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Abstract—To suppress inter-area oscillations and enhance
small-signal stability of power systems, wide-area damping con-
trollers (WADC) have been used by utilising wide-area sig-
nals with high observabilities to inter-area modes. However,
the requirement of the wide-area signal makes communication
systems involved in the control loops of the power systems
and therefore, the damping performance of the conventional
WADC suffers from time-delay, data dropout and cyber-attacks.
This paper proposes a local signal based inter-area damping
controller (LSIADC) to suppress inter-area oscillation without
using wide-area signals. The LSIADC extracts a signal with high
observability to the inter-area mode from the local signal by
dynamic state estimation (DSE) technique and the control signal
is obtained by adding a proper phase shift to the extracted signal.
The simulation results show that the proposed controller can
effectively suppress inter-area oscillation using the local signal
only.

Index Terms—Power system stability, inter-area oscillation
damping, dynamic states estimation, extended Kalman filter

I. INTRODUCTION

Inter-area oscillation is one of the major stability concerns
of nowadays large-scale power systems because of the long
transmission distance between the generation site and the load
centre, as well as the tension of operating the power system
closed to its operating margin for a maximum revenue under a
competing market environment [1]. Inter-area oscillations can
be damped by power system stabilisers (PSS) for synchronous
generators and supplementary damping controllers (SDC) for
flexible alternating current transmission (FACT) devices [2].
Due to the lack of observability from the local measurements
to the inter-area modes, those local signal based controllers
may not provide sufficient damping to the inter-area oscilla-
tion modes. With the development of wide-area measurement
systems (WAMS) based on synchronised phasor measurement
units (PMU) and communication network, the remote signals
with direct representation of the oscillation modes have been
applied to design wide-area damping controllers (WADC) to
damp inter-area oscillations [1], [3], [4], [5], [6].

Despite WADC providing better performance on suppress-
ing inter-area oscillation, the remote signal based controllers
involve the communication system in the control loop and
introduce several impacts degrading the dynamic performance,
including time delay, data packets’ mis-order, drop-out, and the
worst-case such as loss of remote signal caused by physical
failure of communication networks and faked remote signal
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from malicious cyber-attacks. Lots of research have been done
in the stability analysis and controller synthesis of the WADC
considering the impact of time delay and the data packet
drop-out of the remote signal [7], [8]. Recently, increased
efforts have been proposed to detect and mitigate the negative
impact of signal loss and faked signal in the design stage
of the WADC, mainly using the following three categories
of methods, i.e., robust method [8], redundant remote signals
based methods[9], and signal reconstruction based methods
[10].

In [8], a controller based on robust method using both
the local and remote signal as the feedback inputs under the
healthy communication networks is proposed to deal with the
loss of remote signal as parts of uncertainties. Redundant
remote signals are used by the controller in [9] to replace
the lost or faulty remote signal after the communication fault
or cyber-attack is detected. Besides, the fault or faked signals
can be replaced via signal reconstruction by model-based state
estimation method [10], in which the dynamic state estimation
(DSE) technique is used to reconstruct the signal and a DSE-
based WADC to enhance the damping performance of power
systems considering communication fault. This approach uses
a forecasting-aided state estimation (FASE) to obtain the
control signal of the SDC on a static var compensator (SVC),
then, the FASE-WADC can enhance the damping performance.

DSE has been used for enhancing the performance of
control systems of power systems and improving the reliability
of power systems and the dynamic states obtained from DSE
enables the design of effective wide-area controllers [11],
[12], [13]. Besides, DSE based control approaches have been
proposed for better control and online monitoring of power
system by using estimation of wide-area dynamic states [14],
wide-area signal [10] and recovering missing data [15]. In
this paper, a local signal based inter-area damping controller
(LSIADC) is proposed to suppress inter-area oscillation using
local signal via DSE technique. In [16], the DSE has been used
for the detection of inter-area oscillations using an extended
Kalman filter (EKF). However, [16] focus on the monitoring
the frequency and damping of the oscillation while other
estimation results are ignored. This paper uses all estimation
results in a continuous EKF to represent an oscillation signal.
This oscillation signal is extracted from a local signal and
has high observability to the inter-area mode. By a further
transformation, the extracted signal can be expressed as the
projection of an estimated phasor which is proved to be same
as the phasor in [17], [18]. Thus, the control signal can
be obtained by adding a proper phase shift to the extracted



signal. Different from the existing method [18], this paper
uses the model-based residue method to calculate the proper
phase shift. Compared to the existing DSE based approaches,
the proposed LSIADC release the requirement of wide-area
signal to suppress inter-area oscillation while LSIADC has
a similar control performance and control effort. Therefore,
the LSIADC will not suffer from time-delay, packet loss and
cyber-attack.

The main contributions of this paper can be summarised as:
• This paper proposes a damping controller using the local

signal only. The proposed controller can suppress the
inter-area oscillation effectively without interference from
time delay, packet loss and cyber-attack.

• This controller separates the inter-area modes from the
local signal using a continuous EKF. The extracted oscil-
lation signal can be used to suppress inter-area oscillation
after compensating a phase shift.

• Based on the direct representation of inter-area mode us-
ing local signal, the optimal phase shift for the proposed
LSIADC can be determined by the model-based residue
method.

The rest of this paper is organised as followed: In Section
II, the scheme and the algorithm of the proposed controller
are presented. The case studies based on New England 10-
machine 39-bus power system will be carried out in Section
III. The conclusions are given in Section IV.

II. THE SCHEME OF THE LOCAL SIGNAL BASED
INTER-AREA DAMPING CONTROLLER

In this section, the overall scheme of the LSIADC will
be illustrated. The scheme of the conventional WADC (C-
WADC) is shown in Fig.1(a), which utilise a remote signal
as the feedback. Different from the C-WADC, the proposed
controller utilises the active power of the local generator as
input and the control signal is fed into the AVR of local
generator as shown in Fig.1(b).

The structures of the C-WADC and the proposed LSIADC
are given in Fig.1(c) and Fig.1(d), respectively, and the block
diagram of the proposed LSIADC is given in the 2. The C-
WADC is composed of a gain block, a washout filter and
lead-lag blocks to compensate the phase of feedback signal
[7]. The proposed LSIADC is composed of a gain block, a
Kalman filter and lead-lag blocks. The Kalman filter is used
to extract the oscillation signal from the local signal (the active
power of the local generator), as shown in the left part of the 2.
The control signal can be obtained by compensating a proper
phase shift to the extracted oscillation signal by the lead-lag
blocks, as shown in the right part of the 2.

A. Expressing the oscillation by exponentially damped signals

This section will introduce how to present the oscillatory
signal as an exponentially damped sinusoidal signal. For a
linear system,

ẋ = Ax+Bu (1)
y = Cx (2)

(a) The generator equipped with a
C-WADC.

(b) The generator equipped with a
LSIADC

(c) The structure of the C-WADC.

(d) The structure of the LSIADC.

Fig. 1. Comparison of the C-WADC and LSIADC.

Fig. 2. The block diagram of the proposed LSIADC.

where x, y, u are the system state, the measurement and the
input, respectively. A,B,C are the system matrix, input matrix
and the measurement matrix, respectively. According to modal
analysis theory, the measurement can be expressed as the sum
of N oscillation modes of the system [2].

y(t) = C

N∑
i=1

Vizi(0)e
λit (3)

where Vi is the ith row of the left eigenvector of the matrix
A, zi(0) is the initial value of ith oscillation mode, λi is the
eigenvalue of the ith mode. In Eq.(3), letting

λi = σi + jωi (4)
CVizi(0) = ai + jbi (5)

where σi, ωi are the damping and the frequency of the ith

mode, respectively. The oscillation modes appear as complex
conjugate pairs and denote that the ith mode and the (i+1)th

mode are conjugated. Then the contribution from ith and (i+
1)th modes to the measured oscillation signal is

yi(t) = (ai − jbi)e
(σi−jωi)t + (ai + jbi)e

(σi+jωi)t

= 2aeσit cos(ωit)− 2beσit sin(ωit) (6)
= Aie

σit[cosϕi cos(ωit)− sinϕi sin(ωit)] (7)
= Aie

σit cos(ωit+ ϕi) (8)

Where Ai = 2
√

a2i + b2i and tan(ϕi) = bi/ai. The coeffi-
cients of this exponentially damped signal (EDS), i.e. a and b



depend on the system model (C, V and λ) and the initial state
of the oscillation mode z(0). Based on Eq.(7), the space-space
model of the signal will be built and the transformation to
the phasor representing the inter-area oscillation is based on
Eq.(6).

B. Extracting the oscillation signal from the local signal

Secondly, the DSE approach for extracting the oscillation
signal associated to inter-area modes using continuous EKF
is introduced. The Kalman filter is an optimal estimator to
estimate the system state that minimises the mean square of
the estimation error in the presence of white noise using the
nonlinear signal model and the signal measurements. Define
4N state variables of the signal as

xEKF
4i−3 = Aie

σit cos(ωit) (9)

xEKF
4i−2 = Aie

σit sin(ωit) (10)

xEKF
4i−1 = ωi (11)

xEKF
4i−0 = σi (12)

The system function can be expressed as

˙̂xEKF
4i−3 = Aiσie

σit cos(ωit)−Aiωie
σit sin(ωit) + w1

= xEKF
4i−0 x

EKF
4i−3 − xEKF

4i−1 x
EKF
4i−2 + w1 (13)

˙̂xEKF
4i−2 = Aiσie

σitsin(ωit) +Aiωie
σitcos(ωit) + w2

= xEKF
4i−2 x

EKF
4i−0 − xEKF

4i−3 x
EKF
4i−1 + w2 (14)

˙̂xEKF
4i−1 = w3 (15)
˙̂xEKF
4i−0 = w4 (16)

According to Eq.(7), the measurement function can be ex-
pressed as:

y =

n∑
i=1

{cos(ϕi)x
EKF
4i−3 − sin(ϕi)x

EKF
4i−2 + v} (17)

The x̂EKF
4i−3 and x̂EKF

4i−2 are in-phase and quadrature components
of the signal, respectively; The x̂EKF

4i−1 and x̂EKF
4i−0 are the

frequency and damping factor of the ith oscillation mode,
respectively; w and v are process noise and measurement
noise, respectively. The noises are uncorrelated zero-mean
white noises and satisfy E[wwT ] = Q and E[vvT ] = R.
Note that the update of x̂EKF

4i−1 and x̂EKF
4i−0 are based on the

noise matrix Q. Consider the nonlinear system described in
Eq.(9)-(17),

˙̂xEKF = f(x̂EKF ) + w (18)

y = h(x̂EKF ) + v (19)

where f(·) and h(·) are the nonlinear system function and
measurement function, respectively. Then, the continuous EKF
can be expressed as

˙̂xEKF = f(x̂EKF , u, t) +K
[
y − h(x̂EKF , t)

]
(20)

K = PHT (R)−1 (21)

Ṗ = FP + PFT +Q− PHT (R)−1HP (22)

where K is the Kalman gain matrix at time k, F and H are
the Jacobin matrices of system function f and measurement
function h, respectively, which can be computed by Fk−1 =
∂f
∂x

∣∣∣
x=x̂(t)

, Hk = ∂h
∂x

∣∣
x=x̂(t)

. Then, considering n modes of

the system, the system function and measurement function are

f(x) =


M1

...
Mi

...
MN

 , where Mi =


˙̂xEKF
4i−3
˙̂xEKF
4i−2
˙̂xEKF
4i−1
˙̂xEKF
4i−0

 (23)

h(x̂EKF ) = Hx̂EKF (24)

H =
[
k1 k2 0 0 ... k2N−1 k2N 0 0

]
(25)

where k2i−1 = cos(ϕi) and K2i = −sin(ϕi). Then, the
extracted oscillation signal is the ith term of Eq.(17) and it
can be express as:

yi = hi(x̂
EKF ) = cos(ϕi)x

EKF
4i−3 − sin(ϕi)x

EKF
4i−2 (26)

As shown by Eq.(13) - Eq.(16) and Eq.(25), the EKF is
designed to estimate the parameters of n dominated modes
from the local signal separately and the Eq.(26) is the critical
mode among n modes.

C. Suppressing the inter-area oscillation using the extracted
signal

Thirdly, how to suppress the inter-area oscillation using
the extracted oscillation signal will be demonstrated. The two
terms in Eq.(26) can be treated as d/q components of a phasor,
then yi is the real part of this phasor. Using the extracted
phasor to suppress inter-area oscillation has been introduced
and commercialised by ABB [17]. The oscillation signal being
expressed as a sum of EDS can be re-written in a phasor form
[18]:

y(t) = yav(t) +Real

n∑
i=1

{y⃗iejωit} (27)

where yav is the average part of the signal y(t), y⃗i is a
phasor that represents the ith oscillation in a coordinate system
rotating with angular frequency ωi. The real part of the ith

phasor can be expressed as the following equation based on
the transformation based on Eq.(6)-Eq.(8).

Real{y⃗iejωit} = yd(t) cosωt− yq(t) sinωt (28)
= 2aie

σit cos(ωit)− 2bie
σit sin(ωit) (29)

= cos(ϕi)x̂
EKF
4i−3 − sin(ϕi)x̂

EKF
4i−2 (30)

Then according to [17], [18], the control signal can be obtained
by applying a proper phase shift and gain to the phasor y⃗i.[

u(t)
\

]
= K

[
cosβ −sinβ
sinβ cosβ

] [
cosϕi −sinϕi

sinϕi cosϕi

] [
x̂EKF
4i−3

x̂EKF
4i−2

]
(31)

where β is the phase shift for suppressing the inter-area
oscillation.



Fig. 3. The New England 10-machine 39-bus power system equipped with
the proposed LSIADC.

TABLE I
THE INTER-AREA OSCILLATION MODES ACCORDING TO THE

SMALL-SIGNAL STABILITY ANALYSIS.

f σ Dominant Generator
Mode 1 1.054 0.03 G1 vs all
Mode 2 1.005 0.04 (4,5,6,7) vs (2,3) vs (8,9,10)
Mode 3 0.657 0.04 (2,3) vs (8,9,10)

D. Determining the phase shift

The phase shift β can be determined using the model-based
residue method [1]. The kth output is selected as the extracted
oscillation signal yi(t) = cos(ϕi)x̂

EKF
4i−3 − sin(ϕi)x̂

EKF
4i−2 . The

jth input is selected as the voltage fed into the excitation
system of the local generator. The ith mode is the critical
inter-area oscillation mode. If the residue Rijk obtained from
the linearization analysis is associated to the kth output, jth

input and ith mode, and the transfer function of the lead-lag
blocks is KHi(s), then the lead-lag blocks for phase shift can
be designed as:

KH(s) = K
sTw

1 + sTw
[
1 + sT1

1 + sT2
]m (32)

where Tw is the parameter for a washout filter; T1 and T2 are
the parameters for the phase shift. The phase compensation
method is a existing approach and the calculation of the
parameters is omitted due to page limit. The calculation
method can be found in [1].

III. CASE STUDIES

Simulations on 10-machine 39-bus power system as shown
in Fig.3 are carried out to verify the effectiveness of the
proposed LSIADC. In this power system, the LSIADC is
installed at the G4 and the control signal is fed into the AVR of
G4. The extracted signal is extracted from the the local signal,
i.e. the active power of the G4: P4. As the comparison, the
remote signal for the conventional WADC, robust WADC and
DSE based WADC is selected as the active power between
bus 3 and bus 18: P3−18.

A. Designing the LSIADC

Firstly, the model of the power system is linearised at an
operation point. The small signal stability analysis is carried
out and the results is given in Table I. The inter-area mode
3 at 0.657Hz is the critical inter-area oscillation mode to
be suppressed. Then, the results of the small signal stability
analysis is used to implement the EKF as described in Section

TABLE II
THE RESULTS OF THE OBSERVABILITY ANALYSIS TO THE INTER-AREA

OSCILLATION MODES.

Mode 1 Mode 2 Mode 3
Local signal (P4) 0.0667 0.1327 0.1386

Remote signal (P3−18) 0.2119 0.3225 0.8732
Extracted signal 0.1664 0.3651 1

Fig. 4. The system response of active power deviation P3−18 when the
system is equipped with LSIADC compared to C-WADC.

II. Thirdly, the residue method is used to calculate the phase
shift of the extracted signal. Note that the proposed method
cannot identify a mode if the observability of the local signal to
this mode is zero and we assume that the local signal from this
generator has little but enough observability for the extraction
of the critical inter-area oscillation.

B. Simulation results

After the implementation of the controller, the observability
analysis is also carried out and the result is given in Table II.
As shown in the table, the local signal has low observability
to the inter-area mode 3. The remote signal P3−18 has higher
observability to this mode and makes it a better candidate of
feedback signal. Furthermore, the extracted signal has highest
observability than the remote signal which means that it is a
better choice compared to P3−18.

The simulation results are given in Fig.4 - Fig.6. The
disturbance is set as: a three-phase grounding fault between
bus #2 and #3 is added at t = 1.0s and cleared at t = 1.1s. The
active power P3−18 will be used to illustrate the effectiveness
of the controller.

Fig.4 shows the active power deviation P3−18 when the
system is equipped with LSIADC compared to a C-WADC.
Compared to the C-WADC, the proposed LSIADC can provide
better damping performance. Fig.5 shows the comparison to
the robust WADC (R-WADC) and DSE based WADC (DSE-
WADC) designed in [8] and [10], respectively. The R-WADC
uses both the local and the remote signals as the input. When
both signals are available, the R-WADC can provide good

Fig. 5. The system response of active power deviation P3−18 when the
system is equipped with LSIADC compared to R-WADC and DSE-WADC.
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(a) The first and the second states of
the critical inter-area oscillation.
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(b) The frequency and the damping
of the critical inter-area oscillation.
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(c) The output of the proposed LSIADC and the C-WADC.

Fig. 6. The performance of the DSE in the proposed LSIADC.

damping performance while when the remote signal is lost, the
R-WADC can still provide satisfied damping performance. The
R-WADC can suppress inter-area oscillation using local signal
only, however, R-WADC consider the robustness to the worst
condition. This makes it degraded damping performance even
under normal condition. As shown in the Fig.5, the proposed
LSIADC can provide better damping performance compared
to R-WADC even when R-WADC uses both of the local and
the remote signals as shown by the red line. Compared to
the DSE-WADC, the proposed LSIADC has similar damping
performance without the requirement of the wide-area signal
while the DSE-WADC in [10] requires 304 PMUs in 50-
generator power system.

The Fig.6(a)-Fig.6(c) provide the performance of the DSE.
As we can see, the proposed LSIADC can provide damping
performance as good as that of recent research with similar
control effort. Fig.6(a) shows the first and the second estimated
states of the inter-area oscillation, i.e., xEKF

4i−3 and xEKF
4i−2

in Eq.(31). Fig.6(b) provides the tracked frequency and the
damping of the inter-area oscillation and Fig.6(b) provides
the output of the proposed LSIADC and the C-WADC. Note
that even without the actual frequency and damping factor,
the estimated parameter will still converge to their actual
values because the EKF will update the estimation results
according to difference between the measured signal y(t)
and estimated signal h(x̂EKF , t). However, the simulation to
verify is omitted due to page limitation.

IV. CONCLUSION

This paper proposes a novel local signal based inter-area
damping controller. The proposed controller extracts the inter-
area modes from local signal. The extracted signal has high
observability to the critical inter-area mode such that the
proposed controller is able to suppress inter-area oscillation
using local signal only by adding a proper phase shift to
the extracted signal. Without the communication system in
the control loop, the damping performance is immune to
time delay, communication fault and cyber attack. Simulation
results shows that the proposed LSIADC can provide better

damping performance compared to C-WADC, R-WADC and
DSE-WADC although the proposed controller uses local signal
only.
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