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ABSTRACT The wind-photovoltaic-thermal-bundled power system (WPTBS) comes with a wide range
of potential grid applications and provides an efficient way to export bulk amount of power under high
intermittency of wind and photovoltaic (PV) resources. This increasing penetration alongside distant power
transmission, however, may cause detrimental impacts on low-frequency oscillations (LFOs), eventually
threatening the stability of WPTBS. In this prospect, installing a wide-area damping controller (WADC) is
proven to be efficient in suppressing LFOs but the uncertainty related to varying operating points, the time
delay involved in transmitting a wide-area signal, and the possibility of remote signal disconnection may
compromise the damping capability of aWADC. Following that, the proposed study presents a reduced-order
robust wide-area damping controller (RWDC), injected into the wind turbine system, to stabilize the LFOs
in the WPTBS while accounting for operational uncertainties, time delays, and communication failure.
At first, the uncertainties are characterized in the form of polytope vertices, where each vertex represents a
linearized model corresponding to a distinct operating condition. A two-stage linear matrix inequality (LMI)
approach is then adopted to determine the design parameters of reduced-order RWDC, which simultaneously
stabilizes the entire uncertain model by minimizing the H∞ norm and ensures closed-loop stability via
parameter-dependent Lyapunov functions. Finally, using small-signal analysis and extensive simulation
results, the effectiveness of the controller is confirmed under different operating scenarios, including critical
and unstable oscillation conditions, followed by a comparison with existing methods.

INDEX TERMS Renewable integration, wide-area oscillation damping, linear matrix inequalities (LMIs),
reduced-order H∞ control, power system uncertainties.

NOMENCLATURE
WPTBS Wind-photovoltaic-thermal-bundled power

system.
PV Photovoltaic.
LFOs Low-frequency oscillations.
WADC Wide-area damping controller.
RWDC Robust wide-area damping controller.
LMI Linear matrix inequality.
PMUs Phasor measurement units.
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IAMs Inter-area modes.
FACTS Flexible AC transmission systems.
PSO Particle swarm optimization.
PDLF Parameter-dependent Lyapunov function.
SG Synchronous generator.
DFIG Doubly-fed induction generator.
GSC Grid side converter.
MPPT Maximum power-point tracking.
VSI Voltage source inverter.
LTI Linear time-invariant.
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OFC Output feedback controller.
GMO Geometric measure of observability.
SMA Selective modal analysis.

I. INTRODUCTION
In the past decade, owing to increased electricity demand and
environmental concerns related to fossil fuel-based resources,
enormous efforts have been devoted to integrating renewable
energy generation into the power grid, primarily to deliver
clean energy at a low cost [1]. Wind and photovoltaic (PV)
energy systems dominate among the rapidly growing renew-
able resources in the world. Particularly, China is leading in
terms of installed wind and PV resource capacities, where
large-scale wind and PV farms in some regions are cou-
pled together with conventional thermal generators to form a
wind-PV-thermal-bundled power system (WPTBS) for trans-
mitting the bulk amount of power via long-distant AC/DC
transmission lines [2], [3]. The WPTBS offers additional
generation control support and reduces the impact of inter-
mittent behavior in wind and PV systems to provide smooth
power transmission, thereby ensuring stability and improving
the reliability of the modern power grid by maximizing the
availability of renewable resources [2], [4].

To cope with the increasing energy demand, significant
penetration of these renewables could, however, result in
network congestion, eventually disrupting the small-signal
stability of the power network [1]. Moreover, uncertainty
in the power outputs of these renewables, together with the
fluctuating load and change in thermal generation demands
can affect the network power flows. Subsequently, in such
situations, low-frequency oscillations (LFOs) will be of great
concern since poor damping of these modes could threaten
the stability of the large interconnected system [5], [6].
Hence, investigating the small-signal stability of WPTBS
under uncertain operating conditions and suppressing LFOs
is crucial to sustaining the satisfactory dynamic perfor-
mance of the system undergoing disturbance [7]. Installing
a wide-area damping controller (WADC) in this respect
provides a frequently adopted solution to maintain the sys-
tem’s sufficient damping performance [8]. On the other hand,
synthesizing the WADC mainly involves acquiring remote
feedback signals via phasor measurement units (PMUs),
owing to their high observability for the LFOs, especially
inter-area modes (IAMs). Also, PMUs utilize a commu-
nication network for transmitting wide-area signals to the
controller’s location; hence, the possibility of channel latency
and communication failure always exists, which would
severely deteriorate the damping performance of the WADC
or even cause closed-loop instability under loss of feedback
signal [9].

A. LITERATURE REVIEW
To address such issues, various studies have been carried
out in the recent decade to design WADCs and such inves-
tigations are still under constant development. A machine

learning-based robust coordinated WADC was recently pro-
posed in [10] by establishing an uncertainty model of the
power system. The design of a WADC for flexible AC
transmission systems (FACTS)was presented in [11] to deter-
mine the gain by calculating the delay margin using linear
matrix inequality (LMI) criteria. Nevertheless, because of
the risks involved in the failure of communication channels,
employing one wide-area signal cannot assure system reli-
ability. Accordingly, the WADC based on a robust control
approach [12] and heuristic dynamic programming [13] was
constructed using multiple feedback signals to tolerate com-
munication failures. To provide robustness under operating
point uncertainties, time delays, and communication failures,
a hybrid particle swarm optimization (PSO) [8] and the LMI
framework with pole-placement constraint [9] were adopted.
But, the previous works [8], [9], [11], [12], [13] have not
addressed the dynamics associated with the wind or PV
systems. Also, the hybrid optimization procedure presented
in [8] involves integrating the mutation operator of a genetic
algorithm into the PSO; though it provides improved per-
formance, it requires tuning an additional parameter during
each iteration, thereby increasing the overall complexity of
the algorithm. Besides, defining the pole-placement con-
straint in the LMI approach [9] to accomplish the required
damping of the critical modes may degrade other modes
with higher damping than the specified pole-placement.
Also, the methodology corresponds to the conservative
perspective of guaranteeing quadratic stability by using a
fixed Lyapunov function for the entire uncertain model.
To stabilize renewable-integrated power systems, some
researchers have applied metaheuristic algorithms to deter-
mine damping controller parameters for FACTS [2], [14],
[15]. Nevertheless, uncertainties and communication-related
issues have not been taken into account while design-
ing the controller. A multi-objective LMI-based approach
is presented in [1] for the stability enhancement of off-
shore/onshore wind farm-based power networks by address-
ing uncertainties via a polytopic model. However, the work
does not account for time delays and feedback signal
failures.

In recent years, most studies [4], [7], [16], [17], [18],
[19], [20], [21], [22] have focused on exploiting the damping
capability of wind farms or PV systems owing to the high
cost involved in installing FACTS, the displacement of con-
ventional generators with renewable resources, and the need
to provide ancillary services via converter-based resources
demanded by transmission operators. The damping contri-
bution from large-scale wind/PV systems can be achieved
by modulating active power [21], reactive power/voltage [7],
[16], [17], or dual-control loops [4], [19], [20]. In this context,
some researchers aimed primarily at highlighting the effec-
tiveness of active/reactive power coordination or presenting
a novel active power modulation strategy for utility-scale
wind and/or PV systems [4], [20], [21]. Nevertheless, system
uncertainties and communication-related issues are also cru-
cial aspects to be considered. The performance of an adaptive
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WADC controller is validated in [17] for the wind power
system. The uncertainties in the design process are accom-
modated by adopting multiple models based on a Bayesian
framework, whereas the time delays are compensated using
the Padé approximation. The delay-dependent LMI tech-
niques can also be adopted to account for time delays and
communication failures in the design of WADC for wind or
PV systems [16], [19]. However, the work presented in [16]
considered a combination of local and remote signals to coun-
teract the communication failure, which may not guarantee
the minimum damping level in the event of wide-area sig-
nal loss. Furthermore, regarding wind/PV uncertainties, the
LMI-based gain scheduling control [23] and a decentralized
coordinated control [24] were also presented without consid-
ering the communication failure.

B. MOTIVATIONS AND CONTRIBUTIONS
Based on the aforementioned literature, the following factors
motivate the authors to conduct the proposed research: 1)
With the evolving modern power grid, it has become essential
to build a robust wide-area damping controller (RWDC) that
accounts for the uncertainties and dynamics of wind and
PV resources, followed by incorporating the time delays and
wide-area signal failures. 2) to synthesize a reduced-order
controller, which would be easier to implement in practice
compared to the higher-order controllers [1], [24], and pro-
vides more degree of freedom in design parameters than
the static gain controller [19] without measuring the sys-
tem’s states as required by the state feedback controller [10],
[23]. 3) to adopt a less-conservative LMI framework [25],
which guarantees robust stability for the complete uncer-
tain model using parameter-dependent Lyapunov functions
(PDLFs) instead of a common Lyapunov function [9], [23].
Following this, the main contributions of the proposed study
are outlined below:

1) This article presents a RWDC for the WPTBS to mit-
igate LFOs by assuring robustness against uncertain
operating conditions, time delays, and permanent loss
of feedback signals.

2) A polytopic model based on a typical set of operating
points is constructed to accommodate the uncertainties
in the load demands and power outputs of wind/PV
systems and conventional generators, followed by
incorporating the time delays and communication fail-
ures in the design of RWDC.

3) The proposed work adopts a two-stage parameter-
dependent LMI framework to design a reduced-order
H∞ dynamic output feedback controller that simulta-
neously ensures the asymptotic stability of the entire
polytopic model based on Lyapunov functions of
assigned degrees. The robustness of the controller
under multiple operating conditions involving unstable
mode, the worst-case scenario, and comparison with
existing approaches validate the dominance of the pro-
posed approach.

FIGURE 1. Configuration of the wind-PV-thermal-bundled power system.

II. MODELING AND CONTROL ARCHITECTURE
The configuration of the WPTBS is shown in Fig 1, where
the large-scale thermal generator, aggregated wind farm, and
PV system are connected to the power network through
step-up transformers [2], [3]. In this work, the dynamics of
the thermal generator are characterized by a conventional
synchronous generator (SG). The sub-transient sixth-order
dynamic model constitutes the representation of each SG
in the power network, followed by the installation of static
exciters (IEEE ST1A) on all generators [26]. Besides, the
wind farm is modeled as a doubly-fed induction generator
(DFIG). The details about the DFIG and a PV system are
presented below.

A. DFIG MODEL
The basic construction of the DFIG contains the dynamic
model of the turbine and drive train, induction generator,
rotor side converter (RSC), and grid side converter (GSC)
along with the DC-link. The electrical dynamics of the gener-
ator, represented in the d-q (direct-quadrature) axis reference
frame, are given as follows [27]:

diqs
dt

=
ωel

L ′
s
(−R1iqs + ωsL ′

sids +
ωr

ωs
e′qs −

1
Trωs

e′ds

− vqs + Kmrrvqr )
dids
dt

=
ωel

L ′
s
(−R1ids − ωsL ′

siqs +
ωr

ωs
e′ds +

1
Trωs

e′qs

− vds + Kmrrvdr )
de′qs
dt

= ωelωs(R2ids −
e′qs
Trωs

+

(
1 −

ωr

ωs

)
e′ds − Kmrrvdr )

de′ds
dt

= ωelωs(−R2iqs −
e′ds
Trωs

−

(
1 −

ωr

ωs

)
e′qs + Kmrrvqr )

(1)

where R1 = Rs + R2, R2= K 2
mrrRr , Kmrr= Lm

/
Lr ,

Tr= Lr
/
Rr , L ′

s = Ls − (Lm2/Lr ), e′qs = K
mrr
ωsψdr ,
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FIGURE 2. Control structure of the RSC.

e′ds = −Kmrrωsψqr . The variables Rs and Ls are the stator
resistance and inductance; Rr and Lr denote rotor resistance
and inductance; Lm is the mutual inductance between the
stator and rotor; e′qs and e′ds stand for transient voltages;
and ids, iqs, ψdr , ψqr , vdr and vqr are the d-axis and q-
axis components of the stator current, rotor flux, and rotor
voltage, respectively. The converters’ control approach com-
prises a decoupled vector control scheme, which allows for
the independent control of active and reactive power control
via cascaded control loops. For the RSC, the q- and d-axis
control loops, respectively, establish the torque/active power
and reactive power control, as depicted in Fig 2. The rotor
current references iqrref and idrref generated by the outer q-
and d-axis control loops are used to produce rotor voltage
references via fast inner-current control loops. In addition,
the supplementary control signal1Q supplied by the RWDC
is injected at the outer d-axis loop to modulate the reactive
power for damping purposes. Further details regarding the
dynamics and control of the converters can be found in [15],
[16], and [27].

B. PV SYSTEM MODEL
One of the widely used structures of a two-stage PV plant
comprises PV arrays, a boost converter with maximum
power-point tracking (MPPT) control, a DC-link capacitor,
and a voltage source inverter (VSI) as shown in Fig 1 [19].
The DC/DC converter not only captures the maximum power
from the PV panels using theMPPT algorithm but also boosts
the voltage to an appropriate level for the DC link. On the
other hand, the VSI delivers power to the grid by maintaining
constant DC-link voltage and power balance between the DC
and AC sides [28]. The proposed work utilizes a 100 MW
aggregated PV plant constructed by connecting several par-
allel Np and series Ns strings. The parameters of the PV array
are referred to [28]. The model of a PV array is represented
by the practical engineering model based on a single diode,
described by the following current-voltage (Ipv - Vpv) rela-
tionship [28]:

Ipv = NpIsc
[
1 − C1

(
eVpv

/
(C2NsVoc) − 1

)]
C1 =

(
1 − Im

/
Isc

)
e−Vm/(C2Voc)

C2 = (Vm
/
Voc − 1)

/
ln

(
1 − Im

/
Isc

)
(2)

where Voc, Isc, Vm, and Im, respectively, denote the open-
circuit voltage, short-circuit current, voltage, and current at
the maximum power point, specified by the manufacturer;
and C1 and C2 are constants. The dynamics of the boost con-
verter, based on the average switching model, are represented
by (3) as follows:

V̇pv =
1
Cpv

(I
pv

− IL)

İL =
1
Lb

[
Vpv − (1 − D)vdc

]
(3)

where vdc is the DC-link voltage; Lb and IL are the inductance
and inductor current, respectively; and Cpv and D are the
capacitance and duty cycle of the boost converter, respec-
tively. The decoupled dq-axis control of the VSI can be
accomplished using the outer/inner control loops, similar to
the DFIG, as stated previously [4], [28].

Finally, the complete linear time-invariant (LTI) model of
the WPTBS, containing system states (x ∈ Rn), system input
(u ∈ Rr ) and measured output (y ∈ Rp), is denoted as follows:

ẋ = Ax + Bu

y = Cx

x =
[
xTSG xTDFIG xTPV

]T
, u = [1Q]T (4)

C. POLYTOPIC UNCERTAINTY REPRESENTATION
The uncertainty in the operating point of theWPTBS disturbs
the damping of LFOs owing to irregular wind/PV penetration,
different power levels of SGs, and fluctuating load demands.
For that purpose, taking uncertainties into account during
the design stage of the controller is an efficient way to
ensure acceptable damping performance under a wide oper-
ating region. Accordingly, based on system (4), the uncertain
model of the WPTBS is described by:

ẋ = A (α) x + B (α) u

y = C (α) x (5)

The uncertain matrices A(α), B(α), andC(α), which are time-
invariant, correspond to the polytope domain P such that
(A,B,C)(α) ∈ P and are expressed as follows:P = C {P1,P2, . . .PN }

=

{∑N

j=1
αjPj:

∑N

j=1
αj = 1, αj ≥ 0

}
(6)

with

Pj = [Aj,Bj,Cj], j = 1, 2. . .N

where C denotes the convex hull; N is the total number of
polytope vertices Pj; and αj indicates polytopic coordinate.
The convex combinations of these vertices {P1, P2,. . .PN}
formulate a polytope P , where each vertex indicates an
LTI model corresponding to a typical operating point of the
WPTBS. Due to the convex property of the polytope, once the
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control law is established by satisfying LMI conditions for
each vertex, the synthesized controller can guarantee robust
performance for all other vertices lying within the same poly-
tope.

D. WIDE-AREA DAMPING CONTROLLER
TheWADCmainly employs PMUs to obtain remote feedback
signals, which are then transmitted to the controller’s location
via communication channels. Subsequently, the unavoidable
delays associated with the wide-area signal transmission
should be approximated during the design process of the con-
troller to maintain its acceptable damping level. On the other
hand, wide-area feedback signals, though more effective than
local signals, are susceptible to cyberattacks, causing the
failure of communication channels. Thus, in the absence of
a feedback signal, the controller will be unable to perform
damping control actions, subsequently deteriorating the reli-
ability of the WPTBS. Hence, a robust damping controller
must operate with more than one wide-area signal to provide
resiliency in the event that one of the feedback signals fails.

1) TIME DELAY APPROXIMATION
The time delays e−sTd are modeled using the Padé approx-
imation with the below-mentioned second-order transfer
function [8], [17].

Gd (s) =
6 − 2Td s

6 + 4Td s+ (sTd )2
(7)

where Td denotes the time delay value. The model Gd (s) in
state-space form is given by:

ẋd = Adxd + Bdud
yd = Cdxd (8)

with

Ad =

[
0 −6/T 2

d
1 −4/Td

]
, Bd =

[
6/T 2

d
−2/Td

]
, Cd =

[
0
1

]T
where xd , ud , and yd indicate vectors of delay states, input,
and output, respectively. By combining (5) and (8), the
following represents the uncertain dynamic model of the
WPTBS including time delays:

˙̂x = Âjx̂ + B̂ju

ŷ = Ĉjx̂ (9)

where

x̂ = [ x xd ]
T
,

Âj =

[
Aj 0
BdCj Ad

]
, B̂j =

[
Bj
Bd

]
,

Ĉj =

[
Cj
Cd

]T
and x̂ ∈ Rn+nd , nd refers to the order of approximated
delay model, and ŷ =

[
yd1 yd2 . . . ydp

]T denotes a vector of
delayed wide-area measured outputs.

2) LOSS OF WIDE-AREA FEEDBACK SIGNALS
The permanent communication failure indicates that for p
system outputs (i.e., k = 1, 2. . .p), the kth row of the output
matrix Ĉj ∈ Rp×n relevant to the lost wide-area signal
becomes zero [8]. If the matrix Ĉj is given by:

Ĉj =

[
ĉT1j ĉT2j · · · ĉTpj

]T
(10)

then ĉkj ∈ R1×n denotes the kth output. To represent loss
of wide-area signal, the matrix Ĉj of (9) is updated as fol-
lows [29]:

Ĉ i
j =

[
ĉi1j

T ĉi2j
T

· · · ĉipj
T

]T
ĉikj =

{
0 if i = k
ĉkj if i ̸= k

(11)

where i = 0, 1, . . . , p and k = 1, 2, . . . , p. Based on (11),
the proposed approach can select multiple feedback signals
and various communication failures simultaneously. For sim-
plicity, in this work, two wide-area signals are considered,
with the loss of one signal at a time, which are expressed as
follows:

Ĉ i
j =


Ĉ0
j =

[
ĉT1j ĉT2j

]T
= Ĉj

Ĉ1
j =

[
0 ĉT2j

]T
Ĉ2
j =

[
ĉT1j 0

]T (12)

where i = 0, i = 1, and i = 2, respectively, stand for no
communication failure, loss of signal yd1, and yd2 With the
new Ĉ i

j matrix (12), the system (9) ismodified as given below:

˙̂x = Âijx̂ + B̂ju

ŷ = Ĉ i
j x̂ (13)

Considering model (13) of WPTBS, the present study
seeks a RWDC to ensure robustness against operating point
uncertainty, time delay, and permanent loss of remote feed-
back signal.

3) CONTROL STRUCTURE
The proposed study intends to design a robust reduced-order
dynamic output feedback controller (OFC) Kc, as depicted in
Fig 2, which can be expressed by the dynamical system (14)
or using matrix form (15) [25].

ẋc = Acxc + Bcŷ

u = Ccxc + Dcŷ (14)

Kc =

[
Ac Bc
Cc Dc

]
(15)

where xc indicates the controller’s state vector of the order
nc ≥ 0. Next, the LMI approach will be presented to deter-
mine the parameters of the controller (15).
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III. PARAMETER DEPENDENT LYAPUNOV
FUNCTION-BASED TWO-STAGE LMI APPROACH
A. APPROACH PRINCIPLE
Following the traditional robust control approach, the
continuous-time augmented state-space representation of the
uncertain model (13) is presented as follows [25]:

˙̂x = Âijx̂ + B̂1jw+ B̂2ju

z = Ĉ i
1jx̂ + D̂1jw+ D̂2ju

ŷ = Ĉ i
2jx̂ + D̂yjw (16)

where w and z refer to external disturbance and controlled
output, respectively. The design problem of reduced-order Kc
can be converted into determining a static output feedback
gain matrix Kc ∈ R(r+nc)×(nc+p). However, formulating a
problem using this approach may cause Ac matrix of (15) to
become block diagonal with Bc = Cc = 0, thus yielding only
a static gain controller when nc > 0 [30]. Therefore, to avoid
such numerical issues, the following similarity transforma-
tion is used [30]:[

¯̂x
x̄c

]
=

[
In 0
T Inc

] [
x̂
xc

]
,T =

[
Inc 0nc×(n−nc

]
(17)

Based on the system (16) and transformation (17), the
augmented system including controller states is given below:

η̇ = Ãijη + B̃1jw+ B̃2j

z = C̃ i
1jη + D̃1jw+ D̃2ju

ŷ = C̃ i
2jη + D̃yjw (18)

where

η =

[
¯̂x
x̄c

]
, Ãij =

[
Âij 0
T Âij 0nc

]
, B̃1j =

[
B̂1j
T B̂1j

]
B̃2j =

[
0 B̂2j

−Inc T B̂2j

]
, C̃ i

1j =

[
Ĉ i
1j 0

]
,

C̃ i
2j =

[
IncT −Inc
Ĉ i
2j 0

]
D̃1j =

[
D̂1j

]
, D̃2j =

[
0 D̂2j

]
, D̃yj =

[
D̂yj
0

]
Correspondingly, the closed-loop systemmatrices become:

Ãcl,j = Ãij + B̃2jKcC̃ i
2j

B̃cl,j = B̃1j + B̃2jKcD̃yj
C̃cl,j = C̃ i

1j + D̃2jKcC̃ i
2j

D̃cl,j = D̃1j + D̃2jKcD̃yj (19)

If theH∞ norm of the closed-loop transfer functionMzw(s)
from w to z is denoted by ∥Mzw(s)∥∞ and there exists a
scalar γ > 0, then the control objective implies designing
a reduced-order robust dynamic OFC, which satisfies the
following H∞ performance criteria:

∥Mzw(s)∥∞ < γ (20)

with

Mzw (s) = C̃cl,j
(
sI − Ãcl,j

)−1
B̃cl,j + D̃cl,j (21)

The LMI approach adopted in the proposed work involves
two stages [25]. During the first step, a parameter-dependent
state-feedback gain K sf

j is computed, which is then used in
the second stage to synthesize a common dynamic OFC Kc
of pre-defined order for the entire polytope. Both stages of
the LMI approach exploit the PDLFs of arbitrary degrees.
This implies that the closed-loop stability is guaranteed with
a PDLF U (x) = xTPjx when a positive definite matrix
Pj = PTj > 0 is obtained by satisfying the LMI con-

straints [31]. Based on the conclusion drawn in [25], the
proposed approach for H∞ stabilization can be stated by the
two-stage parameter-dependent LMI conditions below.

Stage 1: For a known scalar µ > 0, if there exist
parameter-dependent matrices Pj = PTj > 0, Zj, and a matrix
G then the following LMI conditions must be satisfied [25]: He

(
ÃijG+ B̃2jZ j

)
∗

Pj − Gj + µ
(
ÃijGj + B̃2jZ j

)T
−µ (He (G))

 < 0

Pj > εI (22)

where He (A) = A + AT ; ε = 1, and ∗ denotes the
respective symmetric terms in block matrices. Afterward, the
parameter-dependent state-feedback controller K sf

j stabiliz-
ing the system (18) is obtained as follows:

K sf
j = Zj(G)−1 (23)

The parameter µ provides an additional degree of freedom
and allows to construct distinctK sf

j . By performing the search
on µwith 13 values evenly spaced on a logarithm scale in the
range [10−6, 106], its optimal value can be selected [25]. This
can be accomplished by executing the MATLAB command
logspace(−6, 6, 13).
Stage 2: For a scalar γ > 0, if there exist matrices Qj =

QTj > 0, R, L, Hj, Vj, and Fj with known K sf
j such that the

LMI conditions given (24) is valid [25].
ϕ11 ϕ12 ϕ13 ϕ14 ϕ15

∗ − He
(
Vj

)
VjB̃1j 0 VjB̃2j

∗ ∗ − γ 2I D̃T1jH j
D̃TyjL

T

∗ ∗ ∗ I − He
(
Hj

)
HT
j D̃2j

∗ ∗ ∗ ∗ − He (R)

 < 0

Qj > 0 (24)

Then, the robust dynamic OFC, with guaranteed H∞ perfor-
mance level γ , is determined by (25).

Kc = R−1L (25)

where

ϕ11 = He(F j(Ã
i
j + B̃2jK

sf
j ))

ϕ12 = Qj − Fj + (Ãij + B̃2jK
sf
j )

T
V T
j
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ϕ13 = FjB̃1j

ϕ14 = (C̃ i
1j)

T
Hj + (K sf

j )
T
D̃T2jH j

ϕ15 = FjB̃2j + (C̃
i
2j)

T
L
T
−(K sf

j )
T

RT

In the above LMI conditions, the matrix variables Hj, Vj, and
Fj have been considered as homogenous polynomials of fixed
degree one. However, for the Lyapunov matrices Pj and Qj
in stage 1 and stage 2, along with the matrix Zj of stage 1,
different values of their polynomial degree can be selected
and indicated by a set g =

{
gP gQ gZ

}
, respectively.

B. ALGORITHM TO SYNTHESIZE CONTROLLER
The algorithm for determining controller parameters using
the proposed LMI scheme is outlined below:
Step 1 Initialization: Define N distinct operating points

of the WPTBS to account for operational uncertainties and
select wide-area feedback signals.
Step 2 Uncertain System Modeling: Establish an uncertain

model (5) by constructing vertices of the polytope (6) with a
given set of operating points.
Step 3 Model Reduction: Reduce the order of the model by

using the selective modal analysis (SMA) method [10], [23].
Step 4 Communication Resilience Modeling: Expand the

uncertain reduced-order model (5) to incorporate fixed-time
delays and wide-area communication failure in accordance
with (9) and (13), respectively.
Step 5 Solving Two-stage LMI Problem: Set g ={
gP gQ gZ

}
, nc ≥ 0, and µ > 0 and solve LMIs (22)

and (24) in Stages 1 and 2, respectively, with the objective
function of minimizing γ .
Step 6 Controller Parameter Determination: Obtain the

parameters of the dynamic OFC Kc using (25).
Step 7 Stability Evaluation: Confirm close-loop stability

for the entire set of vertices using (19). If the required damp-
ing level is obtained for each vertex, STOP; otherwise, change
the values of µ, g, and nc, and repeat Steps 5 to 7.

IV. SYSTEM STUDY AND CONTROLLER
IMPLEMENTATION
The proposed methodology is validated on a modified
two-area benchmark system [32], as depicted in Fig 3. The
wind and PV systems, having 200 MW and 100 MW of
capacity, respectively, are connected in Area 1 alongside G2
at bus 6 to represent a WPTBS. Based on this network con-
figuration, Area 2 heavily imports active power of 500 MW
from Area 1 via 220 km tie-lines.

A. DEFINING OPERATING POINTS AND ANALYZING
SMALL-SIGNAL STABILITY
To design a damping controller robust against a wide-
operating region of the WPTBS, a set of N typical oper-
ating conditions must be considered to construct vertices{
[A1,B1,C1], [A2,B2,C2], . . . [AN ,BN ,CN ]

}
of the poly-

FIGURE 3. Modified benchmark system.

topic uncertain model. Accordingly, the proposed work
intends to design RWDC by considering following operating
points, expressed as follows:

• p1: The nominal or base case where Area 2 is receiv-
ing 500 MW power from Area 1, as depicted in Fig 3.

• p2: Low penetration case during which the power out-
puts of wind, PV, and G2 are reduced by 75%, 50%, and
10%, respectively, from their nominal values, decreasing
load demand at buses 7 and 9 by 150 MW each, and
exporting 400 MW of power from Area 1 to Area 2.

• p3: High penetration case established by raising the
power levels of G1 and G2 by 20% each, a 10% increase
in the power output of G3, adding 100MW and 200MW
of load to buses 7 and 9, respectively, and deliver-
ing 600 MW of power through tie-lines.

• UOP: An unstable operating point (UOP) case formed
by permanently tripping one of the tie-lines linking bus 8
and bus 9, a 20% increase in the power output of G3, and
a 300 MW increase in the load value at bus 9, relative to
the base values.

The UOP, which is not one of the polytope vertices, will
only be used to validate the controller’s effectiveness under
unstable oscillation. The small-signal analysis is then con-
ducted to analyze the critical modes. The eigenvalue plot,
shown in Fig 4, illustrates that local modes are adequately
damped. However, the damping ratio (ζ ) of the IAM remains
below 5% for all operating conditions stated above and
severely deteriorates with increased penetration of wind-
PV-thermal resources, and can become unstable (as listed
in TABLE 1), eventually jeopardizing the stability of the
WPTBS. On account of this, the present study emphasizes
designing a dynamic OFC by simultaneously stabilizing the
complete set of vertices to provide robustness against uncer-
tain operating points.

B. WIDE-AREA SIGNAL SELECTION
To ensure the optimal performance of the controller, the
input feedback signal should be appropriately selected. For
resiliency against permanent wide-area communication fail-
ure, two feedback signals are considered. These wide-area
feedback signals are selected based on their geometric
measure of observability (GMO) to the critical IAM [17].
By taking various candidate signals such as the rotor angles

VOLUME 12, 2024 36847



Z. Wang et al.: Reduced-Order Robust Wide-Area Damping Control

FIGURE 4. Eigenvalue plot for the open-loop system.

TABLE 1. Dominant inter-area mode for the WTBPS under different
operating points.

of SGs, line currents, and power flows, it is determined that
rotor angles (δ1 and δ2) of G1 and G2 exhibit higher values
of GMO and therefore are selected to design RWDC in the
proposed work.

C. CONTROLLER IMPLEMENTATION
To construct a controller for the uncertain polytopic sys-
tem of the WPTBS, model linearizing is performed at each
operating point listed in TABLE 1. The SMA method [10],
[23] is applied to reduce the size of each LTI model to
include only the relevant modes i.e., two local modes and
one IAM for the employed test system. By selecting G3 as
the reference machine, the 6th-order model, having complex
eigenvalues equivalent to the full-order system, is obtained.
The second-order time delay model is then combined with
each reduced-order system, eventually producing Âj, B̂j, and
Ĉj LTImatrices of size 10×10, 10×1, and 2×10, respectively,
for each operating point. A fixed time-delay value of Td =

150ms is considered for all the vertices. Finally, by forming
a set of three Ĉ i

j matrices (12) for each operating point to
accommodate the permanent communication failure accord-
ing to (13), a polytopic system comprising nine vertices (P1,
P2. . .P9) is obtained.
The parameter-dependent LMI conditions are solved in

MATLAB using a computational package comprising a
Robust LMI parser [33] and Mosek solver [34]. The feasible
solution with an adequate damping ratio (i.e., at least 10% for
each vertex) is obtained by setting µ = 8, g =

{
1 1 0

}
, and

nc = 2. The resulting parameters of the controller are stated
in (26) or (27).

Kc =

 −5.94 − 8.63 1.85 − 6.10
1.91 1.88 0.69 2.40

−0.99 1.97 − 4.00 − 5.19

 (26)

FIGURE 5. Eigenvalue plot for different operating points.

Ac =

[
−5.94 − 8.63
1.91 1.88

]
, Bc =

[
1.85 − 6.10
0.69 2.40

]
,

Cc =
[
−0.99 1.97

]
, Dc =

[
−4.00 − 5.19

]
(27)

It is to be noted that the computational complexity of
the proposed approach mainly depends on the number of
operating points and vertices considered at the design stage,
the order of each vertex (LTI model), and the degree of
polynomial for the Lyapunov matrices. The implementations
for the controller synthesis are carried out using MATLAB
9.8.0 (2020a) on a Desktop PC with an Intel (R) Corei5
2.80 GHz processor and 16 GB of RAM. It took 25.8 s of
computing time to determine the controller parameters (26)
using the proposed LMI approach.

D. CLOSED-LOOP EIGENVALUE ANALYSIS
The closed-loop eigenvalues are then shown in Fig 5-Fig 7 for
different cases to analyze the damping level of the IAM under
operating point uncertainty, time delays, and communication
loss. As indicated in Fig 5, the ζ of the IAM remains well
above 25% for all operating points, even for the UOP which
was not considered at the design stage. The complex plot,
depicted in Fig 6 illustrates that the closed-loop performance
deteriorates with a total time delay of 300 ms in both com-
munication channels, particularly for the p3 and UOP, but it
still exceeds 10%, which is acceptable with such large time
delays. Moreover, from the eigenvalue plot shown in Fig 7
(a)-(b), it is inferred that the ζ of the IAM remains over
15% for all operating points in case one of the wide-area
channels fails. Next, the eigenvalue results will be verified
by conducting non-linear time-domain simulations.

V. SIMULATION RESULTS
The time-domain simulations are carried out to evaluate
the effectiveness of the proposed approach under different
scenarios, as listed in TABLE 2. These scenarios assess
the performance of the controller against uncertainty in
operating points, time delays, and communication failure
subject to different disturbances. Besides, to highlight the
superiority of the proposed approach over existing methods,
comparative simulation results are also presented by design-
ing WADCs based on the phase compensation method [11],
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FIGURE 6. Eigenvalue plots for different operating points and 300 ms
time delay.

FIGURE 7. Eigenvalue plot for different operating points and
communication failures.

mixed-sensitivity H∞ control [12], and polytopic-based H2
WADC [1].

A. SCENARIO A
In this scenario, at t = 1 s, the WPTBS undergoes a
three-phase fault at bus 8 for 80 ms duration. The obtained
simulation results are depicted in Fig 8 and Fig 9, respec-
tively, for the operating points p3 and UOP. The comparative
results evidently demonstrate the dominant performance of
the proposed approach for mitigating LFOs with the smallest
settling time and lesser fluctuations. For transient simula-
tions, the maximum power output from the DFIG is set
to 180 MW to avoid the over-current in the rotor winding.
Assuming Qsref = 0 during steady-state, the reactive power
deviations1Qmax to1Qmin from the RSC is fixed at−1.1 pu
to +0.75 pu, respectively, as shown in Fig 8 (d).

TABLE 2. Case Scenarios for evaluating the performance of the controller.

FIGURE 8. Scenario A: Dynamic responses for p3.

B. SCENARIO B
The reference excitation voltages of all SGs are increased by
0.05 pu for 200 ms to generate the dynamic disturbance in
this case. The transient results, shown in Fig 10 (a)-(b) for
p1 with associated delays (stated in TABLE 2), demonstrate
that better performance can be obtained if time delays are
incorporated at the design stage. Furthermore, the compara-
tive results shown in Fig 11, also validate the effectiveness
of the proposed approach under variable delays. Besides,
from Fig 12, it can be inferred that the performance of the
mixed-H∞ control method might be comparable to that of the
proposed approach. However, the controller designed using
the former approach is of the 6th order and can only be
designed for one operating point.

C. SCENARIO C
In this scenario, the performance of the controller is evalu-
ated under the loss of wide-area feedback signals, as stated
in TABLE 2. A dynamic disturbance at bus 9 causes the
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FIGURE 9. Scenario A: Dynamic responses for UOP

FIGURE 10. Scenario B: Dynamic responses for p1 with different fixed
delays in both communication channels.

FIGURE 11. Scenario B: Dynamic responses for p3 with variable delay.

FIGURE 12. Scenario B: Dynamic responses for UOP with a fixed-delay in
δ2 signal.

successive tripping of a 100 MW load at time intervals of
1 and 10 seconds. The comparative transient results illus-
trated in Fig 13 and Fig 14 for different operating points and
wide-area signal failure indicate that the proposed approach
delivers robust performance for suppressing LFOs if one of
the feedback signals is lost, relative to a polytopic-based

FIGURE 13. Scenario C: Dynamic responses for p1 with the loss of
δ2 signal.

FIGURE 14. Scenario C: Dynamic responses for p3 with the loss of
δ2 signal.

WADC [1]. Moreover, this approach solved the LMI opti-
mization problem in 75.5 s and yielded a 5th-order controller.
This ensures better computational efficiency and less com-
plexity for the proposed approach.

D. WORST CASE SCENARIO
Given the worst-case scenario stated in TABLE 2, the
WPTBS undergoes a line-tripping fault at one of the tie-lines
connecting bus 7 and bus 8 for 50 ms. Moreover, the fluctu-
ations in the wind speed and solar irradiance are depicted in
Fig 15 (a)-(b). From dynamic responses shown in Fig 15 (c)-
(f), it can be concluded that even under a critical scenario, the
controller provides adequate damping by rapidly mitigating
the oscillations.

VI. CONCLUSION
This work presented a reduced-order RWDC for the WPTBS
to suppress LFOs while accounting for multiple operating
points, time delays, and permanent communication failures.
A robust dynamic OFC was designed by minimizing the H∞

norm using a two-stage LMI framework. Firstly, the poly-
topic model was constructed using three distinct operating
points, considering uncertainties in the output power of wind-
PV-thermal resources, different load demands, and varying
tie-line power flows, followed by incorporating fixed time
delays and communication failures associated with wide-
area signals. Afterward, an LMI algorithm, which ensured
required damping level for the entire uncertainty model by
selecting a pre-defined order of the controller and PDLFs of
assigned degrees, was proposed to accomplish the design of
RWDC.

Finally, from the small-signal analysis and simulation
results for various scenarios, it is concluded that the resulting
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FIGURE 15. Dynamic responses for worst-case scenario.

second-order controller not only provided higher robustness
for the given set of operating points compared to existing
methods but also guaranteed a sufficient damping ratio for
the unstable dominant mode case, over fixed or variable time
delays, and in the event of communication loss.

From the real application viewpoint, the implementation
of the suggested approach becomes complicated on practi-
cal large-scale power grids containing thousands of buses.
The major challenge lies in increased complexity, essentially
owing to the need to model the power system components for
such complex systems. The proposed approach can address
this challenge by employing advanced equivalence methods
to reduce the power network size or exploring alternative
model reduction methods, enabling the feasibility of the pro-
posed approach for those practical power systems, which
will be our main focus in future research. This will allow us
to provide valuable insights on its potential applications for
improving the stability of larger power networks.
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