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Fig. 3.     Sequential controller design set up.
 

III.  Unified Smith Predictor Approach for
Time Delay System

K1

E1

The controller  is to be designed for the updated plant as
shown  in Fig. 3 to  compensate  the  effect  of  time  delay.  The
time  delay  is  considered  in  the  signal .  It  is  a  challenging
task  to  design  a  controller  such  time  delay  system  [25].  The
classical Smith predictor (CSP) is one of the widely used tools
to design a controller for the time-delayed system [26]. But it
is difficult to ensure the minimum damping for the closed loop
system  in  power  system.  Watanabe et  al.  [27]  proposed
modified  Smith  predictor  (MSP)  to  overcome  some
drawbacks  of  the  CSP.  But  due  to  some  numerical  problem
for  time  delay  system  with  fast  stable  eigen  value,  USP  has

 586 IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. 7, NO. 2, MARCH 2020



been proposed by Zhong and Weiss [28]. USP can overcome
the drawback of the CSP and MSP and it is an efficient tool to
design  a  controller  for  a  plant  with  low  damping  inter-area
modes.  The  USP  combines  the  features  of  SP  and  MSP  but
does not require huge matrix exponential computation.

Pd(s) P(s)e−sh

P(s) e−sh

h > 0

The updated plant as shown in Fig. 3 can be expressed as a
general  state  space  form.  The  updated  plant  with  the  time
delay can be expressed as  =  as shown in Fig. 4,
where  is the delay free augmented plant,  is the time
delay in the measurement output with a dead time . K is
the controller to be designed for the dead time system.
 

Ke−sh

z u

dy

P(s)

 
Fig. 4.     Plant layout with controller and time delay.
 

The  state  space  representation  of  the  generalized  reduced
order plant with the considered weights is given by

P(s) =

 A B1 B2

C1 D11 D12
C2 D21 D22

 =
[

P11 P12

P21 P22

]
. (7)

e−sh

In this case, the above mentioned reduced order plant is the
updated closed loop plant with the weights as shown in Fig. 3.
Now,  with  the  consideration  of  delay  in  the  wide  area
signal,  the  expression  of  the  plant  model  can  be  obtained  by
MSP as

Pd(s) =

 A eAhB1 B2
C1 D11 D12

C2e−Ah D21 D22

 . (8)

e−Ah

Ps Pu

The  presence  of  any  fast  eigen  value  in  yields  a
complicated  computation  leading  to  a  complex  numerical
problem.  But,  in  the  meantime,  the  above  computational
problem can be addressed by using USP [28]. This numerical
problem can be solved by splitting the delay free plant (P) into
a  stable  part  ( )  and  an  unstable  part  ( )  with  the  help  of
any  suitable  transformation  matrix.  After  the  transformation,
the delay free plant is given by

Pt
22(s) =

[
V−1AV V−1B2
C2V−1 0

]
=

 Au 0 Bu
0 As Bs

Cu Cs 0

 (9)

V

J V−1AV
V

J
Au

As

where the transformation matrix  can be obtained in such a
way that the system matrix A can be expressed as Jordan Ca-
nonical form  = . eig function available in MATLAB
can  be  used  to  obtain  the  transformation  matrix .  By  using
cdf2rdf function,  the  transformed matrix  is  converted from
complex diagonal form to real diagonal form.  is the critic-
al or unstable part of A and  is the stable or noncritical part
of A.  The  system  matrix A is  decomposed  by  splitting  the

Re(s) = α α < 0 α

Au λ Re(λ) > α
As

Pt
22 Pu Ps

complex  plane  along  vertical  line  with .  is
chosen as  the  maximum negative  real  part  of  poorly  damped
poles. Here,  are all the eigenvalues  of A with 
and  are  the  remaining  eigen  values  of A.  The  delay  free
augmented plant (9) can be expressed as in terms of stable and
unstable part, i.e.,  =  +  where

Ps(s) =
[

As Bs
Cs 0

]
(10)

and

Pu(s) =
[

Au Bu
Cu 0

]
. (11)

The predictor for the stable or noncritical part of the system
is considered as CSP

Zs(s) = Ps(s)−Ps(s)e−sh (12)
and MSP is considered for unstable or critical part of the pre-
dictor as

Zu(s) = paug
u (s)−Pu(s)e−sh (13)

where

Paug
u (s) =

[
Au Bu

Cue−Auh 0

]
. (14)

Pd(s)
Z = Zs+Zu

Now  the  USP  for  dead  time  plant  is  defined  as
.

The  expression  for  the  USP  in  terms  of  CSP  and  MSP  is
given by

Z(s) = Paug
22 (s)−Pt

22(s)e−sh (15)

Paug
22 Ps Paug

c Paug
22where  =  +  and a realization of is  is

Paug
22 =

[
A B2

C2Eh 0

]
=

[
A EhB2

C2 0

]
(16)

Ehwhere  is

Eh = V
[

e−auh 0
0 Is

]
V−1 (17)

Is As
EhA = AEh Paug

Paug

where  is an identity matrix with the same dimension of 
and  also .  Now,  the  augmented  plant  can  be
obtained  by  connecting  the  original  plant  with  the  USP  as
shown in Fig. 5. The expression of  is given by

Paug =

 P11(s) P12(s)e−sh

P21(s) Paug
22 (s)

 . (18)

 

e−sh
P(s)

K

Z(s)

z d

y

ym

yp

+

+

Paug(s)

 
Fig. 5.     Formulation of USP for time delay system.
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Paug
The  overall  expression  of  the  generalized  plant  can  be

formulated  from  to  design  the  controller  for  dead  time
plant is given in [28].

p̃=



A 0
0 As

E−1
h B1 B2[

0 eAsh− Is
]
V−1B1 0

C1 C1V

 0

Is


C2Eh 0

0 D12
D21 0


.

(19)
p̃

p̃ K1 = K(I−ZK)−1

After  formulation  of  the  generalized  plant  by  using  the
USP  approach  as  shown  in Fig. 5,  the  controller K is  to  be
designed to achieve the desired damping performance. Now, if
the  controller K is  enabled  to  provide  the  desired  damping
performance for the augmented plant , then 
can also compensate the time delay effect on the system.

H∞IV.    Controller Design

H∞

G(s) K(s) d
W1 W2

W1
W2

The  objective  is  to  minimize  the  disturbance  and  noise  of
the system. A sudden change of load, any fault in the system
are the causes of the disturbance in the power system. Both of
the  controllers  are  designed  with  the  help  mixed  sensitive
approach.  In  order  to  formulate  a  mix  sensitivity  control
problem, the plant  with the controller  configuration is  shown
in Fig. 6. Usually, it is a disturbance rejection problem set up,
where  is  the  plant,  and  is  the  controller  and 
defines  as  the  disturbance  of  the  plant.  and  are  the
weighting functions used to shape the open loop plant.  is
chosen as a low pass filter for disturbance rejection and  is
a high pass filter to reduce the control effort and increase the
robustness. To achieve the objective, a robust controller K has
to  be  designed  so  that,  the  infinity  norm  of  the  closed  loop
transfer  function  including  the  weighted  function  should  be
minimized [22], [29].
 

G(s)K(s)

d

+

up

yp

u

W1

W2

y

 
H∞Fig. 6.     Standard  control problem set up.

 
H∞The objective  of  the  mixed sensitivity  based  controller

can be expressed as

min
K∈S

∥∥∥∥∥∥ W1(s)G(s)S (s)
W2(s)T (s)

∥∥∥∥∥∥∞ < 1 (20)

S = 1/(1+GK)
T (s) = 1−S (s)

θ = 2cos−1(ζ)

where  is  the  sensitivity  transfer  function  and
 is the complementary sensitivity transfer func-

tion  of  the  closed  loop  system.  Time-domain  performance
such as settling time, overshoot can be achieved by placing all
the  closed  loop  poles  in  a  specified  linear  matrix  inequality
(LMI)  region as  shown in Fig. 7.  The conical  sector  of  inner
angle  is  chosen  to  ensure  a  minimum damping

ζ H∞ratio of .  The details construction procedure of the  con-
troller is given in [30], [31].
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Fig. 7.     LMI region for pole placement.
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In this paper, a DISO  controller is proposed in Section
II to build up the resiliency in order to handle the communication
failure. To achieve the controller resiliency,  and  should
be  designed  sequentially.  By  minimizing 
using  the  optimization  approach,  can  be
minimized.  At  first  controller  is  designed for  the  reduced
order  plant  by  solving  (20).  Then  the  controller  is
designed for the updated plant as shown in Fig. 3

The  following  steps  are  carried  out  to  design  the  proposed
resilient controller:

Step  1: Linearize  the  nonlinear  plant  and  determine  the
system modes.

G2Step 2: Reduce  the  order  of  to  suitable  order  for
flexibility and simplicity.

H∞ K2
E2

Step 3: Design  a  controller  using  LMI  Toolbox  by
using the wide signal .

K2Step 4: Determine  the  closed  loop  system  using .
Consider this closed loop plant as the new plant that has to be
stabilized.

E1

Step 5: Reduced the order of  new plant  with the wide area
signal .

Step 6: Formulate  the  generalized  plant  as  described  in
Section  III  using  the  reduced  order  plant  and  the  mixed-
sensitivity weights. Treat this plant as an updated plant.

H∞ K1Step 7: Design  again  a  controller  for  the  updated
plant.

Step 8: Reduce both controllers to suitable orders.
Step 9: Test both controllers on the real plant (full order).

V.  Case Study I

In  order  to  implement  the  proposed resilient  controller,  the
well-known Kundur’s two-area power system is considered as
shown  in Fig. 8.  The  system  consists  of  11  buses  and  4
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Fig. 8.     Single line diagram of 11 bus test system.
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generators. Two areas are connected by a weak tie-line. Each
area  consists  of  two  generators  and  generator  1  is  equipped
with local PSS. The system parameters are given in [1].

M1
M2 M3

0.6443 Hz/0.032 1.2682 Hz/0.2102
1.1859 Hz/0.1024

M1
M1

M2
M3 M2 M3

M2 M3

z
y

M1 P9−8 P7−8
P9−8 P7−8 E1

E2 P9−8 P7−8
9 8 7 8

z y G1 G2
G2 6th

The nonlinear system is linearized around an operating point
of  400  MW  power  transfer  from  Area-1  to  Area-2.  Modal
analysis  of  the  linearized  open-loop  system  is  performed.
From the modal analysis, three electromechanical modes ( ,

 and )  are  found.  The  frequency/damping  ratio  of  the
oscillations  are ,  and

 respectively.  From  the  mode  shape,  it  is
obtained that all the generators are involved in  mode. So,
mode  is  an  inter-area  mode.  generator  1  and  generator  2
participate  in  mode  and  generator  3  and  generator  4
participate  in  mode.  So,  and  are  the  local  modes.
As local PSS is connected with generator 1 so, the damping of
the  local  modes  is  relatively  high  than .  The
transmission  line  active  power  deviation  is  chosen  as  the
feedback signal  for  controller  design.  The  feedback signals 
and  are selected by a large value of observability factor with
respect to  mode.  and  are found to be the largest
observability  factor.  So,  and  are  chosen  as  and

 respectively.  and  are  the  active  power  flowing
through  the  line  connecting  buses  and ,  and 
respectively.  From  the  controllability  factor  analysis,
generator  4  is  selected  as  the  controller  location  [32].  After
selecting  and ,  and  can  be  determined.  The  higher
order  is  reduced  to  order  for  simplicity  by  balance
truncation  method  [29].  The  frequency  response  of  the  full
order  plant  and reduced order  plant  are shown in Fig. 9.  It  is
observed  from Fig. 9 that,  the  response  of  the  reduced  order
plant is almost identical to the full order plant.
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Fig. 9.     Singular value plot of original system and reduced order system.
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P7−8 W1 W2

K2 W1 = 0.5/(s+1.5)
W2 = 5s/(s+10)

Now, the supplementary controller  is to be designed by
using  the  signal  as  the  feedback  signal.  and  are
weighting  functions  for  reducing  the  control  effort  and
disturbance  rejection.  The  weighting  functions  to  design  the
controller  is  considered  as  and

.
H∞ K2

θ/2 81.372◦

8th 4th

Then,  controller  ( )  is  synthesized  using  pole
placement constraints by following the procedure discussed in
[22],  [30].  is  taken  that  to  defines  the  conical
sector  to  ensure  a  minimum  damping  ratio  of  0.15.  The
designed  order controller is further reduced to  order by
employing Hankel  model  reduction method for  incorporating

K2
P9−8

K1
W1 = 100/(s+100) W2 = 5s/(s+20)

H∞

K1
P9−8 θ/2 = 81.372◦

±0.05
H∞

K1 K2

into  the  original  nonlinear  system.  The  closed  loop  plant  is
obtained  by  incorporating  the  controller  into  the  system.
The  order  of  the  plant  is  reduced  using  signal .  The
weights  are  chosen  to  design  controller  as

 and .  Using  the  above
weights,  the  generalized  plant  is  formulated  according  to
Section  III.  control  problem  is  synthesized  again  with
regional  pole  placement  procedure  for  the  updated  plant  as
shown in 3. The controller  is designed considering 500 ms
delay in the wide area signal . A value of  is
taken  to  define  the  conical  sector  to  ensure  a  minimum
damping  ratio  of  0.15.  The  output  limit  of  the  controller  is

 to  avoid  the  interference  on  the  local  control.  The
designed  robust  controller  should  handle  the  variation  in
time  delay  in  a  certain  range.  The  outputs  of  the  two
controllers  (  and )  are  summed and fed to  the  generator
excitation system as a supplementary signal.

A.  Performance Evaluation and Simulation Result
K1

K2

E1 E2
E1

E1
E2 K2

M1 0.032
0.1696

K2 0.1537

To evaluate the performances of the two controllers  and
,  three  different  situations  are  considered  such  as  without

controller,  communication  failure  of  wide-area  signal  and
normal  communication.  At  normal  condition,  when  both  of
the  signals  and  are  present  and  time  delays  are
considered  in  the  remote  area  signal  ( ).  In  the
communication failure, remote area signal  is lost and only

 signal based controller  is present. Another condition is
considered when only PSSs are present in the system (without
controller).  At  normal  condition  (with  both  controllers),  the
damping of the inter-area mode ( ) is improved from 
to . Under communication failure condition (with only

),  the damping of the inter-area mode becomes .  To
verify  the  performance  of  the  designed  controllers,  nonlinear
simulation is carried out for 15 s. For the nonlinear simulation,
a pulse disturbance of magnitude of 0.05 pu is given after 1.0
s  simulation  at  generator  2  terminal  as  the  change  in  voltage
reference.  Different  values  of  time  delays,  i.e.,  500  ms,  750
ms, and 1.0 s are considered in the simulation stage to validate
the effectiveness of the designed controllers.

E1

The  speed  deviation  of  the  generator  2  and  generator  4  as
shown in Fig. 10 represents the inter-area mode. 500 ms time
delay  is  considered  in  signal  at  the  simulation.  It  is
observed  from Fig. 10 that,  when  there  is  no  communication
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∆ω24Fig. 10.      response for 500 ms transmission delay.
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E2

failure,  the  controllers  provide  sufficient  damping  and  the
inter-area  mode  is  settled  down  with  in  5–6  s.  In  case  of
communication  failure,  the  signal  based  controller
performs alone and brings the system stabilized with in 8 s.

M2

P7−8

The  speed  deviations  of  the  generator  3  and  generator  4
represent  the local  area modes ( ).  The performance of  the
controllers  can  be  observed  on  the  local  mode  from Fig. 11.
The  damping  is  improved  at  the  normal  condition  as  well  as
communication  failure  condition.  There  is  no  significant
change in the oscillation between normal and communication
failure condition. Active power deviation through tie line 
is  also  taken  as  a  monitoring  variable.  The  effect  of  the
controllers  on  the  active  power  deviation  is  presented  in
Fig. 12. The oscillations are damped out with in almost 5–7 s.
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P7−8Fig. 12.      response for 500 ms transmission delay.

 
Next, a 750 ms delay is considered in the simulation and the

performances  of  the  controllers  are  investigated.  From Figs.
13–15,  it  is  seen  that,  at  normal  communication,  the
controllers  act  simultaneously and provide adequate damping
to the system.

Figs. 16–18 show the performance of the controllers,  when
a  1.0  s  transmission  delay  is  considered.  It  is  observed  from
Figs. 16–18 that,  the  performance  of  the  controllers  is  very
slightly  degraded  at  normal  operation.  The  oscillation  of  the
inter-area mode is disappeared within 2–3 cycles of operation.
Thus,  it  is  observed  that  the  proposed  controller  exhibits
superior  damping  performance.  The  performance  of  the
controllers  on  the  local  modes  is  almost  identical  to  normal
condition and communication failure condition.
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∆ω24Fig. 13.      response for 750 ms transmission delay.
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∆ω34Fig. 14.      response for 750 ms transmission delay.
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P7−8Fig. 15.      response for 750 ms transmission delay.
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∆ω24Fig. 16.      response for 1.0 s transmission delay.
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∆ω34Fig. 17.      response for 1.0 s transmission delay.
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P7−8Fig. 18.      response for 1.0 s transmission delay.
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Fig. 19 shows  that  the  response  of  under  normal
condition when delay is  considered in both wide area signals
(  nad ).  It  is  shown  from Fig. 19 that  the  damping
reduces slightly when 500 ms delay is considered in both wide
area signals but still the oscillations are died out within 10 s.
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∆ω24Fig. 19.      at nominal communication with 500 ms delay.
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Next,  a  comparison  study  is  carried  out  with  the  existing
method  given  in  [11],  where  time  delay  is  modeled  with
second  order  Pade  approximation  and  based  on  integrated
model  (open  loop  plant  and  approximate  model),  a 
controller  is  designed.  Here,  the  controller  is  the  same  as
previously  used.  The  time  delay  is  modeled  with  order
Pade  approximation  [11].  An  augmented  plant  is  formulated
with  the  new  plant  described  in  Step  5  and  the  order
delay.  A  conic  sector  is  taken  to  ensure  a
minimum  damping  ratio  of  0.15.  Then  controller  is
designed  for  augmented  plant  considering  500  ms  delay.
Fig. 20 shows that both the controllers (proposed and existing)
provide sufficient damping to the system when 500 ms delay

E1is considered in  signal. But it is observed from Fig. 21, that
with  750  ms  delay,  the  proposed  controller  gives  a  better
response than the existing one. The settling time of the inter-
area  oscillation  is  lesser  for  the  proposed  controller  than  the
existing one.
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Fig. 20.      response with USP based controller and existing method
based controller under 500 ms delay in  signal.
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Fig. 21.      response with USP based controller and existing method
based controller under 750 ms delay in  signal.
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It  is  also observed from Fig. 22 that  when 500 ms delay is
considered  in  both  signals  (  and ),  the  system  remains
stable and inter-area oscillation is damped out within 10 s with
the USP based controller, the system becomes unstable for the
controller designed using the method [11].
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Fig. 22.      response with USP based controller and existing method
based controller under 500 ms delay in both (  and ) signals.
 

VI.  Case Study II

To  verify  the  performance  of  the  proposed  controller,  we
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0.623 Hz 0.07 0.96 Hz 0.069 1.049 Hz 0.071

next consider a more complex system, i.e., 10-machine 39-bus
test system as shown in Fig. 23. All the system parameters and
local PSSs data as in [33], [34]. Generator 1 to generator 9 are
equipped  with  local  PSSs.  From  the  model  analysis  of  the
open  loop  system,  three  inter  area-modes  are  found.  The
frequency/damping  ratio  of  the  three  inter-area  modes  are
found  as / , /  and /
respectively.  The  second and  third  modes  have  low damping
but  high  frequency  compared  to  the  first  mode.  The  settling
time  of  the  second  and  third  mode  is  almost  10 s  to  12  s.
Hence, no damping controller is required for those two modes.
So,  our  prime concern is  to  improve the damping of  the first
inter-area mode.
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Fig. 23.     Single line diagram of 10–machine 39-bus system.
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P12−13 P3−18

The deviation of the active power flow through the tie line
is  considered  as  the  feedback  signal  for  the  controllers.
Geometrical controllability and observability are measured for
selecting the most appropriate signals and controller location.
By controllability and observability factor analysis,  and

 are chosen as  and  respectively and generator 4 is
chosen as the controller location [32].  and  are the
active  power  flowing  through  the  line  connecting  buses  12
and 13, 3 and 18, respectively.

96th G2 6th

K2 P3−18
W1 W2

K2
W1 = 10/(s+10) W2 = s/(s+10) H∞ K2

θ/2 = 81.372◦

4th

K2
K1

The  order  plant  is  reduced  to  order  for
simplicity  by  using  the  balance  truncation  method.  The
frequency  response  of  the  full  order  plant  and  reduced  order
plant are shown in Fig. 24. The response of the reduced order
plant  is  almost  identical  to  the  full  order  plant.  At  first,
controller  is  designed  by  using  the  signal  as  the
feedback  signal.  and  are  the  weighting  functions  to
reduce  the  disturbance  and  control  effort.  The  weighting
functions  for  designing  the  controller  are  chosen  as

, .  The  controller  ( )  is
synthesized  using  MATLAB  with  using  additional  pole
placement  constraint.  A  value  of  is  taken  to
define the conical  sector to ensure a minimum damping ratio
of  0.15.  The higher  order  controller  is  further  reduced to 
order  by  Hankel  model  reduction  approach  for  incorporating
into  the  original  nonlinear  system.  After  incorporating  the
controller  into  the  system,  the  generalized  plant  was
formulated  using  USP  approach  to  design  the  controller .

W1 = 100/(s+100)
W2 = 0.2s/(s+0.2) θ/2 = 79.922◦
The weighting functions are chosen as  and

.  A  value  of  is  taken  to
ensure the minimum damping ratio of 0.175.
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G2Fig. 24.     Singular value plot of .
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±0.05
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Subsequently, a  controller is synthesized for the updated
plant as shown in 3. The controller  is designed considering
500 ms delay in the wide area signal . The output limit
of the controller is  to avoid the interference on the local
control.  The  output  of  the  two  controllers  (  and )  are
summed up and fed to the excitation system of generator 4 as
a supplementary signal.

A.  Performance Evaluation and Simulation Result

0.07 0.1763
K2

0.07 0.1541

It  is  observed from the  modal  analysis  that,  when both  the
controllers  act  simultaneously,  the  damping  of  the  critical
inter mode is significantly increased from  to . For
communication  failure  condition,  the  controller  can
stabilize the system and improves the damping of critical inter
area mode from  to .

E1

E2

For  the  nonlinear  time  domain  performance  of  the
controllers, a 0.2 s pulse disturbance of magnitude of 0.05 pu
is  given  at  generator  4  terminal  as  the  change  in  voltage
reference.  Different  values  of  time  delays  (500  ms,  750  ms,
and  1  s)  are  considered  in  simulation.  The  speed  deviation
between  generator  4  and  generator  10  represents  response
corresponding to the critical inter-area mode of the system. At
normal  condition,  when  500  ms  delay  is  considered  in 
signal, Fig. 25 shows  that  both  the  controllers  provide
sufficient  damping  and  the  inter-area  mode  settles  down
within  6–7  s.  In  the  event  of  communication  failure,  the 
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∆ω4,10Fig. 25.      response for 500 ms transmission delay at normal commu-

nication.
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signal  based  controller  performs  alone  and  still  helps  the
system  to  be  stabilized. Figs. 26 and 27 show  the
performances  of  the  controllers  when  750  ms  and  1.0  s
transmission delay is considered respectively. The controllers
still  settle  down  the  oscillations  within  10  s.  Thus  it  is  clear
that  the  controllers  provide  excellent  performance  for  a  wide
range of delay variation.
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∆ω4,10Fig. 26.      response for 750 ms transmission delay at normal commu-

nication.
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∆ω4,10Fig. 27.      response for 1.0 s transmission delay at normal communica-

tion.
 

Figs. 28 and 29 show  the  responses  for  the  local-area
modes,  when  500  ms  and  1.0  s  delay  are  considered,
respectively. In case of local mode, Figs. 28 and 29 show that
the  controllers  are  performed  well  for  500  ms  delay  but
performances degrade significantly for 1.0 s delay.
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∆ω45Fig. 28.      response for 500 ms transmission delay at normal communic-
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The effect  of  the  time delay  is  also  evaluated  in  the  active
power  flow  in  the  tie-line. Figs. 30 and 31 show  the  active
power  deviation  response  of  when  500  ms  and  1.0  s
delay is  considered.  It  is  observed from Figs. 30 and 31 that,
the  oscillations  are  settled  within  1.0  s  when  both  the
controllers act simultaneously.
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P3−18Fig. 30.      response for 500 ms transmission delay at normal commu-

nication.
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P3−18Fig. 31.      response for 1.0 s transmission delay at normal communica-

tion.
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The response of the  under normal condition is shown
in Fig. 32 when 500 ms delay is considered in both wide area
signals (  and ).  It  is  seen from Fig. 32 that  the designed
controller provides sufficient damping to inter area oscillation
to settle down within 10 s.

Here,  also  a  comparison  study  is  a  carried  out  with  the
existing method [11]  the  same as  earlier.  It  is  observed from
Fig. 33 that  both  of  the  controllers  are  able  to  provide
adequate  damping  to  the  system  when  500  ms  delay  is
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E1considered in  signal. But when 750 ms delay is considered,
it  can be seen from Fig. 34 that  the performance is  better  for
USP based controller.
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Fig. 33.      response with USP based controller and existing method
based controller under 500 ms delay in  signal.
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It is also shown in Fig. 35 that when there is a 500 ms delay
in  both  signals  (  and ),  the  USP  based  controller  can
stabilize  the  system  within  10–12  s,  whereas  when  the
controller  reported  in  [11]  is  applied  the  system  becomes
unstable.

VII.  Conclusion

H∞

H∞

In this paper, a  based DISO controller is designed with
additional  pole  placement  constraint  to  improve  the  control
resiliency  to  communication  failure  of  the  wide  area  signal.
The  designed  controller  uses  the  two  highest  observability
measures  stabilizing  wide  area  signals.  The  proposed  DISO

 controller provides adequate damping at normal condition.

H∞

H∞

The DISO  controller act as a SISO controller that uses the
next  to  the  height  measures  observability  signal  when  the
highest  ranking  wide  signal  is  lost.  Hence,  the  system  is
stabilized and the SISO controller provides sufficient damping
to  damp  out  the  oscillation.  The  USP  approach  has  been
successfully  applied  to  design  a  controller  to  counteract
the time delay effect. The proposed controller is verified using
frequency domain and time domain analysis for two different
case studies, e.g., Kundur’s two-area system and IEEE-39 bus
test  system.  The  proposed  controller  exhibits  satisfactory
damping performance despite there is  an increase in the time
delay.
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APPENDIX

The state space representation of controller K1 of 2-area system is

KA =



−4.2731 −5.7873 1.4648 −0.3773 0.2602 3.9582 −21.2353
5.6277 −4.4524 −0.3504 −0.0750 0.0252 0.5044 −2.7153
−1.6511 2.9337 −0.8759 −0.1800 0.2075 3.6506 −19.5414
16.0672 −1.1932 −2.8988 −0.0695 −0.9771 −50.9027 271.5696
20.3514 −4.2751 −2.4663 −0.3973 −0.4301 82.2554 −438.9311
0.9234 −0.2644 −0.0581 0.0733 −0.1330 −6.8986 31.9034
4.9189 −1.6396 −0.2177 0.2745 −0.4765 −30.8921 −269.0447
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Fig. 34.      response with USP based controller and existing method
based controller under 750 ms delay in  signal.
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Fig. 35.      response with USP based controller and existing method
based controller under 500 ms delay in both (  and ) signals.
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KB =
[
−0.0730 0.1526 −0.5216 −13.5510 −15.4228 −0.6739 −3.4162

]T
KC =

[
−0.0011 −0.0013 −0.0109 0.0112 −0.0103 −0.1354 0.7265

]
KD = 0.

The state space representation of controller K1 of 39 bus power system is

KA = 106×



−0.0918 0.0404 0.0454 −0.0012 −0.0009 −0.6886 −0.0011 0.0026 0.0046 −0.1820
0.0365 −0.0161 −0.0181 0.0005 0.0004 0.2739 0.0004 −0.0010 −0.0018 0.0724
−0.0286 0.0126 0.0142 −0.0004 −0.0003 −0.2151 −0.0004 0.0008 0.0014 −0.0569
0.0577 −0.0254 −0.0285 0.0008 0.0006 0.4329 0.0007 −0.0016 −0.0029 0.1144
0.0020 −0.0009 −0.0010 0.0000 0.0000 0.0148 0.0000 −0.0001 −0.0001 0.0039
−0.4478 0.1971 0.2215 −0.0059 −0.0044 −3.3608 −0.0055 0.0125 0.0223 −0.8882
0.0002 −0.0001 −0.0001 0.0000 −0.0000 0.0011 0.0000 −0.0000 −0.0000 0.0004
0.0006 −0.0002 −0.0003 −0.0001 0.0000 0.0043 0.0000 −0.0000 −0.0000 0.0009
0.0003 −0.0002 −0.0003 −0.0001 0.0000 0.0027 0.0000 −0.0000 −0.0000 0.0009
−0.0215 0.0092 0.0055 −0.0058 0.0013 −0.1525 −0.0002 0.0005 0.0007 −0.0529


KB = 103×

[
−0.0008 0.0003 −0.0007 0.0008 0.0002 −0.0081 −0.0091 0.0309 0.0643 2.7945

]T
KC = 104×

[
1.2229 −0.5382 −0.6047 0.0160 0.0120 9.1774 0.0150 −0.0342 −0.0608 2.4256

]
KD = 0.
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