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Large-Scale PV Plant With a Robust Controller
Considering Power Oscillation Damping
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Abstract—Transmission voltage-level photovoltaic (PV) plants
are becoming reality in many developed and developing countries
around the world. Studies suggest that large-scale PV plants could
have either positive or negative influence on low-frequency oscil-
lation (LFO) depending on their locations and sizes. Given the
fact that these plants cannot be placed in ideal locations to mini-
mize their impact on LFO, it is important to consider designing a
damping controller for flawless integration. In this paper, a min-
imax linear quadratic Gaussian-based power oscillation damper
(POD) for a large-scale PV plant is proposed for interarea oscilla-
tion damping. A benchmark power system prone to power system
oscillations is used to demonstrate the damping performance of the
designed controller considering feedback signal transmission de-
lay. The performance of the designed controller is evaluated under
different operating conditions as compared to the classical POD at
PV plant. Simulation results demonstrate that the proposed con-
troller for a PV plant provides sufficient damping to the interarea
mode for a wide range of operating conditions.

Index Terms—Damping controller, interarea mode, minimax
linear quadratic Gaussian (LQG), uncertainties.

I. INTRODUCTION

FOLLOWING the renewable energy regulation in Canada,
U.S., China, Germany, and Australia, transmission voltage-

level photovoltaic (PV) plants ranging from 10 MW to more
than 250 MW are either already embedded or expected to be
integrated into the existing transmission networks [1]. Major-
ity of large-scale PVs including proposed projects are geo-
graphically far away from load centers and connected to rel-
atively weak transmission networks. Increased PV penetrations
on weak transmission link raise the concerns of possible nega-
tive impacts on power system stability as speculated by a number
of studies [2]–[7]. One particular aspect is the effect of high PV
penetrations on low frequency electromechanical (EM) modes,
as well as on possible emergence of new lightly damped modes.

Low-frequency oscillation (LFO) stability studies advocate
that, depending on penetration level, location and control

Manuscript received March 16, 2012; revised October 15, 2012; accepted
November 21, 2012. Date of publication December 13, 2012; date of current
version February 7, 2013. Paper no. TEC-00116-2012.

R. Shah and N. Mithulananthan are with the School of Information Technol-
ogy and Electrical Engineering, The University of Queensland, Brisbane, Qld.
4072, Australia (e-mail: md.shah@uq.edu.au; mithulan@itee.uq.edu.au).

K. Y. Lee is with the Department of Electrical and Computer Engi-
neering, Baylor University, Waco, TX 76798-7356 USA (e-mail: Kwang_
Y_Lee@baylor.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TEC.2012.2230328

techniques, large-scale PV plants could have an adverse effect
on critical EM modes [4], [5]. However, due to intermittent and
volatile solar insolation to the PV plant, it is recommended to
have some auxiliary devices in the PV system, such as battery en-
ergy storage or ultracapacitor to meet the grid-code requirements
for interconnection [6]. Recently, the impact of such auxiliary
devices on oscillation damping has been assessed, and it was
shown that these auxiliary devices have a positive impact on the
damping of EM modes for certain operating conditions [7], [8].
But, the large-scale application of energy storage devices is still
limited due to the cost of the technology. Moreover, the in-
creased penetration of PV on power systems has imposed the
requirement that PV plants should also contribute to the network
support for widely varying operating conditions, necessitating
design of a robust power oscillation damping loop for PV plants.

In this paper, a minimax linear quadratic Gaussian (LQG)-
based power oscillation damper (POD) for a PV plant has been
proposed for interarea oscillation damping. The H∞ optimiza-
tion with linear matrix inequalities has been predominantly
used for a robust controller design in nonlinear systems includ-
ing power system [9], [10]. However, the H∞-based control
schemes typically address the worst case scenarios and there-
fore too conservative when dealing with less severe disturbances
and model uncertainties [10]. The minimax optimal controllers,
having similar structure to that of the H∞ controllers, also guar-
antee the robustness properties. Unlike H∞ controller in which
a nonconvex performance index is optimized, the minimax LQG
is obtained by minimizing a convex optimization. In the mini-
max LQG optimal controller design, robustness is achieved via
optimization of the worst case scenario of the underlying system,
subject to time-domain integral quadratic constraints (IQCs) on
the admissible uncertainty. The use of IQCs allows control en-
gineers to utilize available information about the magnitude and
structure of admissible uncertainties. These features of minimax
optimal controllers are often very useful in achieving an accept-
able tradeoff between performance and robustness [9], [11]. The
effectiveness of the minimax LQG control scheme in power sys-
tem has already been recognized [12]. However, the effective-
ness of this control scheme for the centralized POD design in
large- and multimachine power systems is yet to be seen.

The remainder of this paper is organized as follows:
Section II provides the modeling overview of a large-scale PV
plant including a list of the mechanisms by which PV plants
could affect the EM modes. Section II also illustrates the power
system modeling overview. Section III provides some mathe-
matical background on the minimax LQG controller design as
well as μ-analysis scheme. Section IV illustrates the test system
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Fig. 1. Block diagram of PV with a type-4 WTG grid-side converter.

and POD design algorithm and procedure. Controller perfor-
mance evaluation is presented in Section V. Finally, in Section
VI, conclusions are duly drawn.

II. PV MODEL AND ITS INFLUENCE ON LFO

Numerous PV generator models have been developed
and used in literatures. However, a PV model based on a
manufacturer-provided field or factory tests as a benchmark
for stability analysis is required. Thus, in this paper, a generic
(standardized) model of a PV plant is considered as it has been
validated and widely used for power system stability analy-
sis [13].

A. Overview of a PV Generator Model

The model of large-scale PV plants includes PV array, con-
verter dynamics, and associated control systems. According to
NERC’s special report on standard models for variable genera-
tion [14], a PV model can be based on the grid-side model of the
type-4 wind turbine generator (WTG) as shown in Fig. 1. From
the figure, it can be seen that the power generated is processed
through the power converter, which serves as a buffer between
the generator and the grid and controls reactive power or voltage
at the point of common coupling (PCC).

A mathematical description of current–voltage terminal char-
acteristics of PV cells is available in the literature [15]. The
single exponential function which models a PV cell is derived
from the physics of the PN junction and extended to get the PV
array output current as follows [15]:

IPV = ISCA(G) − Np × I0

[
exp

(VA + IPVRS )q
nNS kT

− 1
]

(1)

where IPV = array current (A), VA = array voltage (V), q =
charge of an electron (1.6 × 10−19 C), k = Boltzmann’s con-
stant (1.38 × 10−19), n = ideality factor, T = temperature (K),
I0 = reverse saturation current of diode (A), RS = array series
resistance (Ω), ISCA (G) = NP ISC(G), ISC = cell short-circuit
current (A), G = solar insolation (W/m2), NP = number of
modules in parallel; NS = NCSNSM , , NCS = number of series-
connected cells in a module, and NSM = number of modules in
series.

As seen from Fig. 1, there are two main components contribut-
ing the dynamic behavior of the PV: converter and converter
control. Fig. 2 depicted the block diagram of the grid-side con-
verter and control of PV. The figure also depicted the proposed
PV POD, which will be discussed later in this section. There
are different possibilities for converter transfer functions; how-

Fig. 2. Block diagram of a grid-side converter and control of PV.

Fig. 3. Reactive power controller of PV [17].

ever, the following two are probably the most appropriate [16]:
1) the first-order function with unity steady-state gain; and 2) the
closed-loop controller transfer function. Moreover, both provide
very similar results; hence, the first one is adopted in this paper.
Fig. 2 dictates that the active power to be delivered to the sys-
tem is based on the solar power profile PPV , whereas reactive
power generation depends on the comparative signal generated
from reactive power control. Fig. 3 shows the reactive power
controller of PV. The control mode can be switched to either
power factor (PF) control mode or voltage control (VC) mode.
Depending on the required control task, each of this control unit
can be activated by proper flag. In this paper, the voltage con-
trol mode operation of a PV plant has been considered, and the
reference voltage Vref generated by the voltage control in Fig. 3
becomes a reactive power control input to the converter control
in Fig. 2. The details of the model presented here can be found
in [17].

Generally, real power modulation is used for oscillation
damping. When damping control is based on real power mod-
ulation, renewable energy source normally has to curtail its
real power output. Since the amount of real power that can be
delivered from such sources at any time is subjected to the en-
vironmental conditions, the owner wants to deliver maximum
available power. If the reactive power modulation is applied,
damping of the critical mode increases with power flow through
the transmission line and injected power from renewable energy



108 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 28, NO. 1, MARCH 2013

sources [18]. Hence, we have considered reactive power modu-
lation technique in a PV plant for oscillation damping, and line
power or current is considered as input to the POD.

B. Influence of Large-Scale PV on LFO

The impact of a PV plant on power system stability is mini-
mal when deployed in small scale. However, when penetration
level increases, the dynamic performance of the power system
can be significantly affected [2], [3]. Since PV plants are based
on power electronics converters, there are primarily four mech-
anisms by which the EM modes can be affected. These are as
follows.

1) Redispatch of conventional generators with power system
stabilizers (PSS) due to PV power.

2) By impacting on the major line flows in the system.
3) Controller interaction between PV plant controls and

nearby synchronous generators.
4) The physical difference between the synchronous gen-

erators and PV generators, i.e., inertial contribution of
rotating mass.

For power system with large-scale PV penetration, due to
the aforementioned mechanisms, the damping of EM and other
lightly damped modes can be affected negatively as reported
in [4], [5], and [7]. Tuning of a PSS could help to improve the
damping of EM modes. But, it requires coordinated tuning of
PSSs; otherwise, a tuned PSS could have a detrimental effect
on system transient stability [19]. Moreover, retuning of a PSS
can be time consuming with high computational burden, which
limits optimal real-time operation [20]. On the contrary, the
centralized POD at a PV plant can ensure the required system
performance without retuning of other system controllers. This
type of a controller at the PV plant would allow a flawless
integration.

C. Power System Model

A power system can be modeled at several levels of complex-
ity, depending on the intended analytical studies of the power
system. In this section, the dynamic model of a synchronous
generator and its controller are illustrated to provide general
framework for eigenvalue analysis and time-domain simulation,
and details are summarized in Appendix A.

1) Synchronous Generator Model: Although generator
modeling is rather well established, for completeness, the mod-
eling of the generator is briefly reviewed here. Generator can
be modeled with different levels of complexity depending on
the intended application of the model. In this paper, the syn-
chronous generator is modeled with the sixth-order model,
which considers field winding and the damper winding. Under
typical assumptions, the nonlinear equations associated with the
sixth-order model of a synchronous generator are given in the
appendix [21].

2) Exciter and PSS Model: In general, the integrated gen-
erator model consists of excitation system. In this paper, the
simplified version of the IEEE type DC1 excitation system is
used for all synchronous generators [22]. Fig. 15 in the appendix
depicted the typical block diagram of the simplified IEEE type

DC1 exciter. The IEEE type DC1 includes an additional lead–lag
block before the amplifier block. However, the lead–lag block is
often neglected. The detail can be found in [21] and [22].

A PSS can be viewed as an additional block of a generator
excitation system. The PSS uses auxiliary stabilizing signals
such as shaft speed, terminal frequency, and/or power to change
the input signal to the exciter. The block diagram of the PSS
used in this paper is depicted in Fig. 16 in the appendix.

III. MATHEMATICAL BACKGROUND

A. State-Space Representation With Time Delays

The power system model consists of a set of differential al-
gebraic equations, which describes the nonlinear model of gen-
erators, loads, PV generators, and the associated controls. A
linearized model of the power system is usually obtained by lin-
earizing the nonlinear differential algebraic equations via Taylor
series expansion around an equilibrium point. Detail of the lin-
earization of the power system nonlinear equations around the
equilibrium point can be found in [21], and the generalized form
of the state-space representation of power system is as follows:

Δẋ = AΔx + BΔu (2)

Δy = CΔx + DΔu (3)

where Δx,Δy, and Δu are, respectively, the system state, out-
put and input deviations from an operating point, and A,B,C,
and D are the matrices of the linearized system model. The
detailed linearized representation of the power system nonlin-
ear equations will not be included in this paper due to space
limitations.

Several studies suggest that due to the lack of information
in local signal for certain critical/interarea mode, damping of
interarea mode using remote signal/wide-area signal is more
preferred [23]. Thus, in this paper, the POD at PV is designed by
using wide-area signal. Design scheme using wide-area signal
presents several challenges since the time delays are involved
in the transmission channel. Time delays bring about a phase
lag which can affect the controller performance and interactions
among system dynamics. Thereby, the time delays associated
with wide-area signal transmission need to be considered in the
design. Time delays are usually modeled by a first-order Padé
approximation [24] with a transfer function as follows:

GP =
1 − T s

2

1 + T s
2

(4)

where T is the delay time.
The state-space representation of the time delay can be ex-

pressed as

·
Δxd = AdΔxd + BdΔud (5)

Δyd = CdΔxd + DdΔud (6)

where Δxd is the delay state vector, Δud delay input vector, and
Δyd is the delay output vector. The delay free system described
by (2) and (3) can be connected in cascade with (5) and (6) to
get the system with output time delay and can be expressed as
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Fig. 4. Minimax LQG control scheme.

follows:

A1 =
[

A 0

BdC Ad

]
, B1 =

[
B

BdD

]

C2 = [DdC Cd ]. (7)

Different time delays for wide-area signal transmission and
their effect on overall system performance are reported in litera-
tures [23]–[25]. Time delays are involved in signal transmission
delay from measurement unit to the controller and then to con-
trol site. As the proposed POD is located at the PV generator,
signal transmission delay between the controller and control site
is neglected in this study. A constant time delay of 100 ms (sig-
nal transmission delay between measurement and controller)
reported in [10] is used in this research for POD design.

B. Minimax LQG Control Design Preliminaries

The minimax LQG control scheme has been used in this paper
for a damping controller design. The general control configura-
tion for minimax LQG control is illustrated in Fig. 4.

To facilitate the design of a POD controller by minimax LQG,
the linearized power system model need to be summarized as
[11]

·
Δx = A1Δx(t) + B1Δu(t) + B2ξ(t) + B2w(t) (8)

Δy(t) = C2Δx(t) + D2ξ(t) + D2w(t) (9)

ζ(t) = C1Δx(t) (10)

where ζ(t) is known as uncertainty output, y(t) is the measured
output, w(t) is a unity-covariance Gaussian white noise process
corresponding to the nominal disturbance, and ξ(t) is an uncer-
tainty input. The minimax LQG method for a POD design is
applied to the system of the following form shown in Fig. 5.

Cost function J associated with the uncertain system (8)–(10)
on infinite-time horizon can be expressed as

J = lim
T →∞

1
2T

E

∫ T

0
(Δx(t)T RΔx(t) + Δu(t)T GΔu(t))dt

(11)
where R ≥ 0 and G > 0, R ∈ Rn×n ,G ∈ Rm×m and E are
the expectation operator. The minimax optimal control finds
the controller which minimizes J over all admissible uncertain-
ties. The cost function shown in (11) can be formed in finite-time
horizon. Optimal control cost function on finite horizon solution

Fig. 5. Damping control design scheme for PV.

is mathematically intractable as it requires solving differential
Riccati equations where the gain of the controller needs to be
updated in each time steps. On the other hand, infinite horizon
formulation considered time average property of the system, and
it requires solving only the algebraic Riccati equations which is
mathematically tractable [11]. Hence, this technique has been
widely used in the controller design of complex systems in-
cluding power systems [12], [26], [27]. However, in practice
the infinite horizon problem can be solved in finite horizon as
mentioned in [11], [28]. The details of minimax LQG control in
infinite horizon are presented in Appendix B.

The step by step procedure of a minimax LQG-based POD
controller design for a large-scale PV is presented in Section IV.

C. Robustness Analysis

The general approach in the design of power system damp-
ing controllers is based on the linearization of power system
model around the nominal operating condition and tested on
some selected operating points for controller performance eval-
uation. Even though this assessment procedure is simple, it does
not guarantee the controller robustness as the power system
continuously experience different perturbations and changes of
operating conditions [29], [30]. In recent years, power system
researchers have studied the application of robust control tech-
niques to design power system controllers, even though the
controller is designed by the robust technique, the robustness
of the controller may not be guaranteed over a wide range of
system uncertainty conditions [30]. It is, therefore, essential to
rely on some effective method to evaluate the robustness of a
power system controller.

Among many different techniques, the analysis using struc-
tured singular value (s.s.v.) theory is an effective method to eval-
uate the robustness of the power system controllers [29], [30].
The general framework of many robust control studies is based
on a linear fractional transformation (LFT) described in Fig. 6.
In the figure, M is a complex transfer matrix as follows:

M =

[
M11 M12

M21 M22

]
∈ C(p1 +p2 )×(q1 +q2 ) . (12)
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Fig. 6. Interconnection structure for robust stability analysis.

Δ ∈ Cq1 ×p1 is another complex matrix. The upper LFT with
respect to Δ is defined as

Fu (M,Δ) := M22 + M21Δ(I − M11Δ)−1M12 (13)

where M22 represented the nominal unperturbed system, Δ is
the perturbation, M11 ,M12 , and M21 is the prior knowledge as
how the perturbation affects the nominal transfer matrix. The
transfer matrix Δ represents all sources of uncertainties and can
be expressed as follows:

Δ = {diag[δ1Ir1 , ......., δsIrs ,Δ1 , .......ΔF ]} (14)

where δi ∈ R,Δj ∈ Cmj ×mj , δi represents repeated scalar
block, and Δj represents the number of full blocks.

Given the interconnection system, as depicted in Fig. 6, the
s.s.v. orμ is defined as the smallest structured uncertainty Δ,
measured in terms of its maximum singular value which makes
det(I − MΔ) = 0:

μ(M)−1 := min{σ̄(Δ) : Δ ∈ Δ, det(I − MΔ) = 0} (15)

where the value of μ(M) determines the allowable size of
uncertainty for which the plant is robustly stable. It is shown
in [29] that the system in Fig. 6 is stable for all Δ with ‖Δ‖∞ ≤ 1
if and only if M is stable and maxμ(M) < 1.

IV. TEST SYSTEM AND A CONTROLLER DESIGN PROCEDURE

A. Test System

A one-line diagram of a two-area test system is depicted
in Fig. 7. This system consists of four synchronous genera-
tors associated with four 20/230-kV step-up transformers. All
generators in the system are presented by a sixth-order model
with exciter and governor. Conventional PSS has been included
in generator 3 excitation system. An aggregated PV plant is
connected to the grid at bus 6 in Area 1. Aggregation of col-
lector system can be done by the National Renewable Energy
Laboratory equivalencing method [14]. The MVA rating of the
PV generator is assumed to be 25% of the exporting power of
Area 1. There are two load buses in the system: Load 1 con-
sists of 1767 MW and 100 MVAr, whereas Load 2 consists of
967 MW and 100 MVAr. System loads are considered as con-
stant power P load. All system parameters are taken from [21].

In this study, controller location is fixed at PV, which means
that the input matrix B is invariant. Thus, the value of joint con-
trollability/observability measure depends on the output matrix

Fig. 7. Single-line diagram of a two-area test system.

C. As such, wide-area signal with maximal observability of tar-
get mode has been adopted as the input (feedback) signal of
the POD. In this case, comparative strength of line power and
current has been considered for input signal selection. The wide-
area signal with maximal observability to the target (interarea)
mode is power flow between buses 9 and 10. The step by step
controller design procedure is presented next.

B. Controller Design Procedure

Design of POD for a PV plant includes the following steps:
Step 1: Linearize the two-area system around a chosen oper-

ating point.
Step 2: Conduct modal analysis to the linear system to get

the eigenvalues, frequencies, and damping ratios cor-
responding to EM modes and identify the modes to
be damped.

Step 3: Evaluate the comparative strength of the candidate
signals to the given EM mode by modal controllabil-
ity/observability [31].

Step 4: Form a state-space model of the system with time
delays (first-order Padé approximation).

Step 5: Form a volume of probable system operating con-
ditions and obtain the uncertainty gain matrix for a
neighborhood (Ω) of a system operating point by us-
ing the following expression:

φ̃(t) = [Ai(γ + Δγ) − Ai(γ)]

and φ(t) is obtained as

φ(t) =
1√
α

φ̃(t).

Obtain α by numerical method to satisfy‖φ‖2

≤ 1.
Step 6: Check to see if there exists a feasible controller for

α, i.e., if there exists a scalar τ such that there is a
feasible solution for the coupled Riccati equations in
Appendix B.

Step 7: If we obtain a feasible controller in the step earlier,
enlarge Ω, i.e., increase the operating region, or if we
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TABLE I
EM MODES OF OPEN-LOOP SYSTEM WITH AND WITHOUT PV

TABLE II
SENSITIVITY OF EM MODES TO THE DIFFERENT STATE WEIGHTS

arrived at the largest possible operating region, then
perform the optimal search for τ to get the infimum
of Vτ . If there is no feasible solution for the coupled
Riccati equations, go to Step 5 and reduce the operat-
ing region.

Step 8: The obtained controller order is equal to the order of
the system, which is difficult to handle for high-order
systems. Therefore, the controller order is reduced by
using the balanced truncation method, available in
Robust Control Toolbox [32].

The term xT (t)Rx(t) in the cost function J in (11) repre-
sents the norm squared value of the nominal system output and
uT (t)Gu(t) represents the design parameter affecting the con-
troller gain. The initial guess for control parameter G is set
to 10−4 . The weighting matrix R is constructed as a diagonal
matrix, where nonzero weights are assigned to the states most
participating to the mode and zero weights are assigned to other
states. The values of R have been determined by trial and er-
ror. Furthermore, D2 has been chosen according to the design
criterion D2 DT

2 > 0 [11].

V. NUMERICAL RESULTS

A. Closed-Loop System Performance

A POD at a PV plant is designed for a two-area system,
which is shown in Fig. 7. Some modifications have been made
in the system to integrate the PV generator in Area 1. The
modal analysis results of the system with and without the PV
generator are shown in Table I. From Table I, it can be seen that
the integration of PV at Area 1 reduces the damping ratio ζ of
the interarea mode from 3.8% to 1.9%, resulting in longer time
for oscillation to decay.

Table II shows the damping of EM modes with the full-order
minimax LQG POD at PV for different state weights. From the
table, it can be seen that the designed controller improves the in-
terarea mode damping significantly (1.9% to 4.8% and more) for
the selected state weights, resulting in quick decay of interarea
oscillation. From Table II, it can be seen that for state weights
[ 0.1 0.1 0.1 0.1 1 1 1 1 ], the designed controller

Fig. 8. Bode plot for controller approximation.

TABLE III
EM MODES OF A CLOSED-LOOP SYSTEM WITH THE REDUCED-ORDER

(EIGHTH-ORDER) MINIMAX LQG POD

provides the best damping performance to the interarea mode.
Hence, the designed controller with these state weights has been
considered in this section for further analysis. It is also notice-
able from the table that the damping ratios of the local modes
are slightly increased by the integration of POD at PV.

Since the order of the designed minimax controller is equal
to the plant order (the 64th order), the controller is too com-
plex for practical implementation. Thus, simpler design without
losing effectiveness was sought. Bode diagram approximation
available at Robust Control Toolbox in MATLAB [32] is used
to evaluate the effectiveness of the full- and reduced-order con-
troller for the frequency of interest. Fig. 8 shows the Bode
diagram approximation for the controller order reduction. It can
be seen from the figure that the eighth-order controller is nearly
indistinguishable compared to the full-order controller in the
frequency up to 2 Hz, which includes all EM modes.

Table III shows the damping of the EM modes with the
reduced-order (the eighth order) controller. From the table, it
can be noticed that the eighth-order damping controller satisfac-
torily meets the damping requirement of the interarea mode for
the full-power network. The damping ratios of the local modes
are almost unaffected with the integration of the reduced-order
damping controller at the PV generator.

Fig. 9 shows the open-loop and closed-loop system frequency
response. It can be seen from the figure that there is higher over-
shoot in the magnitude response in the open-loop system. On
the contrary, a closed-loop system magnitude response shows
lower overshoot, resulting higher damping ratio to the interarea
mode.
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Fig. 9. Frequency response plot of the open-loop and closed-loop system.

TABLE IV
OPERATING CONDITIONS FOR A TWO-AREA TEST SYSTEM

B. Evaluation of Controller Performance

The minimax LQG controller has been designed for a partic-
ular system operating condition (referred as nominal condition)
by considering model uncertainty to the neighborhood of the
operating condition.

Now, the performance of the designed controller is as-
sessed for several operating conditions by considering different
load characteristics as compared to a classical POD controller
(lead/lag), since the change of load characteristics is quite com-
mon and has a significant effect on small signal stability, voltage
stability, and transient stability [33], [34]. Table IV lists the dif-
ferent operating conditions for the assessment of minimax LQG
and classical controller performance. There is always a possi-
bility that the operating conditions other than these might be en-
countered in practice; but, these operating conditions in the table
are identified as the probable ones. In the table, ZIP represents
polynomial load, and I, P , and Z represent constant current,
power, and impedance loads, respectively. Fig. 10 illustrates the
percentage of damping for the open-loop and closed-loop sys-
tem with minimax LQG and classical control under different
operating conditions. From the figure, it can be seen that the
proposed minimax LQG controller provides adequate damping
(near 6% damping) to the interarea mode, not only for the nom-
inal condition but also for different operating conditions. The
damping of interarea mode for different operating conditions is
in the close vicinity of that for the nominal condition (for which
the controller is designed): 6.07%, 5.88%, 5.93%, 5.98%, and
6.03% for operating conditions 1 to 5, respectively. Fig. 10 also

Fig. 10. Damping of interarea mode under different operating conditions.

TABLE V
DAMPING OF INTERAREA MODE FOR TIE-LINE OUTAGES

TABLE VI
DAMPING OF INTERAREA MODE FOR VARIOUS TIME DELAYS

depicts that the classical controller has failed to provide ad-
equate damping to the interarea mode for different operation
conditions.

It is evident from the obtained results that the proposed con-
troller maintains robust damping performance under probable
operating conditions compared to the classical POD at PV. The
performance of the proposed controller as compared to the clas-
sical controller is further assessed for the severe faults (tie-line
outages) and different time delays. Tables V and VI demon-
strate the performance of the damping controllers for the outage
of tie-lines and different time delays. It is clear from the results
of Tables V and VI that the designed minimax LQG controller
provides adequate damping to the interarea mode even during
the severe fault conditions and different signal transmission de-
lays. From the tables, it is evident that the classical POD at PV
has failed to maintain adequate damping performance during
the severe fault conditions and different time delays.
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Fig. 11. Control effort of POD at PV.

TABLE VII
ROBUSTNESS ASSESSMENT RESULTS WITH AND WITHOUT POD

Fig. 11 shows the control effort of POD at PV for classical
and minimax LQG controller design. From the figure, it can be
seen that classical control has higher gain in the frequency range
of interest (0.2–0.8 Hz) compared to the minimax LQG control.
This leads us to argue that the classical controller needs higher
control energy than the minimax LQG controller for making
near to similar improvement in the close-loop system damping.

C. Robustness Evaluation

Table VII shows the robust stability assessment results for the
test system without and with the minimax LQG POD controller
for a given range of parameter uncertainties. From the table,
it can be seen that the open-loop system is not robustly stable
with the given uncertainty range, as it shows μ-upper bound
greater than 1(1.2106). The designed minimax LQG controller
at PV is able to stabilize the system over the range of the given
uncertainty as the μ-upper bound is less than 1(0.845).

As the simulation results in the earlier section depicted that
the performance of the classical POD at PV is not adequate
for different system operating conditions and requires higher
control effort to get the similar control performance as compared
to the proposed minimax LQG POD, thereby, the robustness
evaluation of the system with this type has not been considered.

D. Validation by Nonlinear Simulation

A nonlinear simulation has been performed over a period of
25 s to further demonstrate the performance of the proposed
controller in the presence of nonlinearties. Interarea oscillation
is initiated by a self-clearing three-phase fault at bus 8 of the
system at 1.00 s and cleared at 1.10 s. Fig. 12 shows the power
flow response in the tie-line connecting buses 7–8. It can be seen
from the figure that the oscillation in the power flow is settled
within 10–12 s with the proposed controller.

Fig. 12. Power flow response time-domain simulation (solid: with controller,
dashed: without controller).

Fig. 13. Machine speeds time-domain simulation: (a) with controller, (b) with-
out controller.

The results in Fig. 13 show the speed of machines with and
without controller. It can be seen that the rotor speed oscillations
damped out in 12–15 s. A 10–20 s settling time is adopted by
many utilities in their system design and operational guidelines
[35]. It is evident from the obtained results that the oscillations
are settled within desired time.

Fig. 14 shows the dynamic response of voltage modes fol-
lowing the fault at bus 8. From the figure, it is clear that the
proposed controller has no adverse effect on voltage modes of
the system.
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Fig. 14. Dynamic response of power system following fault at bus 8 (solid:
with controller, dashed: without controller).

VI. CONCLUSION

This paper has demonstrated the possibility of using a wide-
area measurement-based damping controller at a PV plant to
effectively damp out the interarea oscillation resulting in a in-
terconnected power grid. A systematic approach of designing
POD based on the minimax LQG technique is described here.
Possible signal latency of dedicated communication channel is
taken into account for the controller design.

A reduced-order model of the designed controller has been
tested under different operating conditions and time delays to
verify its performance for interarea oscillation damping. From
the simulation results, it is found that the proposed controller
works satisfactorily under different operating conditions, in-
cluding severe fault conditions. It is also found from the simu-
lation studies that the damping of the target mode reduces with
the increase in signal transmission delay. However, damping of
the target mode is still above the acceptable limit of the utility
for higher signal transmission delays. The effectiveness of the
proposed method is also compared with the classical controller
and found to be superior to the conventional one. The robustness
is tested through computation of a s.s.v. and found that the de-
signed minimax LQG-based POD is robust enough to keep the
system stable over the range of uncertainties. It is worthwhile
to note that the designed controller does not have any adverse
effect on other modes of the system.

APPENDIX A
POWER SYSTEM MODEL

A. Synchronous Generator Model

δ̇ = ωs(ω − 1) (A1)

ω̇ = (Pm − Pe − D(ω − 1))/M (A2)

ė′q =
(
−fs(e′q ) −

(
xd − x′

d − T ′′
do

T ′
do

x′′
d

x′
d

(xd − x′
d)

)
id

+
(
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T ′
do

)
vf

)
/T ′

do (A3)
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(
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ė′′q =
(
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do (A5)
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iq
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(A6)

The algebraic constraints associated with a synchronous gen-
erator model can be expressed as

{
0 = vq + raiq − e′′q + (x′′

d − xl)id
0 = vd + ra id − e′′d − (x′′

q − xl)iq .

In the model, δ is the rotor angle, ω is the rotor speed, e′q is the
quadrature-axis transient voltage, e′d is the direct-axis transient
voltage, e′′q is the quadrature-axis subtransient voltage, and e′′d
is the direct-axis sub transient voltage. The definitions of the
parameters in these equations can be found in [21] and will not
be repeated here.

B. Exciter and PSS Model

Fig. 15. IEEE type-I exciter system.

Fig. 16. Typical PSS model.



SHAH et al.: LARGE-SCALE PV PLANT WITH A ROBUST CONTROLLER CONSIDERING POWER OSCILLATION DAMPING 115

APPENDIX B
MINIMAX LQG CONTROL

The uncertainty input can be expressed as

ξ = φ̃C̃1Δx (B1)

where φ̃ is a uncertainty gain matrix. The matrix C̃1 is chosen
as an identity matrix. A scaling parameter α is chosen such that
it satisfies the following constraints:

‖φ‖2 ≤ 1, ‖ξ‖2 ≤ ‖ζ‖2

Now, φ = φ̃/
√

α and C1 =
√

αC̃1 .
The cost function J associated with minimax LQG satisfies

sup
‖ξ‖2 ≤‖ζ‖2

J(u∗) ≤ inf
τ

Vτ

where Vτ is an optimal value of risk sensitive control;

Vτ =
1
2
tr

[
Y∞Rτ +

(
Y∞CT

2 + B2D
T
2

)(
D2D

T
2

)−1

×
(
C2Y∞ + D2B

T
2

)
× X∞

(
I − 1

τ
Y∞X∞

)−1]
. (B2)

Here, τ is a free parameter and the matrices X∞ and Y∞
are the solution to the following pair of parameter-dependent
algebraic Riccati equations:

(
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T
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(
D2D

T
2

)−1

C2

)
Y∞ + Y∞

(
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2
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− Y∞

(
CT

2 (D2D
T
2

)−1

C2 − 1
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2 = 0 (B3)

and

X∞

(
A − B1G

−1
τ γT

τ

)
+

(
A − B1G

−1
τ γT

τ

)T
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+
(

Rτ − γτ G−1
τ γT

τ

)
−X∞

(
B1G

−1
τ BT

1 − 1
τ

B2B
T
2

)
X∞ =0.

(B4)

Constraints to be satisfied: Y∞ > 0,X∞ > 0, the spectral ra-
dius of the matrix

X∞Y∞ is ρ(X∞Y∞) < τ,Rτ − γT
τ G−1

τ γτ ≥ 0, Rτ = R +
τCT

1 C1 , Gτ = G + τDT
1 D1 , and γτ = τCT

1 D1 .
To obtain the minimax LQG controller, the parameter τ > 0

is chosen to minimize Vτ . This involves solving the Riccati
equations (B3) and (B4) for different values of τ and finding the
value which gives the smallestVτ .
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