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Multi-Objective Optimal Robust Control Scheme
to Mitigate Power System Oscillations

Mahsa Kashani'*, and Zhenyu Yang?

Abstract: Given power system fluctuations, Flexible AC Transmission Systems (FACTS) can enhance stability.
The Static Synchronous Compensator (STATCOM), employed for parallel reactive compensation, is a second-
generation FACTS device. This paper presents a novel optimal robust scheme for designing a STATCOM
damping controller, formulated as a non-dominated multi-objective optimization problem via y-synthesis and
eigenvalue analysis. To handle uncertainties, a fixed-structure controller utilizing the P — A — K configuration is
applied to ensure robustness and stability. Moreover, optimal performance at the nominal operating point is
treated as a primary objective alongside robust performance. A comprehensive approach is proposed for tuning
the controller parameters. The proposed controller’s superiority is demonstrated by comparing its performance
against D-K and H,, controllers. Simulation results validate the effectiveness of the proposed method, showing
favorable stability and robustness.
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I INTRODUCTION

Flexible AC transmission systems (FACTS) can miti-
gate transmission line limitations, such as voltage and
thermal constraints, and address power quality issues
like voltage sags and harmonics [|I, 2]. Low-frequency
oscillations (LFOs) from parameter fluctuations and un-
certain loading pose a major threat to small-signal sta-
bility, and insufficient damping may cause outages [3].
Thus, designing effective FACTS controllers is vital [4].
Robust FACTS controllers are essential to handle uncer-
tainties, ensure stability, and dampen LFOs, while also
aiming for optimal system performance. Thus, optimal
robust control could be suggested as a beneficial solution
to satisfy system robustness [5].

Several controlers have been proposed to design an ad-
ditional damper controller (ADC) for static synchronous
compensator (STATCOM) with the aims of the power
system stability enhancement and voltage regulation [§,
7]. In [§], PI-based controllers to improve performance
of the STATCOM and static var compensator in the face
of power system oscillations. A comparison between
PI and fuzzy controller to design the STATCOM-ADC
was reported in [9]. In [[I0], a nonlinear control scheme
for designing STATCOM-ADC was presented to boost
the dynamic and transient stability of the power grid. A
multi-objective predictive control strategy was also in-
troduced in [[11]] using the eigenvalue analysis for the
dynamic stability improvement of a power system. Al-
though the problem formulation was proposed as a multi-
objective problem, it was eventually transformed into a
single-objective problem.
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In [[12], a wind turbine-oriented adaptive robust control
agent was proposed for STATCOM-ADC. A predictive
control was presented by [|13] to analyses for the stability
of hybrid power system. A coordinated control strategy
for a STATCOM integrated with HVDC system has been
established in [[14] and simulated by PSCAD/EMTDC
software with fulfilling purposes of raising both the
steady and transient stability performance. To de-
velop transient stability of a multi-machine power sys-
tem integrated photovoltaic (PV), wind, FACTS devices
and power system stabilizers (PSSs), particle swarm
optimization-based PI controller has been proposed in
[15] to improve the performance of the FACTS devices
and the PSSs system.

Diverse meta-heuristic algorithms in the literature
have been implemented to design STATCOM-ADC to
ensure the effectiveness of the ADC. A novel intelligent
control strategy has been carried out in [[1§] using a com-
bination of a new General Type-II fuzzy Logic with the
teaching learning based optimization algorithm to opti-
mally and adaptively tune gains of a PI controller. Ku-
mar et al. [[17] have also represented an inventive manner
to mitigate LFOs as well as the voltage fluctuations in
the multi-machine power system aggregated with STAT-
COM by using ant colony optimization for the optimal
adjusting of the PI controller parameters. Devarapalli et
al. [[18] have suggested a multi-verse optimizer algorithm
for tuning the parameters of the PSS and STATCOM-
ADC to minimize the LFOs of the power system. A solar
PV-wind hybrid micro-grid in presence of STATCOM
device has been modeled in [[19].

Designing the STATCOM-ADC for the different sys-
tems has been pay particularly attention by researchers in
recent years and different objectives have been employed
as cost function to present the problem of ADC design-
ing in the optimization problem framework. In this re-
gard, Peres et al. [20] have given a single-objective opti-
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mization problem to tune the parameters of ADC, aiming
at maximizing the minimum damping ratio. Moreover,
coordinated robust control strategy for both rotor angle
and voltage oscillations damping has been proposed in
[21,22] by minimizing the H.,-norm of the closed-loop
transfer function.

Regarding some complex features of the power system
such as nonlinearity, load uncertainty and variable op-
erating points, achieving stable response of the voltage
and frequency regulation is challenging. Hence, to guar-
antee the effective response of the closed-loop system,
a robust control scheme is applied to cope with the sys-
tem uncertainties. In [23], a multi input-multi output ro-
bust controller has been designed based on u-synthesis
method for the nonlinear model of permanent magnet
synchronous motor. A novel robust controller H, and
pu-analysis methods with structured uncertainties as P-A-
K representation have been carried out in [24] for en-
suring the robust performance and adjusting the termi-
nal voltage by employing the Automatic Voltage Regu-
lator (AVR) system. The result of simulating indicates
the merit of the proposed robust controller in compari-
son with other optimized controllers such as traditional
PID, fractional-order PID, fuzzy+PID, and interval Type-
2 fuzzy logic in a wide range of the system uncertain-
ties. Faraji et al. [25] have investigated two robust con-
trol strategies involving H,, robust control and sliding
mode control to switch various operation conditions for
a nonlinear multivariable model of the DFIG wind tur-
bine.

A  Contributions

By reviewing the literature, it can be seen the design-
ing problem of STATCOM-ADC has been paid atten-
tion by different control schemes and optimization prob-
lem frameworks. Nevertheless, in the literature, it has
not been given a non-dominated multi-objective opti-
mization to design STATCOM-ADC considering robust-
ness performance and the system efficiency in the nom-
inal operating point. This paper presents a novel robust
controller based on non-dominated multi-objective opti-
mization approach by considering u-synthesis method
and eigenvalues analysis. The proposed controller is
considered as a fixed-structured controller and its coef-
ficients are the decision variables of the proposed opti-
mization problem. To solve the proposed optimization
problem, firstly, the Pareto optimal front is found by
Non-dominated Sorting Genetic Algorithm-II (NSGA-
II). Then, to determine the most preferred solution with
the best compromise between the objective functions,
Linear Programming Technique for Multidimensional
Analysis of Preference (LINMAP) method is performed.
An important advantage of the proposed multi-objective
design is that it can adjust the controller coefficients ac-
cording to the decision maker’s preferences. In sum-
mary, we introduce such a fixed-structure controller via
p-synthesis and eigenvalue analysis, handling structured
parametric uncertainty and unstructured errors from re-

duction, linearization, and operating-point shifts. Co-
efficients are optimized using NSGA-II for the Pareto
front and LINMAP for compromise selection, enabling
preference-based tuning.

II SYSTEM MODELING AND PROBLEM FORMULA-
TION

To analyze the local oscillations of the power system,
Single Machin Infinite Bus (SMIB) model is widely ap-
plied. Fig. 1 reveals a SMIB system connected to
STATCOM, which is installed at the middle point in
a transmission line. It consists of a step-down trans-
former (STD) with a leakage reactance Xgpr, a three-
phase GTO-based voltage source converter (VSC), a DC
capacitor. From Fig. 1, STATCOM-ADC system gener-
ates the control signal of the compensator by consider-
ing the power deviation as input signal. Here, fifth-order
model of the SMIB with STATCOM system is employed.
In the follow-up, the dynamic equations have been for-
mulated for each component of the system.
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Figure 1. Schematic of a STATCOM installed in the power system.

A Synchronous generator (SG) model

In general, Park’s equations, in which the axes of the
machine are specified by using the d-axis and g-axis, are
used to mathematically represent the SMIB system con-
nected to STATCOM. The SG of this system is modeled
by the dynamic of the g-axis transient voltage, the exciter
voltage, and the electromechanical swing equations. The
dynamic of the generator’s internal voltage is given by:

ey

€y = [Efd —ey— (xq —xd)I,d] T_do

where xd,x;l and T[’IO are the d-axis synchronous reac-
tance, transient reactance, and open circuit transient time
constant, respectively. Moreover, ey, is the voltage be-
hind the transient reactance, and I, is the SG termi-
nal current along the d-axis. The voltage of SG exciter
E ¢4 would be controlled by Automatic Voltage Regula-
tor (AVR) system. The dynamic model of the exciter sys-
tem is defined by E, where K4 and T4 are the gain and
time constant of AVR system, respectively. Moreover,



V; is SG terminal voltage.

. 1 Ka
Erg=——E¢g+— Vo=V, 2
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In (2), the SG terminal voltage could be defined based
on the SG terminal current as follows:

_ |2 2 = =e! —x/
V, = Vid + Vig» Vid = quzd, Vig = €4 _xdltq 3)

The electromechanical swing equations can also be
written for rotor angle § and angular frequency w as two
first-order differential equations presented by (6) and (7).

1
E[Pm_Pe_KDw]
in which P,, and P, are the mechanical and electrical
power, respectively. H is the inertia constant and Kp
is also machine rotor damping. SG electrical power is
calculated as follows:

5=a)0w, w =

“)

Pe=Viglia + thltq )

B STATCOM model

The voltage difference between Vi and V, causes to
exchange active and reactive power between STATCOM
and power system. Moreover, the AC voltage (Vo =
mVpc £y) behind the leakage reactance of STD is con-
trolled by the VSC system. Where, Vpc is DC link volt-
age, and m as well as ¢ are control references. The dy-
namic of DC link voltage is formulated as follows:

IDC m

= - (6)
Cpc Cpc

The nonlinear model of the SMIB system with STAT-
COM could be defined by the set of equations (1), (2),
(6), (7) and (9). Considering the relationship of the cur-
rents injected by SG and STATCOM introduced by [[1§],
the state space model of the system can be extracted in
which, the state variables vector is [, w, e;, Eraq,Vbpcl
and the control variables vector is [m,¢]. In order to
design the proposed controller, the linearized model of
the system is employed, which it has been discussed in
detailed in the Appendix I.

Ve = (Isq cosy + Isqj siny)

I11

One of the main aims of controller designing for the
proposed system is not only stabilize the nominal system,
where some elements are unmodeled or some dynamics
may be neglected, but also stabilize the actual system.
The controller designing by considering uncertainties is
well-known as a robust control problem, in which H,-
based control and u-synthesis methods are mainly im-
plemented to reach a proper robust controller. In this
paper, to ensure the robust performance of the proposed
controller p-synthesis method is applied.

RoBUST CONTROLLER DESIGN

A System uncertainty modeling

Due to the uncertainty characteristics of the STAT-
COM, the system controller should be designed to en-
sure the system stability and performance under different
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operating points. To indicate the system uncertainties, an
additive perturbation model is employed. The standard
feedback control system with the additive perturbation
is displayed in Fig. 2, in which Wy and W,, are perfor-
mance and control effort weighting function. Moreover,
W is a transfer function for normalizing the plant uncer-
tainties, which it should be stable and minimum phase.
The proper adjustment of weighting functions is one of
the most critical aspects of robust optimization problems.
The weighting function W should be designed according
to the relation between the nominal system and the per-
turbed system. By using ||A(jw)|| < 1, it implies that:

Gp(jw) .
Golw) ~ 1 < [W(jw)l @)

Figure 2. Feedback system with additive perturbation.

Due to the fact that neglected dynamics often occur at
high frequencies, a high-pass filter could be used as an
upper bound of uncertainties. (E) presents the suitable
weighting function for the proposed system. Bode dia-
gram of the weighting function and perturbed models of
the system are depicted in Fig. 3.

s2+199.25 + 9917

W = 8
52 + 200s + 10000 ®

The control effort weighting function is usually se-
lected as a simple case presented by (E), in which W,
is equal to a constant value that is adjusted to prevent
excessive enhancement and limit the control effort.
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Figure 3. Bode diagram of the weighting function and perturbed models
of the system.

On the other hands, the weighting function W (s), rec-
ognized as a performance weighting function, weights
a region of frequency domain to decrease the effect of
disturbance on the system output. To guarantee the nom-
inal performance ||WsS||e < 1, the optimal performance
weighing function can be determined as follows:

§% + 26w s + w3

W.(s) =
s()=a §2 + 28wy, s

(10)
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in which, a is regulation factor. To meet the optimal per-
formance of the proposed system, sitting time and over-
shoot are assumed less than 1 second and less than 20%,
respectively. Therefore, damping coefficient  and natu-
ral frequency w,, are considered 0.5 and 10 rad/s, respec-
tively. Eventually, the performance weighting function
which met the requirements, is selected as follows:

W= a (s> + 10s + 100)
¥ T (5 +0.05)(s + 10)(0.002s + 1)

(1)

IV PROPOSED CONTROLLER METHOD

The proposed controller is considered as a second-
order fixed-structured controller illustrated by @ The
proposed controller designing problem is defined as a
multi-objective optimization approach to tune the con-
troller coefficients, with the aim of achieving both opti-
mal efficiency in the nominal operating point, and robust
performance and stability in the worst-case conditions.

k1S2 + kZS + k3
/€4S2 +kss+ 1

The first objective function is defined by ) based on
eigenvalue analysis

= Z (€0 — &)

So<&i

12)

2+ Z [(0'0—0'1')]2 (13)
(o]

o0>0; 0

éo

in which o; and &; are, respectively, the real part and the
damping ratio for the modes which have weak-damping
regarding the minimum desired mode. oy and & are the
minimum of real part and damping ratio, respectively.
The second and third objectives are also presented to sat-
isfy the robust performance and stability of closed loop
system based on u-synthesis method described in last
section. To minimize ||N(s)||, and meet |[|[N11(s)]| < 1,
The second and third objective of the proposed problem
are formulated as:

J2=IN()l (14)
10°, if [N ()l = 1
fi= I, (15)
0, if [Nu(s)ll <1
Finally, the proposed controller designing problem
is given as with decision variables vector X =

[k1, k2, k3, ka, ks], representing the controller coeffi-
cients.

Min F(X) = [fi, /. 51T

1
Subject to : 0<X <500 (16)

V  SOLUTION PROCEDURE

In this paper, to find the Pareto optimal solution set
the multi-objective optimization technique has been ap-
plied. Then, multi-criteria decision-making method is
employed to find best solution. Parts 1 and 2 of this sec-
tion have been explained the multi-objective optimiza-
tion algorithm and decision-making approach used in
this paper, respectively.

A Multi-objective optimization algorithm

A non-dominated multi-objective optimization in-
volves at least two conflicting objectives. The main aim
of solving these types of problems is to obtain a set of
alternate solutions, named Pareto optimal set, by simul-
taneously optimizing several independent objective func-
tions. Pareto optimal set is demonstrated as |17 based on
the dominance concept, for a multi-objective optimiza-
tion problem.

Vi| Fi(X1) < Fi(X2), Jj | Fj(X2) < Fi(X1) (17)

To reach the Pareto optimality, NSGA-II algorithm is
applied in this paper. To solve the proposed problem us-
ing NSGA-II, an initial population of chromosomes is
randomly determined in the problem’s feasible set. Then,
the fitness functions for each member are evaluated by

. The selection of parents for the next generation
is carried out by tournament selection method based on
dominance between

B Decision-making

two members. For the two non-dominant members, the
selection is done based on crowding distance. In the next
step, the offspring is generated by applying crossover and
mutation operators. In this paper, the two-point method
is used for the crossover operator as shown in Fig. 4.
After generating offspring, the elitist strategy is applied
to maintain the best member from the combined popu-
lations of parents and children by considering the non-
dominated sorting method.

C Decision-making

After finding the Pareto optimal set by the NSGA-II al-
gorithm, a decision-making approach should be applied
to select the most preferred solution with the best com-
promise between objective functions. Here, the LIN-
MAP method has been exerted as the decision-making
method of the proposed problem. This method is per-
formed base on for main steps as follows:

Step 1: A nondimensional value f j is calculated for
each result obtained by NSGAII algorithm as

fij

SN G

Step 2: An unattainable ideal point based on the best re-
sults found for each objective function is determined by

19)

= j=123 (18)

fiaeaj = min fi ;, j=12,3
Step 3: The normalized distance between each of the
Pareto front results and the unattainable ideal point
should be calculated by

3
di = | 2w (5 = Faea,)? (20)
=

Step 4: The result with the lowest normalized distance
is chosen as the preferred optimal solution.
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Figure 4. Demonstration of the two-point method for crossover operator.

VI

The proposed control scheme is introduced by multi-
objective optimization problem to find optimal param-
eters for the proposed robust-fixed structure controller.
By using the proposed controller, both robust perfor-
mance and stability of the system would be insured and
the controller performance in the different conditions of
nominal frequency would be optimized. To evaluate the
performance and stability of the proposed method, four
controller are designed and the simulation results would
be analyzed based on them in four cases:

SIMULATION AND RESULTS

e Case 1. u-synthesis by using reduced D-K iteration.

¢ Case 2. Optimal H,, method.

* Case 3. The proposed method by considering prior-
ity for the robust stability and robust performance of
closed-loop system. (w; = 0.1,w; = 045w, =
0.45)

* Case 4. The proposed method by considering prior-
ity for the closed-loop system performance in nominal
condition. (w; = 0.8,w, =0.1,w, =0.1)

Cases 1 and 2 are respectively considered to compare
the robust performance and stability of the proposed con-
troller with the controllers designed by reduced D-K it-
eration and optimal H, method. As one of the multi-
objective optimization problem advantages, the priority
of each objective can be considered to achieve the most
preferred solution based on the controller designer’s de-
sire by applying appropriate weighting in the decision-
making method. To indicate this benefit, cases 3 and 4
are considered based on the different desires of the con-
trol scheme.

A Results and discussions

1 Controller efficiency evaluation

By considering the adjustment coefficient a = 0.005
in (17), a suitable controller based on u-synthesis using
reduced D-K iteration can be achieved for case 1. Table
1 demonstrates the results for controller designing per-
formed by the reduced D-K iteration. As can be seen,
the peak p-value is less than 1. Therefore, the robust
performance and stability condition is satisfied for this
case. Figures 5 and 6, respectively, show the stability
and performance of the controllers designed in different
cases. For robust stability, it is required that the maxi-
mum of the u curves at each frequency should be less
than unity. As depicted in Fig. 5, all of the controllers
have satisfied the robust stability for closed-loop system
in the various range of frequency. It is obvious that all

of the controllers have same performance robustness in
low frequency as well as high frequency based on the re-
sults pictured in Fig. 6. Moreover, it can be observed,
the controller designed in case 2 has better performance
than others. The results obtained by case 3 and 4 have
also been illustrated that structure singular value for case
3 is less than case 4 in middle frequencies. This is-
sue shows proposed controller scheme achieves the con-
troller goal. That means by considering a higher weight-
ing factor for robust stability and robust performance the
most preferred solution is guaranteed more robustness.

Table 1. The results for controller designing performed by the reduced
D-K iteration for case 1

Iteration 2 3 4 5 6

Controller Order 13 15 17 17 17

Total D-Scale Order 4 6 8 8 8
Gamma Achieved 0.994  0.998 1.001 1.000 1.000
Peak mu-Value 0.990 0.992 0.994 0.994 0.993

Frequency(rad/sec)

Figure 5. Structure singular value for robust stability analysis of the
controllers designed in different cases.

10 10
Frequency(rad/sec)

Figure 6. Structure singular value for robust performance analysis of the
controllers designed in different cases.

2 Optimization efficiency evaluation

Here, NSGA-II algorithm is employed to find the
pareto optimal solution. The number of members and
iteration are considered 300 and 100 respectively. Fig.
7 demonstrates the Pareto front obtained by NSGA-II.
Four different views of the Pareto front are displayed
in this figure for better demonstration. It is noticeable
that none of the Pareto solutions dominates the other and
each of them are candidate as an optimal solution. In this
stage, based on the designing requirements by applying
a decision making method, the most preferred solution
can be selected as a final optimal point.
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Figure 7. Pareto front of the optimal solution points from four different views.
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Figure 8. The scatter distribution for each parameter of the proposed controller in the different iteration.

The optimal solution chosen by LINMAP method for
cases 3 and 4 is listed at Table 2. Fig. 8 indicates the
scatter distribution for each parameter of the proposed
controller in the different iteration of the optimization al-
gorithm. This figure gives appropriate visual overview
of the solutions, determined by each member of the pop-
ulation in the feasible set. It is clear that all of these
solutions are within the acceptable range between maxi-
mum and minimum limit. As can be seen in this figure,
in the initial iterations, the population members of the
optimization algorithm search the proposed solution in
the whole of the feasible set. After passing more itera-
tions, when the heuristic optimization algorithm reaches
the learning of the proposed problem, the searching of
the members would be more exact. As an important out-
come in the optimization, the sensitivity of the cost func-
tion to each decision variable can be observed in Fig. 8.
As can be seen in this figure, almost all of the algorithm
members converge to similar results for parameter k4.
This issue presents this parameter has more influence on
the evaluation criteria. On the other hand, parameters k3
and ks have less influence on the evaluation criteria, be-
cause the results for these parameters have been obtained
in a wider range of their allowable range.

3 System evaluation

The output analysis of the closed-loop system by apply-
ing different controllers, designed by different methods,
would be presented in four different states. All of the sim-
ulations are conducted on the nominal frequency of the
system to investigate the controller performance in the
nominal working condition. First, the nominal parame-
ters of the system are considered. In the second case, in-
ertia constant H is considered and other parameters are
equal to their nominal values. In addition, it is supposed
that damping coefficient D is 2 for the third state. In the
fourth case, inertia constant H and damping coefficient
D are respectively assumed 2 and 6. For all cases, a dis-
turbance is applied as a pulse signal in second 2 of the
simulation time. The rotor angle deviations for state 1 is
depicted in Fig. 9. As shown in this figure, all controller
can improve the system stability and controller designed
by case 4 has better performance than others. This is-
sue has been occurred due to giving priority to optimal
performance in nominal conditions (i.e., first objective
function). Respectively, Fig. 10 and 11 indicate the ro-
tor angle deviations for cases 2 and 3. As it is mentioned
before, in state II, the value of inertia constant H is con-
sidered two times its nominal value. By increasing the



Table 2. The results obtained by LINMAP method for the proposed
system in cases 3 and 4
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Controller parameters

Objective Function

ki ka k3 ky ks fi )i S
Case 3 6.6499 3.9746 27.3511 0.0492 48.0508 7.4103 0.9918 0
Case 4 5.7136 2.4750 34.9524 0.4928 149.7512 7.1499 0.9942 0

value of H, system stability has been decreased. More-
over, the value of damping coefficient D is considered
the half of its nominal value in case 3. Here, system
stability has been decreased as well. However, in both
states, the proposed controller in case 4 has performed
much better than other controllers. Fig. 12. shows ro-
tor angle deviations after applying disturbance for case4.
As illustrated in Fig. 13, it can be seen the system is suf-
fering from sharp decline stability by changing H and D.
The system stability reduction is so dramatic that none
of the controllers are able to stabilize the system except
the controller design by the proposed method in case 4
during the simulation period.

VII

This paper proposed a fixed-structure STATCOM-
ADC via non-dominated multi-objective optimization
to enhance robust/optimal damping of local oscillations.
Uncertainties were tackled using |1-synthesis for robust
stability and eigenvalue analysis for nominal perfor-
mance. NSGA-II and LINMAP yield the best trade-off.
The design reduces complexity for practical use. Com-
parative analysis versus H, and p-synthesis with D-K
iteration confirmed the proposed controller’s superiority
in simulations, meeting both robust stability and optimal
nominal efficiency.

CONCLUSION

Figure 9. Rotor angle deviations after applying disturbance in state |
(H=3, D=4).

Figure 10. Rotor angle deviations after applying disturbance in state Il
(H=6, D =4).

Figure 11. Rotor angle deviations after applying disturbance in state Ill
(H=3, D =2).

Figure 12. Rotor angle deviations after applying disturbance in state IV

(H=6, D = 2).
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