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Abstract—Due to rapid growth of power demand and eco-
nomical and environmental restrictions for transmission and
generation expansion, future power systems will be operating
close to their stability limits. Critical modes of the system that
are near stability limits can be influenced by unpredictable
contingencies and even lead to cascading failures and blackouts.
Therefore, maintaining sufficient security margins will be highly
dependent on a robust and reliable control infrastructure. In
this paper, we proposed a distributed control scheme based
on maximum eigenvalue minimization algorithm to improve the
damping performance of the mode which is closest to stability
limits or a desired performance limit. We also explored the
effects of communication structure on controller performance
and derived sufficient bounds on distributed feedback gains to
guarantee a certain performance. Simulation results on a two-
area four-machine test system demonstrates the effectiveness of
the proposed controller.

I. INTRODUCTION

Due to rapid growth of power demand and economical
and environmental restrictions for transmission and generation
expansion, future power systems will be operating close to
their stability limits. Critical modes of the system that are near
stability or required performance limits can be influenced by
unpredictable contingencies and even lead to cascading fail-
ures and blackouts. Therefore, maintaining sufficient security
margins will be highly dependent on a robust and reliable
control infrastructure. Changes in power system operational
needs have fundamentally changed the expectations from con-
trol mechanisms and have exposed their weaknesses [1]–[3].
Power system control has been primarily local [4] and suffers
from the fact that local controllers are not designed to handle
system-wide effects of disturbances [5]. With introduction of
Phasor Measurement Units (PMUs) and advanced communica-
tion technologies, wide-area monitoring and control became a
platform for more flexible and adaptive detection and control
for power systems [6]–[8]. Advanced control strategies can
be applied on the basis of the modern wide-area monitoring
system. As power networks are large-scale systems, the cen-
tralized framework for wide-area control suggested by most
of the previous studies [9]–[11], despite exhibiting optimal
performance, are very challenging to implement in practice.
However, distributed control schemes can provide near optimal
performance by exploiting limited communication and limited
model information [12]. In a distributed architecture, the
controller is composed of several interconnected units. Each

local control agent can only access a subset of the global
information (e.g., sensor measurements, model parameters)
and actuate on a subset of the inputs. Since in a distributed
control problem, the information set that each controller has
access to, is different, the problem is difficult to solve. One
of the main approaches for solving distributed control design
problems is by defining special conditions for the underlying
system and the information pattern [13]. Therefore, most of
the distributed control strategies proposed in the literature
are not suitable for applying to real power systems with
arbitrary physical structure and dynamic features. Identifying
sub-optimal solutions is a good alternative when the distributed
control problem cannot be solved optimally. Designing dis-
tributed control schemes for power system applications is still
in its infancy and extensive research is required to establish an
efficient, reliable and economically viable control framework.
Therefore, introducing new distributed design algorithms that
can adapt to power system conditions will provide a great
insight for future wide-area control design.

In this paper, we proposed a distributed control scheme
based on the work in [14] to improve the damping performance
of the mode which is closest to stability limits or a desired
performance limit. The corresponding eigenvalue of such
critical mode has the largest real part. Then, we explored the
effects of communication structure on controller performance
and derived sufficient bounds on distributed feedback gains to
guarantee a certain performance.

The remainder of this paper is organized as follows. Section
II, formulates the electromechanical behavior of power system
with the proposed controller input and describes the distributed
control design using maximum eigenvalue minimization algo-
rithm. Considerations on choosing communication links and
feedback gains are also discussed in this section. In Section
III, we introduce the test system which is a modified two-
area four-machine system and evaluate the performance of
the proposed distributed controller. Concluding remarks are
presented in section IV.

II. PROBLEM FORMULATION

In this section, we describe a distributed damping control
design for power systems based on maximum eigenvalue min-
imization algorithm presented in [14]. We then use eigenvalue
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sensitivity analysis to assess the impact of communication
structure and feedback gains on controller performance.

A. Power System Model with Distributed Control Input
We first use the standard nonlinear Differential Algebraic

Equation (DAE) model to describe the power system elec-
tromechanical behavior. Let x(t)∈Rn denote a vector that
contains the dynamic states of the synchronous generators;
y(t)∈ Rq denote the system algebraic states, including bus
voltage magnitudes and angles; and u(t) ∈ Rm denote the
control input. Then, power system electromechanical behavior
can be described by a set of DAEs of the form:

ẋ(t)= f(x(t), y(t), u(t)) (1a)
0 = g(x(t), y(t), u(t)) (1b)

Here, the dynamic equation (1a) accounts for the electrome-
chanical dynamics of the synchronous generators and their
excitation. The algebraic equation (1b) accounts for load flow
and generator stator equations. Generators are modeled using
third-order flux-decay model along with their excitation:
d

dt
wi(t) =

πfs

Hi
(Pmi− Pei− PDi)

d

dt
δi(t) = wi(t)− ws(t) (2)

d

dt
E′

qi
(t) =

1
T ′

d0i

[Efdi(t)− E′
qi

(t)− (Xdi− X ′
di

)Idi(t)]

d

dt
Efdi(t)=

1
TAi

[−Efdi(t)+KAi(Vrefi−Eti(t)+VDisti(t))]

In (2), VDisti(t) is the supplementary damping control signal
designed by the distributed controller. Selected generators are
equipped with Power System Stabilizer (PSS) as local control
agent. For generator i , the PSS is modeled as:

VPSSi = Kstabi ·
sTwi

1 + sTwi

· 1 + sT1

1 + sT2
· 1 + sT3

1 + sT4
· ∆ωi (3)

Next we linearize system (1) at a stationary operating point
and derive the linear state-space model of the system:

ẋ(t) = Ax(t) + Bu(t) (4)

where A ∈ Rn×n and B ∈ Rn×m. This linearized model is
used for designing the distributed control.

B. Distributed Control Design Using Maximum Eigenvalue
Minimization Algorithm

Consider an interconnected power system with N genera-
tors, modeled as a linear time invariant (LTI) system (4) where
x = [x1, x2, · · · , xN ]T and u = [u1, u2, · · · , uN ]T represent
the generator states and inputs vectors respectively and

A =

⎡

⎢⎢⎣

A1 A12 · · · A1N

A21 A2 · · · A2N
...

...
. . .

...
AN1 AN2 · · · AN

⎤

⎥⎥⎦ , B =

⎡

⎢⎢⎣

B1 0 · · · 0
0 B2 · · · 0
...

...
. . .

...
0 0 · · · BN

⎤

⎥⎥⎦

The goal is to design a distributed control to improve the
damping performance of the mode closest to stability limits

or a desired performance limit. This design provides the
feedback gains and the communication topology under a given
communication network constraint. The distributed control
inputs are defined as:

udisti = dijKijxj (5)

where dij ∈ {0, 1} is a binary number that denotes possibility
to perform the state information exchange between controllers
i and j. If a communication link exist between controllers i
and j then dij = 1 and dij = 0 otherwise. Kij denotes the
vector of feedback gains. The closed loop system with the
addition of control can then be described by:

ẋ = Āx, x(t0) = x0 (6)

where

Ā =

⎡

⎢⎢⎣

A1 A12 · · · A1N

A21 A2 · · · A2N
...

...
. . .

...
AN1 AN2 · · · AN

⎤

⎥⎥⎦ +

⎡

⎢⎢⎣

0 Ā12 · · · Ā1N

Ā21 0 · · · Ā2N
...

...
. . .

...
ĀN1 ĀN2 · · · 0

⎤

⎥⎥⎦

Ā = A + Adist (7)

and the term Āij is defined as Āij = dijBiKij . It is also
assumed that the number of communication links are bounded
by the communication constraint:

∑

1≤i≤j≤N

ηijdij ≤ c (8)

where c ≥ 0 is the total cost constraint on the communication
network, and ηij represents the cost of having communication
link between generator i and j. The distributed control design
problem can then be considered as finding the feedback control
gains and communication topology such that the damping
performance of the interconnected power system is optimized
under a given communication constraint. Using maximum
eigenvalue minimization method, the distributed control design
can be formulated as follows [14]:

minimize
Kij ,dij

Re{λmax(Ā)}

subject to
performance: Re{λmax(Ā)} ≤ Re{λmax(A)}
dynamics: ẋ(t) = Ax(t) + Bu(t) (9)
feedback control: u(t) = Kx(t)

communication:
∑

1≤i≤j≤N

ηijdij ≤ c

dij ∈ {0, 1}
initial condition: x̂(0) = x̂0

The optimization problem (9) should be solved with respect
to both the feedback gain and the communication topology;
therefore it is a mixed integer optimization. The objective
function Re{λmax} is also non-convex and non-smooth in
general. Therefore, finding the global optimal solution is
difficult for an arbitrary system. We use the proposed method
in [15] to calculate a suboptimal solution for the distributed
controller.



C. Considerations on Choosing Communication Links and
Feedback Gains in Distributed Control

In this section we investigate the impact of communica-
tion structure and feedback gains on different modes of the
system and system performance. The objective is to find
communication links between the generators that affects the
system performance and critical modes the most and calculate
sufficient conditions that bounds the distributed control gain
such that the overall system performance is improved. For
this purpose, we follow the eigenvalue sensitivity approach
presented in [14]. Eigenvalue sensitivity describes the behavior
of the eigenvalues of a matrix in the presence of perturbations.
Here, the perturbation is the distributed control input applied
to the system. The magnitude of the eigenvalue sensitivity in-
dicates the size of the eigenvalue displacement in the complex
plane and can be used to find the best location for applying
control. The phase of the eigenvalue sensitivity also provides
the phase compensation required at the eigenvalue frequency to
maximize the controller effect. For the simplicity of analysis
and clarity of the result, it is assumed that ηij = 1, ∀i, j
and only one communication link is allowed, i.e. c = 1. The
communication links are assumed to be bidirectional. To only
assess the impact of communication structure, the distributed
control gains are set to be fixed and equal, i.e. Kij = K. Then
the problem of finding the communication link that provides
maximum damping for a specific mode can be formulated as
follows:

maximize
dij∼(i,j)

∣∣∣∣
∂λi

∂K

∣∣∣∣

subject to: Re{∂λi

∂K
} < 0 (10)

∑

1≤i≤j≤N

ηijdij ≤ 1

dij ∈ {0, 1}

where λi is the mode of interest and
∣∣∂λi

∂K

∣∣ denotes the
magnitude of the eigenvalue sensitivity. The sensitivity of the
ith eigenvalue of the matrix A is defined as [14] :

∂λi

∂K
=

vT
i

∂Ā
∂K wi

vT
i wi

(11)

where vi and wi are the left and right eigenvectors of the
matrix A corresponding to the eigenvalue λi . If the control
input K affects Aij and Aji in A, we have:

∂Ā

∂K
=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 · · · 0 · · · 0
0 0 . . . sign(K) · · · 0
...

...
. . .

...
. . .

...
0 sign(K) · · · 0 · · · 0
...

...
. . .

...
. . .

...
0 0 · · · 0 · · · 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

(12)

where
[

∂Ā
∂K

]

ij
=

[
∂Ā
∂K

]

ji
= sign(K) and are equal to 0

otherwise. The first constraint in (10) guarantees that the

TABLE I. Modified test system parameters

G1 G2 G3 G4

H 6.5 22.75 6.175 21.6125
Kstab 6 0 6 0

T1 T2 T3 T4

0.05 0.015 0.08 0.01

damping performance of the desired mode is improved by
using distributed control. If we are concerned with the overall
performance of the system we should set λi = λmax.
The assumption that results in (10) is that the feedback gain
for the distributed control is fixed. However, choosing the
appropriate gains are also important in the design. Since
trace(Ā) =

∑
λi we have

∑ ∂λi
∂K = 0. According to the first

constraint in (10), to increase the damping of a mode by adding
communication, the sensitivity of that mode to K should be
negative , i.e. ∂λi

∂K < 0. So there exist at least one eigenvalue
of A denoted by λm(A) such that ∂λm

∂K > 0. Therefore, for
a certain value of K, it is possible that λm(Ā) < λmax(A),
i.e. the system with distributed control performs worse. To
guarantee the improvement of the overall performance by
using the distributed control, we derive the upper bound for
the distributed feedback gain.
According to the Bauer-Fike Theorem [16], when the matrix
A with eigenvalue λi is perturbed by the matrix Adist where
the resulting eigenvalues are given by µi, the movement of the
eigenvalues are bounded by

|λi − µi| < κ2(V ) ∥Adist∥2 (13)

where V is the matrix of right eigenvectors of A and κ2(X)
denotes the condition number of matrix X . Considering c = 1,
we have ∥Adist∥2 = |K| and (13) becomes

|λi − µi| < κ2(V ) |K| (14)

In order to guarantee λm(Ā) < λmax(A), a sufficient con-
dition is that the distance of the movement of the largest
eigenvalue λmax has to be at most |λmax − λm|. This provides
the upper bound for the feedback gain

|K| <
|λmax − λm |

κ2(V )
(15)

III. EVALUATION OF THE DISTRIBUTED CONTROL DESIGN
METHODOLOGY

In this section, we first introduce the test system and design
the proposed distributed control to improve the damping for
its inter-area mode. Then we use the eigenvalue sensitivity
method explained in section II to find the single most effective
communication link. A case illustrating the necessity of having
bounds on feedback gains is also presented.

A. Test System Overview
To evaluate the impact of the proposed distributed control,

we used the Kundur’s two-area four-machine system [17]



Fig. 1. Two-area four-machine test system

depicted in Figure 1. The inertias and PSS gains and time
constants have been modified according to Table I, so that the
inter-area mode becomes the largest eigenvalue of the system.
For simulation of the dynamic behavior, the disturbance sce-
nario considered is a three phase fault at bus 8 at time t = 1s
cleared after 0.1s. The nonlinear time domain simulation of
the power network is carried out using MATLAB.

B. Simulation Results

We first linearized the test system and derived the linear
state-space model (4). Assuming bidirectional communication,
the maximum number of communication links that can be
used for designing the control is c = 6. Then we solved
the optimization problem (9) for c = 5 and c = 4 to find
the distributed control gains and the communication structure.
Figure 2 shows the resulting communication structures. For
c = 5 all communication links are used except G1 to G4

and for c = 4 , communication links between G1 to G2

and G1 to G3 are not selected in the design. The controller
is then applied to the test system. Table ?? summarized the
closed-loop system local and inter-area modes and compared
them with the base case. As illustrated in the table the
proposed distributed control improved the damping of the
inter-area mode significantly. Dampings of local modes are
also improved. Figure 3 shows the nonlinear time-domain
simulation results for one of the generators. Speed deviation
and rotor angle responses for G4 confirms the effectiveness
of the distributed controller in improving the overall damping
of the system. While sustained oscillations due to undamped
inter-area mode is visible for the base case, applying the
proposed controller successfully damps this critical unstable
mode. Percentage dampings of local and inter-area modes are
larger for c = 5 compared with c = 4 which is expected based
on the number of communication links.

Next we calculated the sensitivity of inter-area mode to the
controller K as described in section II-C. In this case, total
number of communication links is assumed to be one and
the sensitivities are calculated for all six possible links. It is
also assumed that only the speed deviation of the generators
are exchanged through communication links. As described
in section II-C, considering equal feedback gains, links with
larger sensitivity magnitudes can improve the performance of
the desired mode more. Table III shows the inter-area mode

Fig. 2. Designed distributed control communication structure for (a) c = 5
and (b) c = 4.
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Fig. 3. Nonlinear time domain simulation results

sensitivity magnitudes and appropriate signs for feedback
gains. Based on this table, communication link between G2

and G4 has the largest sensitivity magnitude and can have
the most impact on the inter-area mode. According to system
parameters G2 and G4 both have higher inertias compared
with G1 and G3 and higher controllability of inter-area mode
which makes them more effective as points of control.

As discussed in section II-C, adding distributed gains while
improves the performance of a desired mode like inter-area
mode in this case, will also impact other modes of the system.
We derived an upper bound for K, assuming one communi-
cation link, to limit the change of the largest eigenvalue of
the system which is adversely affected by the control. If we
consider the case where communication link between G1 and
G3 is added to exchange the speed deviation of the generators,
then the distributed gain will adversely affect the damping of
one of the local modes. Table IV compares the inter-area and
local modes for different amounts of K. The upper bound for



TABLE II. Closed-loop local and inter-area modes for different communication structures

Number of Communication Links Base Case
c = 0 c = 5 c = 4

Local Modes

Eigenvalue -0.147+ 5.86i -0.229+5.88i -0.168+5.89i
Frequency (Hz) 0.9326 0.9358 0.9374
Percentage Damping 2.5077 3.8916 2.8511
Eigenvalue -0.169+6.07i -0.263 +6.09i -0.251+ 6.07i
Frequency (Hz) 0.9661 0.9693 0.9661
Percentage Damping 2.7831 4.3145 4.1316

Inter-area Modes
Eigenvalue 0.004+ 2.51i -0.636+ 2.33i -0.287+ 2.45i
Frequency (Hz) 0.3995 0.3708 0.3899
Percentage Damping -0.1594 26.3328 11.6347

TABLE III. Inter-area mode sensitivity magnitudes and appropriate sign of
feedback gains

Communication
Link

Inter-area Mode
Sensitivity Magnitude

Appropriate
Sign of K

1↔2 0.2283 Negative
1↔3 0.0044 Negative
1↔4 0.1612 Negative
2↔3 0.1006 Negative
2↔4 0.4736 Negative
3↔4 0.0715 Positive

TABLE IV. Local and inter-area modes for different amount of feedback
gain for communication link between G1 and G3

K 0.02 0.0253 0.0261
Local Mode -0.030±5.78i -0.000±5.75i 0.004±5.75i

Inter-area Mode -0.046±2.52i -0.060±2.52i -0.062±2.52i

stability of the system is at K = 0.0253 which is calculated by
replacing λmax with zero in (15). The upper bound where the
overall performance of the system has been compromised is at
K = 0.0261. It can be concluded that when the objective of
a control design is to improve a specific mode of the system,
changes of other modes with respect to the control input should
be carefully considered in the design.

IV. CONCLUDING REMARKS

This paper presents a distributed control approach based on
maximum eigenvalue minimization to improve the damping
performance of the mode which is closest to stability limits
or a desired performance limit. The proposed controller pro-
vides a supplementary damping through the excitation of the
generators. The main advantage of this approach lies in the
limited communication required for the design which makes it
practically applicable for large scale systems. We also explored
the effects of communication structure on controller perfor-
mance and derived sufficient bounds on distributed feedback
gains to guarantee a certain performance. Implementation of
the proposed control strategy on a two-area four-machine

test system demonstrated the effectiveness the controller on
increasing the small signal stability security margins.
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