1042

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 4, July 2024

Coordinated Robust PID-based Damping Control
of Permanent Magnet Synchronous Generators
for Low-frequency Oscillations Considering
Power System Operational Uncertainties

Rehan Sadiq, Zhen Wang, Member, IEEE, Chi Yung Chung, Fellow, IEEE,
Deqiang Gan, Senior Member, IEEE, and Cunzhi Tong

Abstract—In recent years, with the growth of wind energy re-
sources, the capability of wind farms to damp low-frequency os-
cillations (LFOs) has provided a notable advantage for the sta-
bility enhancement of the modern power grid. Meanwhile, ow-
ing to variations in the power system operating point (OP), the
damping characteristics of LFOs may be affected adversely. In
this respect, this paper presents a coordinated robust propor-
tional-integral-derivative (PID) based damping control ap-
proach for permanent magnet synchronous generators (PMSGs)
to effectively stabilize LFOs, while considering power system op-
erational uncertainties in the form of a polytopic model con-
structed by linearizing the power system under a given set of
OPs. The proposed approach works by modulating the DC-link
voltage control loop of the grid-side converter (GSC) via a sup-
plementary PID controller, which is synthesized by transform-
ing the design problem into H-infinity static output feedback
(SOF) control methodology. The solution of H-infinity SOF con-
trol problem involves satisfying linear matrix inequality (LMI)
constraints based on the parameter-dependent Lyapunov func-
tion to ensure asymptotic stability such that the minimal H-in-
finity performance objective is simultaneously accomplished for
the entire polytope. The coordinated damping controllers for
the multiple wind farms are then designed sequentially by using
the proposed approach. Eigenvalue analysis confirms the im-
proved damping characteristics of the closed-loop system for
several representative OPs. Afterward, the simulation results, in-
cluding the performance comparison with existing approaches,
validate the higher robustness of the proposed approach for a
wide range of operating scenarios.

Index Terms—Permanent magnet synchronous generator
(PMSG), low-frequency oscillation (LFO), proportional-integral-
derivative (PID), robust control, H-infinity static output feed-
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[. INTRODUCTION

HE low-frequency oscillations (LFOs), excited between

the conventional synchronous generators (SGs), are re-
garded as the inherent and widely occurring oscillation types
in large-scale interconnected power networks [1]. Owing to
the global trend toward producing renewable and sustainable
energy, wind power generation has recently emerged as a
promising resource with extensive growth potential [2]. The
high penetration with intermittent wind power output, on the
other hand, could diminish the damping margin and further
amplify LFOs, ultimately deteriorating the small-signal sta-
bility of the modern power network [3]. Therefore, notice-
able attention has been devoted in the past decade to LFO
damping in wind-integrated power systems [4], [5].

Among different wind turbine (WT) systems, the direct-
drive permanent magnet synchronous generator (PMSQ) is
nowadays becoming one of the most popular and extensively
utilized wind energy conversion systems [6]. Considering the
wind market in China, the commissioning of the PMSG-type
wind turbine generators (WTGs) is sharply growing, in par-
ticular for the off-shore wind power deployment [7]. The rea-
son behind is their attractive features such as a gearless
mechanism with less maintenance requirements and overall
cost, high efficiency, and smooth operation, compared with
other-type WTGs [7], [8]. This encourages the authors to em-
ploy PMSG in the proposed work as the primary control en-
tity for the damping control action. Nevertheless, the studies
involved here can be easily extended and applicable to other-
type WTGs.

In this respect, exploiting the ancillary service of the
PMSG via modulating its full-scale converter presents a
great capability to damp LFOs [9]. For this purpose, re-
searchers have realized various possibilities regarding the
modulation of the WT converter. Active power modulation
with an additional damping controller is one of the popular
ways to achieve the damping objective [10]-[12]. However,
it may excite the torsional oscillation of the drive train, caus-
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ing stress in the mechanical structure of the turbine [12],
[13]. Alternatively, modifying the reactive power control
loop of PMSGs also delivered a similar performance in com-
parison to active power control [2], [12]. Some studies ex-
plored the performance of DC-link voltage modulation for
damping purposes [3], [6], [13], [14]. The analysis showed
that better control efficiency can be accomplished by adopt-
ing this approach without perturbing the PMSG dynamics
[3]. Furthermore, the simultaneous regulation of DC-link
voltage with the speed and pitch angle control loops also ex-
hibited efficient power modulation capability, justified by
achieving significant improvement in the damping of LFOs
[15]. Therefore, we also emphasizes modulating the DC-link
voltage control loop of the grid-side converter (GSC).

The previously discussed studies [2]-[6], [10], [13], [15]
mainly focused on designing a damping controller for a nom-
inal operating point (OP). Meanwhile, it is investigated that
the damping contribution from the PMSG is sensitive to
varying OPs owing to deviations in wind speed, generation/
load variations, and topological changes (i.e., tie-line outag-
es) in the power network [16]. Therefore, the controller de-
signed for a specific OP may not provide optimal damping
performance for a wide operating region. A multi-polytope
adaptive wide-area damping controller (WADC) based on
Kalman filters was proposed to damp LFOs at unknown OPs
[1]. Regarding uncertainties in power system operation, time
delays, and communication failure of WADC channels, a
WADC was designed using a hybrid particle swarm algo-
rithm and the algebraic Riccati equation [17], [18]. Another
WADC, based on a machine learning approach, provided en-
hanced robustness under a wide operating range [19]. Be-
sides, few works illustrated the performance of robust damp-
ing controllers for wind farms, designed by solving the lin-
ear matrix inequality (LMI) conditions considering power
system uncertainties [20]-[22].

Regarding H_ static output feedback (SOF) methods, the
WADC synthesized by satisfying Lyapunov stability criteria
via the LMI framework, provided sufficient damping of os-
cillation considering time delays and load uncertainties [20],
[23]. Compared to state feedback [19], [22] and higher-order
dynamic output feedback controllers [21], a robust SOF con-
troller, having a simpler structure based on the static gain
with no essential requirement for measuring system states,
can be easily implemented in practice with low cost [24],
[25]. Furthermore, expressing the H, SOF control problem
as a proportional-integral-derivative (PID) based design yields
a more practical and widely adopted control structure for
power system applications [26], [27]. Also, some LMI-based
schemes [1], [22] accomplish the damping objective of the
critical modes by satisfying the pole-placement constraint,
which may compromise the damping of other modes [17].
Additionally, the LMI techniques described in [20], [27] are
based on a common Lyapunov function for the entire uncer-
tain model, which is a conservative approach. Therefore, in
view of the above-mentioned studies and assessing their
shortcomings, this paper adopts less conservative LMI condi-
tions to design an H_ SOF-based PID controller for the
PMSG by assuring robust stability via parameter-dependent
Lyapunov function [24], [25]. The key contributions of the
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current research are as follows.

1) A coordinated robust PID-based control approach is pre-
sented for the PMSG to damp LFOs, while addressing pow-
er system uncertainties due to varying operating conditions.

2) The uncertainties in the power system are expressed
via a polytopic model formed by linearizing the system at
typical OPs. Consequently, the designed controller ensures
robustness across a wide operating range by encompassing
uncertainties at the design stage. The coordinated control for
multiple wind farms with different sets of polytopes is real-
ized by sequentially designing the damping controllers using
the proposed approach.

3) The structure of the robust controller is composed of
static PID gains, determined by first formulating the design
problem as an SOF control methodology and then solving
LMI conditions to simultaneously guarantee robust stability
and H_ performance level for the whole polytope using the
parameter-dependent Lyapunov function. The comparative
simulation results corroborate the superior performance of
the proposed approach under various uncertainties and distur-
bances.

The rest of this work is structured as follows. Section II il-
lustrates the modeling and control of the PMSG-interfaced
power system. The uncertain model formulation and robust
controller design are demonstrated in Section III. The case
study, comprising polytopic construction, eigenvalue analy-
sis, and simulation results, is described in Section IV. Final-
ly, concluding remarks are presented in Section V.

II. MODELING AND CONTROL OF PMSG-INTERFACED
POWER SYSTEMS

The complete modeling of the power system is implement-
ed by incorporating the differential and algebraic equations,
representing the dynamics of SGs, exciter, governor, net-
work, and PMSG. To represent SGs of the system, the sixth-
order sub-transient model is adopted together with two excit-
er models (IEEE ST1A and DC4B) [28]. The detailed dy-
namics of a PMSG-based wind farm comprises of turbine
mechanical and aerodynamic model, blade pitch control, gen-
erator, and back-to-back converter with a grid side filter, as
shown in Fig. 1. The WT characteristics and aerodynamic
model are referred to [29]. The mechanical dynamics of the
drive train are represented by the lumped-mass model [30].
The dynamics of the PMSG in the d-g reference are ex-
pressed as:

di

sq . :

L‘I dt __Rslsq_Ldlsdwr+¢mwr_VSli (1)
di

Ld (;;d :_Rsisd—"_Lqi_qur_Vsd (2)
T,=—Lyigis,+ @iy, +L,ii, 3)
Pi=v i, +viy “)
Qs = Vsq isd - VSdiSf{ (5)

where R, is the stator resistance; w, is the generator speed;
Veir Vags L Iyp and L, L, are the d-g-axis components of the
stator voltage, current, and inductance, respectively; ¢, is

m

the rotor flux; and 7,, P, and Q, are the electrical torque,
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stator active, and reactive power, respectively. The generator
output is connected to the machine-side converter (MSC),
which provides active power/torque and reactive power con-
trol using g- and d-axis control loops, respectively, as shown
in Fig. 1. The DC-link dynamic model is represented as:

. 1
Vdc = Cd(‘vd(‘ (Pa _Pgszf) (6)

+ Vg4l 18 the active power delivered to the

where P, .=v, i,

DC link GSC

T

RL filter
E”WJL ),
v
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grid by the GSC, and v, v, and i,, i, are the d-g-axis
components of voltage and current of the GSC, respectively;
and C, and v, are the DC-link capacitance and voltage, re-
spectively. The GSC is coupled with the grid through the RL
filter. By adopting a cascaded control structure, the g-axis
outer control loop regulates the DC-link voltage, whereas
the d-axis outer control loop adjusts the reactive power of
the converter O, transferring to the grid, as depicted in

Fig. 1. where PI stands for proportional-integral.

Power network

Fig. 1. Configuration and control of PMSG.

The dynamic model of the GSC in the d-g reference
frame, by aligning the ¢ axis with the grid voltage, is given
as:

L, di, : :
6071? =—Rglgq+a)nglgd+ ng—vsq (7)
L, di
g gd _ . .
wil ar =—R i~ L, +Vv,—vy ®)

where w,, is the system base speed; w, is the synchronous
speed; and R, and L, are the grid-side filter resistance and
inductance, respectively.

As shown in Fig. 1, the injected control signal Av,, is pro-
vided by the proposed H, SOF-based PID controller to mod-
ulate the DC-link voltage. This v, modulation eventually
provides the power modulation through the GSC by dynami-
cally altering the electrostatic energy stored in the DC-link
capacitance C,. Because of the large C, values in modern
PMSG-based WTs, a small variation in v, is enough to pro-
vide power modulation, which is injected in the grid via the
GSC to support oscillation damping [15]. The parameters of
the WTG are provided in Appendix A.

IIT. UNCERTAIN MODEL FORMULATION AND ROBUST
CONTROLLER DESIGN

A. Uncertainty Modeling and Robust Stability Analysis

The OPs of the power system vary with irregular wind
speeds, different generation/load requirements, and topologi-
cal changes in the network. Subsequently, the damping char-
acteristics of LFOs are also affected. In this respect, the tra-

Feedback
signal

Control signal

4" Ksorpp=[Kp K; Kp]

Proposed H,, SOF-based AV e min
PID controller

ditional damping controller designed for a particular OP or a
single linear time-invariant (LTT) model may not provide ad-
equate performance for diverse OPs. Fortunately, the use of
polytopic design can successfully resolve this issue by incor-
porating multiple LTI models. A polytope can be regarded as
a convex combination of its vertices, where each vertex de-
notes a single LTI model linearized at a certain OP. In this
way, the polytopic design ensures that uncertainties are taken
into account during the design process. The uncertain aug-
mented LTI system that belongs to a convex polytopic do-
main can be described by the following state-space mod-
el [25]:

x=Ax+B,w+B,u )
z=C,x+D,,w+Du (10)
y=C,x+D,.w (11)
S.=[A4,.B,.B,.C,.C,.,D,,,,D,,.D,;] (12)

where x e R", u e R”, we R”, y e R’, and z € R’ denote the
state variables, control input (i.e., Av,.), external disturbance,
measured output, and controlled output, respectively; 4, B,
B,, C, C,, D, D, and D,,, are the uncertain augmented
LTI system matrices; and S, denotes the i" vertex (i=
1,2,...,N) with N being the total number of vertices. The
convex combination of these vertices constitutes a polytope
Q described as:

Q=C{S..8,....8,} = ia,S[:iai =Lao,>0; (13)
i=1 i=1

where C and «; denote the convex hull and polytopic coordi-
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nate, respectively. The geometric illustration of polytopic un-
certainty for polytope €2 is depicted in Fig. 2, where blue cir-
cles denote vertices, which represent different LTI models
with each model corresponding to a different OP, and red cir-
cles indicate the convex combinations. Because of polytopic
convexity, once the control law is formulated by satisfying
LMI constraints for all vertices, the designed controller is ca-
pable of assuring robust performance for all the OPs lying
within the polytope.

Fig. 2. Geometric illustration of polytopic uncertainty for polytope €.

For an uncertain polytopic model (9)-(11), robust stability
analysis involves assuring asymptotic (Hurwitz) stability,
i.e., the eigenvalues of all matrices A, € §; have negative real
part. The Lyapunov stability theorem is a well-known meth-
od for assessing this requirement, as it ensures Hurwitz sta-
bility of the system by employing a Lyapunov function
V(x)=x"0x with a fixed positive definite matrix Q=07>0
[25]. Instead of guarantecing quadratic stability, where a
common Lyapunov function is used for entire polytopic mod-
el [1], [17]-[22], [27], less conservative stability can be es-
tablished by using sufficient LMI conditions based on the pa-
rameter-dependent matrix @,=Q >0 via Lyapunov function
V(x)=x"Q,x such that F'(x)<0 for all x()=0 [24].

B. H, SOF Controller

The formulation of an SOF controller K, structured as a
static gain matrix, is presented as (14) or (15).

u=Ky (14)
u=K(Cy,x+D, w) (15)
Using (9)-(11) and (15), the closed-loop system becomes:
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time LTI system (9)-(11) such that the closed-loop system
(16) and (17) is asymptotically stable when w=0 and satis-
fies the H_, performance requirement described as follows:

| 7., <v (19)
| 7..(5) [ = max|T,, (jo)| (20)
T, (s)=C,,(sI-A4,, )" B, +D,; (21)

where ” T, (s) ” represent the H,, norm of the closed-loop

transfer function T, (s) from w to z; and I is the identity ma-
trix. From (19)-(21), it is inferred that, for any y>0, H_
norm of the system T, (s) should be minimized to guarantee
the robust performance subject to various disturbances. The
following lemmas will be used to formulate sufficient condi-
tions for the uncertain model stabilization via SOF control-
ler [25].

Lemma 1 For a scalar f and matrices P, V, Y, and A4,
the below-mentioned expressions, i.e., (22) and (23), are
equivalent [25].

V *
{ﬁPT +¥A —pY- ﬁYT} (22)
V<0
{V+ATPT+PA<0 (23)

where * denotes the respective symmetric terms in block ma-
trices.

Lemma 2 For a closed-loop system (16) and (17) with a
scalar y>0, if the matrix K and the parameter-dependent ma-
trix Q, satisfies (24), then the asymptotic stability of the sys-
tem is ensured with minimized H, norm equal to y.

He((A,+ B, KC,)0,) * *

(Bli+BZiKD21i)T _VZI *1<0 (24)

(C\;+D,,KC,,)Q;

where He(A)=A+A".

Considering Lemmas 1 and 2, the LMI condition for syn-
thesizing SOF controller (14) can be expressed by the fol-
lowing theorem [25].

Theorem 1 For the system (16) and (17), given that y>0

D]li+D]2iKD2]i -1

X=A;x+Bw+ By K(Cyx+D;,w) (16)  ith known scalar parameters 8 and p, if there exists a Ly-
7=Cx+D ;w+D , K(C,x+D, w) (17) apunov matrix @ and the matrices X and Y with substitution
. KY=X, then the following LMIs must hold:
':xcl] — |:Acl,i Bcl,i:“:xcl:l (18) .
z C,. D, Jlw M. <0 i=1,2,...N (25)
where x,=x; A,,=A,+B,KC,; B, =B, +B,KD,; C, = M+ M;<0 i<jij=12,...N (26)
C,+D,KCy; and D, ;=D,;+ D, KD, 0.>0 j=1,2,...N (27)
The control objective refers to the design of H, SOF- !
based PID controller of the form (14) for the continuous-
He(A4,0,+ B, XF,.,) * * *
B,+D;, X"B,, el * * 28)
! CliQi+quTXpXTBgi+D12iX'7:pixn D, ,+D,XD,, _I+He(pD12iX-7:pxq) *
ﬂXTB;i_{_CZiQi_Y‘Fpixn D21i_YD21i ﬁXTbszi_pY}-pxq _ﬂY_ﬁYT



1046 JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 4, July 2024
He(A,Q,+B, XF],,) * * *
T T vTpT 2
M= B, +D,; X B, war * * (29)
i — T T pT j
! Clin+p~7'-qpr BZi+D12iX:F;fxn Dlli+Dl2iXD21j _I+He(pD12inp><q) *
T pT j TpT T
ﬁX Bzi+C2fQj_Yf,fxn DZli_YD21j ﬂX D12i_pY'7:p><q _ﬁY_ﬁY
1 p=q bbb b et bt
I 0 : Ksorpip=[Kp K; Kp] !
_ [ pxp pX(q—p)] pP<q (30) ! b AV max

P4 I Feedback [ 105 ! !

|:0 axq :| pP>q signal 10s+1 | | AV

(P-a)xq Washout filter | ! AViemin

(C,ClY'C, fixed C,and full rank ¥
Fran=1C, fixed C, and non - full rank  (31)
C.. non - fixed C . Proposed H,, SOF-based |
2j 2 l I
. o | PID controller |
The SOF gain matrix is givenas: ~ Tooooooooooooooooooeee

Fig. 3. Overall structure of proposed robust PID-based damping controller.

Kyor=XY"! (32)

The selection of two scalar variables f and p provides ad-

ditional degree of freedom in the solution space to satisfy

the LMI conditions [25]. The values can be selected freely

in such a way that the resulting PID gains produce adequate
damping of dominant modes.

C. Design of Robust PID-based Damping Controller

For design of the robust PID-based damping controller,
the structure of the controller (14) is modified as:

u=K,y+K,[ydi +KDd—J; (33)

where K, K;, and K, are the PID gains to be determined us-
ing SOF control law u=Ky. To accomplish this, we can re-
write (33) as [26]:
d T
wslKs K Klly o ] (34)
Accordingly, the calculation of the SOF gain matrix in
(32) can be expressed as:

Ko pin= [KP K, KD] =Xy (35)

Hence, the SOF control problem is converted into a con-
ventional PID-based control problem by performing integral
and derivative actions on the measured output signal, there-
by augmenting the C,, matrix of (11) with additional output
vectors. In practice, the derivative controller could be affect-
ed by sensor noise. To avoid this, the derivative term is com-
bined with a first-order (low-pass) filter to reject the high-
frequency noise. Hence, the overall transfer function of the

. sN,
derivative block becomes K oy < where N, represents the

+N,
filter coefficient. The cut-off frequency of the filter is deter-
mined by the frequency modes of interest [27]. In view of
LFO range (0.1-2.0 Hz), the value N,=1 is chosen in the
this paper. Finally, the design objective is to find the static
gain matrix K, pp by assuring the asymptotic stability of
the uncertain closed-loop system (16) and (17) via the LMIs
(25)-(27) with H, norm y. The overall structure of the pro-
posed robust PID-based damping controller, including a typi-
cal high-pass washout filter [21], is shown in Fig. 3.

D. Controller Implementation

The creation of an uncertain polytopic model and the pro-
cedure to synthesize the controller can be illustrated via the
following steps.

Step 1: establish a set of OPs that describes the wide oper-
ating region of a power system.

Step 2: select a suitable feedback signal for the controller.

Step 3: create vertices of a polytope by linearizing the
power system at each OP.

Step 4: perform small-signal stability analysis to find the
weakly damped modes associated with each vertex.

Step 5: apply the model reduction method to obtain re-
duced-order system models.

Step 6: develop a polytope by combining reduced order
uncertain system matrices (12), attained by means of the aug-
mented state-space realization (9)-(11).

Step 7: construct controller K. ., (35) by solving the
optimization problem to minimize the A, norm y subject to
the inequality constraints (25)-(27). The solution to this opti-
mization problem is obtained by using the built-in MATLAB
command “mincx” of the LMI control toolbox.

Step 8: after forming a closed-loop system with the first
controller, use the model as an open-loop plant for the se-
quential design of the second controller by repeating Steps 1
to 7.

Step 9: validate the effectiveness and robustness of the
controller by performing eigenvalue analysis and non-linear
simulations for various uncertainties and disturbances.

IV. CASE STUDY

The proposed approach for the coordinated design of wind
farm damping controllers is validated using a modified 5-ar-
ea 68-bus benchmark system, as shown in Fig. 4 [31]. The
system contains a total of 16 SGs divided into 5 areas. The
generators G1-G12 are provided with power system stabiliz-
ers to mitigate local modes. During regular power system op-
eration, Area 2 heavily imports power from adjacent regions.
Hence, to satisfy power demand in any dynamic load situa-
tions, two wind farms (WF1 and WF2), each having 200
MW of rated power and characterized by an aggregated mod-
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el of PMSG, are connected in Areas 4 and 3.

Area 5:

Area 3

Fig. 4. Modified 5-area 68-bus benchmark system.

A. Polytope Formulation and FEigenvalue Analysis Under
Multiple Operating Conditions

To represent uncertainty in power system operation, two

different sets of polytopes, each with four vertices (i.e., i=
1,2,3,4), stated in Table I and Table II, are considered.

TABLE I
OPS AND DOMINANT MODES FOR POLYTOPE 1

Change in Close-loop ¢ (%)

Output Open-loop -
OP power of power (%) WF1 Coordinated
demand control control
WEF1 (%) MW
( ) M] MZ M] M2 Ml M2
1 100 No change 334 3.69 1726 593 1899 2527
2 50 —100 (Area 4) 3.37 3.83 17.04 6.11 18.79 25.14
3 100 +200 (Area 4) 3.29 3.56 17.36 5.80 19.12 2543
4 75 +400 (Area 4) 3.23 346 1735 5.73 19.18 25.58
TABLE 11
OPS AND DOMINANT MODES FOR POLYTOPE 2
Change in Topological Open-loop Close-loop C(%’)

power change (% WF1 Coordinated

oP : ¢ (%)

demand (line control control

(MW) outage) M M, M M M, M,
1 4200 (Area 1) No change 3.34 3.32 17.27 5.73 19.00 24.99
2  -100 (Area 1) Line 54-53 3.32 426 17.29 8.30 18.98 26.25
3 No change Line 27-53 3.34 3.76 17.26 6.17 18.99 25.46
4 400 (Areal), o panoe 338 342 17.19 5.93 18.86 23.43

—400 (Area 5)

These OPs are created by varying the output power of the
wind farm and SGs in response to changing load demand in
Area 2 followed by topological changes in the 68-bus bench-
mark system. The choice of these OPs is subject to the con-
vergence of the power flow solution. The topology of the
system may change due to contingencies or scheduled main-
tenance, which could affect the damping properties of LFOs.
The impact on inter-area modes will be predominant if the
transferring power of the tie-line to remote areas goes out of
service. In view of this, two structural changes are incorpo-
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rated by disconnecting the tie-lines, i.e., Line 54-53 and Line
27-53 between Area 1 and Area 2, as mentioned in Table II
for OP2 and OP3. The formation of a single polytope that
accommodates a large number of OPs increases complexity
and may result in an infeasible solution while solving LMI
conditions [22]. Meanwhile, sequentially designed coordinat-
ed controllers based on different polytopes, each having dis-
tinct OPs, can maintain system stability for a wide range of
operating scenarios. The uncertain polytopic model (9)-(11)
is then created by linearizing the benchmark system. The
small-signal analysis results for the open-loop system, pre-
sented in Table I and Table II, show two dominant modes
(M, and M,) for each vertex having damping ratios ¢ below
5% [31]. From the modal analysis, it is observed that M, has
the highest participation from G13, G14, and G16; whereas
the mode shape of M, is related to G15 against G14 and
G16. Subsequently, to suppress the critical inter-area modes
and improve system damping, this paper focuses on develop-
ing a coordinated robust damping control approach for the
wind farms at buses 69 and 70.

The input signals for the damping controllers are then se-
lected based on the observability and controllability of the
dominant mode to the corresponding feedback signal [32].
By taking the rotor angles of SGs as measured outputs, it is
determined that ¢J,; indicates higher residue value for M,
when the control signal is injected at WF1; whereas the sig-
nal d,, is selected for damping of M, via WF2. Afterward,
the order of the original linearized model associated with
each OP is reduced to the 12"-order system. Finally, the se-
quential coordinated control is accomplished by first design-
ing the PID controller for WF1 considering polytope 1 and
then using the closed-loop system with the first controller as
an open-loop model to synthesize the second controller for
WF2 taking polytope 2 into account [32].

With the closed-loop eigenvalue analysis presented in Ta-
ble I and Table II, it is demonstrated that WF1 noticeably in-
creases the damping of M,. On the other hand, M, is greatly
improved by injecting the controller at WF2, with no ad-
verse effect on other modes. This is also supported by the
complex eigenvalue plot depicted in Fig. 5, where M, and
M, are denoted by red and green circles, respectively. Thus,
the coordinated control of multiple wind farms provides bet-
ter damping of inter-area modes for a variety of operating
scenarios. The obtained PID gain vectors for WF1 and WF2
are given as (36) and (37), respectively.
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Fig. 5. Complex eigenvalue plot for OP1 of polytope 1.
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Ky pp=1-1.6848 —0.0608 —1.5611] (36)

Kypp pp=[ —1.3887 —0.5276 —0.9938] (37)

The proposed approach is further tested by conducting
time-domain simulations. Besides, a comparative study with
an SOF-based PID controller designed via an iterative LMI
approach [26] and a mixed H,/H, WADC [33] is also per-
formed to evaluate the higher robustness of the proposed ap-
proach.

B. Time-domain Simulations

1) Case I: Three-phase Fault Disturbance

This case is tested based on the initial steady-state condi-
tion according to OP4 of polytope 1. The wind speed varia-
tions for the two wind farms are shown in Fig. 6(a).

The system is simulated by applying a temporary three-
phase fault at r=1 s at bus 60 for 50 ms duration. The dy-
namic responses comprising rotor angle difference, rotor
speed difference, and line power flow, as shown in Fig. 6(b)-
(e), illustrate that large oscillations lasting more than 30 s
are observed in the system in the absence of any controller.
Nevertheless, oscillations are effectively mitigated within 12
s using the proposed approach. Moreover, from the compara-
tive simulation results, it can be observed that the power sys-
tem with the proposed approach tends to exhibit fewer dy-
namic fluctuations and settles oscillations faster compared to
other robust damping schemes. The damping contribution
from the PMSG is accomplished by dynamically modulating
the DC-link voltage, as depicted in Fig. 6(f). The maximum
deviation from the steady-state value of v, is set to be
+0.025 p.u. during transient conditions. Besides, the settling
of v, and other power system variables to a new post-fault
steady-state condition is caused by the wind speed changing
from its initial value.

2) Case 2: Loss of Generator Disturbance

In view of OP2 and OP3 of polytope 2, two permanent
line outages are incorporated in the system during the evalua-
tion of the controller’s performance for a contingency condi-
tion resulting from the loss of a generator. At =1 s, a dy-
namic disturbance in Area 1 causes Gl to trip, keeping it
out of service for the rest of the simulation interval. The ob-
tained results, demonstrated in Fig. 7, show that the pro-
posed approach delivers robust performance by rapidly miti-
gating the oscillations under severe disturbance.

3) Case 3: Continuous Load Variation Disturbance

In practice, the power system operates under numerous op-
erating conditions. Therefore, it is not feasible to accommo-
date all OPs during polytopic model construction at the con-
troller design stage. Meanwhile, the controller must provide
acceptable performance for random operating scenarios of
the power system. Consequently, the robustness of the con-
troller is tested in this case for any unknown OP that does
not belong to polytopes 1 and 2. The new OP is created by
assuming 50% and 75% power outputs from WF1 and WF2,
respectively, increasing the load of Area 2 at buses 47 and
53 by a total of 600 MW, and disconnecting Line 60-61.
The increasing power demand is equally fed by G10, GI1,
and Gl4. Later, a dynamic disturbance resulting from the
successive tripping of 200 MW load at buses 50 and 51, re-
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spectively, occurs at r=1 s and r=15 s. As a result, the pow-
er system oscillations excited by load variation are presented

in Fig. 8.
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Fig. 6. Simulation results of Case 1. (a) Wind speed variations. (b) Rotor

angle difference of G15 and G16. (c¢) Rotor angle difference of G14 and
G16. (d) Rotor speed difference of G11 and G16. (e) Line power flow (Ar-
ea 5 to Area 2). (f) DC-link voltage modulation of proposed approach.
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The transient responses with the proposed approach evi-
dently show improved damping and settling of the power sys-
tem at a new OP. Hence, the simulation results validate the
higher damping performance and robustness of the controller
designed using the proposed approach during continuous load
variations and for any random or unknown operating scenario.

C. Performance Evaluation

To quantify the effectiveness of the controller designed us-
ing the proposed approach in comparison to using other ap-
proaches under various scenarios and disturbances, the per-
formance index J is used [20]:

J= fo ;|w,.—w,|tdt (38)
where N, and T

cen " denote the total number of generators in
the power network and the simulation time, respectively; o,
is the speed signal of the i" generator; and ®, is the rotor
speed of the generator taken as reference, which in the 68-
bus power system is G16.
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Fig. 8. Simulation results of Case 3. (a) Rotor angle difference of G14 and
G16. (b) Rotor speed diference of G2 and G16. (c) Line power flow (Area 4
to Area 5).

The lower index value indicates the better performance
and robustness of the controller. From Fig. 9, it is observed
that J is lowest with the proposed approach for all the test
cases conducted in the previous section. This corroborates
the superior performance of the proposed approach for differ-
ent operating scenarios.
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Fig. 9. Performance index value.

V. CONCLUSION

In this work, we presented a robust damping control ap-
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proach for the coordinated control of multiple PMSGs to
suppress LFOs considering uncertain polytopic model. The
robust PID-based damping controller was designed by mini-
mizing the H performance objective via satisfying less con-
servative LMI constraints based on the parameter-dependent
Lyapunov function. The conclusions drawn from the current
study can be described as follows.

1) The coordinated robust PID-based damping controllers,
synthesized using proposed approach, ensured robust stabili-
ty and successfully mitigated low-frequency inter-area
modes by simultaneously guaranteeing robustness under mul-
tiple OPs.

2) The static controller gains, for providing the damping
function via multiple wind farms in a coordinated manner,
are calculated offline by establishing the polytopic models
based on diverse operating scenarios, including intermittent
wind speed, different generation and load requirements, fol-
lowed by uncertainty in the topological changes of the pow-
er system. Therefore, the controller’s parameters remain ef-
fective over a wide operating region, even providing satisfac-
tory performance in unknown/random operating conditions.

3) From the time-domain simulation results and quantita-
tive evaluation of the controller’s robustness via a perfor-
mance index, it is concluded that the controller using the
proposed approach outperforms the existing SOF-based PID
controller and a robust WADC.

4) Unlike other higher-order controllers with several con-
trol parameters, the synthesized controller can be preferred
for its simple and practically realizable structure.

The application of the proposed approach is not limited to
the damping of LFOs only; instead, it has the potential to
mitigate other types of oscillations, such as sub-/super-syn-
chronous oscillations, which have also been a critical issue
in recent years, particularly with the PMSG-integrated wind
power systems. In this respect, the focus of our future re-
search will be on mitigating these oscillations.

APPENDIX A

The parameters of the wind farm are listed below.

1) Turbine and PMSG: the rated wind speed is 12 m/s, the
inertia constant H, is 2 s, the maximum power coefficient C,
is 0.48, the tip speed ratio 4, is 8.1, R = 0.0025 p.u., L,=L, =
0.7 p.u.,and ¢,=1.2 p.u..

2) DC link and filter: C,,=0.3 p.u.,, V, =15 p.u, L,=
0.0033 p.u., and R, =0.

3) PI controllers at MSC side: @ PI-1: K,=0.0001,
K,=0.1; @ PI-3: K,=-100, K,=—1000; 3 PI-2 and PI-4: K, =
-90, K,=-1000.

4) PI controllers at GSC side: (D PI-5: K,=-22, K,=—870;
@ PI-7: K,=-2, K,=—100; 3 PI-6 and PI-8: K,=0.3, K,=
200.

opt
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