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Abstract: To improve the damping of power system oscillations by supplementary controller design for the static
synchronous series compensator (SSSC) and static synchronous compensator (STATCOM), a multiobjective function
based on the particle swarm optimization (PSO) algorithm for solving this optimization problem is introduced. The
presented objective function includes the damping factor and the damping ratio of the lightly damped and undamped
electromechanical modes. These controllers are adjusted to concurrently transfer the lightly damped and undamped
electromechanical modes to a recommended region in the s-plane. For this purpose, the reduced linearized Phillips-
Heffron model of the power system with a single machine and infinite bus, integrated with a STATCOM and a SSSC, is
used. In this paper, to solve the mentioned optimization problem, the PSO technique is used. It is a robust stochastic
optimization technique and has a high capability for discovering the most optimal results. The different loading conditions
are simulated and the effects of these flexible alternating current transmission system controllers over the rotor angle
and rotor speed deviations are studied. Simulation results reveal that the SSSC’s performance is better than that of the
STATCOM and it provides higher damping than the STATCOM. MATLAB/Simulink software is used for running the

dynamic simulations.
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1. Introduction
Low frequency oscillations are due to large power systems being in connection together via relatively weak tie
lines [1].

Using power system stabilizers (PSSs) is an effective and more economical way to moderate these power
system oscillations. Because of the highly fast control action of the flexible alternating current transmission
system (FACTS) devices operations, PSSs have been very favorable candidates for enhancing the damping of
power system oscillations and power transfer limits [2-4]. Adding a supplementary controller to the FACTS
device control system can significantly increase system damping and can also enhance the system voltage profile
[3]. The static synchronous compensator (STATCOM) and static synchronous series compensator (SSSC) are
2 important members of the FACTS family. The implementation of the STATCOM and the SSSC for stability
enhancement and power oscillation damping is shown in [5-9).

In this paper, using the particle swarm optimization (PSO) algorithm, the ability of the STATCOM and

the SSSC supplementary controllers to improve the dynamic stability of a power system under different loading
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conditions is compared. PSO is a new heuristic algorithm for global optimization searches that is based on
the intelligence of swarms and social cooperation. This algorithm utilizes the swarm intelligence generated by
working together and the rivalry between the particles in a swarm, and it has appeared as a practical device
for engineering optimization. PSO has a pliable and properly leveled mechanism to improve the global and
local exploration capabilities. It can specify the objective function and place finite bounds on the optimized
parameters. It is shown in [10-15] that the PSO algorithm is a proper method for solving problems, with
features such as nondifferentiability, nonlinearity, and high-dimensionality.

In [16], the imperialist competitive algorithm (ICA) was used for the tuning of damping controller
parameters for a unified power flow controller. In this comparative investigation, a single machine infinite
bus (SMIB) system integrated with both STATCOM and SSSC controllers is used. The multiobjective problem
is in accordance with the eigenvalue-based multiobjective function, including the damping ratio and the damping
factor of the lightly damped and undamped electromechanical modes. The controllers are automatically adjusted
with the optimization of an eigenvalue-based multiobjective function by PSO to concurrently transfer the lightly

damped and undamped electromechanical modes to a recommended region in the s-plane.

2. Description of the PSO algorithm

PSO is a new heuristic algorithm for global optimization searches that is based on the intelligence of swarms
and social cooperation. It was presented for the first time in [10]. PSO uses the characteristics and behaviors
of social models like bird flocking or fish training. In PSO, a swarm (a population of particles) flies over a
multidimensional search space representing nominee solutions. During the search journey, current tendency,
personal experience, and the swarm’s experience are used to find the optimal solution [11].

The PSO algorithm requires minimal memory. It is fast, simple, and its code can be written and
implemented easily. In addition to these benefits and characteristics, PSO is advantageous over evolutionary
and genetic algorithms in many respects. First, PSO has memory. Unlike evolutionary programming, genetic
algorithms, and evolutionary strategies, PSO does not have selection operation. PSO is the only algorithm that
is not based on the survival of the fittest. PSO is based on constructive cooperation between particles. The

structure of the PSO algorithm and its application in solving various problems is described in [10-15].

3. Power system modeling
3.1. Mathematical model of the power system with the STATCOM
A system with a SMIB equipped with a STATCOM is investigated, as shown in Figure 1 [5]. The STATCOM is

composed of a boosting transformer, a leakage reactance xspT, a gate turn off-based voltage source converter,
and a DC link capacitor (Cpc).
The STATCOM has 2 input control signals, modulation index m and phase 1. In order to investigate the

effect of the STATCOM on improving the damping of power system oscillations, its dynamic model is required.
Park’s transformation is applied and the resistance and transients of the transformer are neglected, and so that
the STATCOM can be modeled as [5]:

Ito = Iod + jlLog, (1)
Vo = mkVpc(costp + jsine) = mkVpo Z1, (2)
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Figure 1. The system with the SMIB equipped with a STATCOM.
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. mk .
Vbe = T([LOd cos ) + Irogsiny). )
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In these equations, k is the voltage ratio between the AC and DC sides and is dependent on the inverter
structure.
The nonlinear dynamic model of the presented power system in Figure 1 is [5]:

b = wpw, (5)

& = (Pm — Po — Dw)/M, (6)

Ey = (=Eq+ Bfa)/Ti, (7)
E.Ifd:*TiAEfdﬁL%(Vto*Vt)v (8)

where,

P.=E;Lig + (vq — x))linaling, Bg = B} + (xa — x3) 114, Vi = \/(E(’, — &l ira)? + (wqlirq)?.

By linearizing Eqs. (1) through (8), the linear dynamic model of the test power system can be obtained as

follows [5]:
A = wyAw, 9)
Ad = (—AP. — DAw)/M, (10)
AE', = (~AE, + AE;q)/T),, (11)
AEp = —TLAAEfd = %Am, (12)
AVpc = K7A6 + KsAE, + KoAVpe + KamAm + Kay A, (13)
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where,
AP, = K1A6 + K2 AE, + KppcAVpe + KpmAm + Kpy Av,
AE, = K4Ad 4+ K3AE, + KypcAVpo + KgmAm + Kqyp A,
AV, = K5Ad + K¢AE, + KypcAVpe + KymAm + Ky A,
K., K;, ..., Kg,Kpy, Kqu, Kau, and K, are linearization coefficients that are dependent on the

operating conditions and system parameters. Finally, the state space equations of the test power system can
be obtained as below:

& = Az + Bu, (14)

where the state matrix A, input matrix B, state variables vector x, and control input vector u are:

v=[ A§ Aw AE, AE;qa AVpe |",u=[Am Ay ]",

r 0 Wh 0 0 0 1 [ 0 0 7
K D Ky _ Koo m Kpy
M M M 0 M — ]\Z;I P
. Ky 0 _ K3 1 _ Kgpc _ Kom Kgy
A= T, T, T T, | B= T —7
KaKs 0 _KaKg 1 _KaKypc KaKom KaAKyy
Ta Ta Ta A Ta T Ta
I Ky 0 K 0 Ky | | Kum Koy |

Figure 2 shows the block diagram of the linearized dynamic model of the test system.

3.2. Mathematical model of the power system with the SSSC

The SSSC modeling is performed similar to the STATCOM modeling. A system with a SMIB equipped with
SSSC is investigated, as shown in Figure 3 [8]. The SSSC typically has the same power electronics topology as
the STATCOM. However, it is combined into the AC power system through a series coupling transformer, in
contrast to the shunt transformer in the STATCOM. The dynamic model of the SSSC can be modeled as [8]:

Ly =Lina+ jling = It 29, (15)

Vinv = mkVpc(cosy + jsing)) = mkVpo Ly

Y=+ 90° (16)
. dVpc  Ipc
Vpe = = — 17
be dt CDC’ ( )
. mk .
Vbe = T(ItLd cos ) + Iirqsinh). (18)
pC

In these equations, k is the voltage ratio between the AC and DC sides and is dependent on the inverter
structure.
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Figure 2. Reduced linearized Phillips-Heffron model of a SMIB system integrated with the STATCOM.

The nonlinear dynamic model of the power system in Figure 3 is [8]:
6 = wyw,
w= (P, —P.— Dw)/M,
E«; = (_Eq + Efd)/Tclloa

. 1 K
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Figure 3. The system with a SMIB equipped with SSSC.

By linearizing Eqgs. (15) through (22), a linear dynamic model of the test power system equipped with a
SSSC can be obtained as [8]:
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A = wpyAw, (23)
Aw = (=AP, — DAw)/M, (24)
AB'y = (~AE; + AEja)/Tj, (25)
. 1 Ky
AEg=——AFE;; — —AV, 26
sa == ABra = AV (26)
AVpe = K4AS + K{AE], + K{AVpe + K, Am + K, Ay, (27)
where,
AP, = K1A6 + KyAE, + K, pcAVpe + K, Am + K, A,
AE, = KjAé + K3AE, + K, poAVpo + K,,,Am + K, , Ay,
Kll,K/27 . K;,,K /pu, K ;u, K iiu, and K ;u are linearization coefficients and are dependent on the

operating conditions and system parameters. Finally, the state space model of the test power system can be

given as:

& = Az + Bu, (28)

where the state matrix A, input matrix B, state variables vector x, and control input vector u are:

v=[ A Aw AE, AEjy AVpe |",u=[am Ag T,

i 0 Wy 0 0 0 1 0 0
_K  _D  _K 0 _EKpc _ Ko Ky
M M M M M M
! !
A=| & o K 1 _Kupe B=| -Sm i
- ’ ’ ’ ’ -
Tio Tgo Tgo Tgo ’ Tgo T30
_KaKy 0 _KaKg 1 KaKipo _KaKy, _KaK,
Ta Ta Ta Ta Ta Ta
/ / / / /
K7 0 K 0 K K, de

Figure 4 shows the block diagram of the linearized dynamic model of the test system.

3.3. Power system oscillation damping controller

The damping controller shown in Figure 5 is provided to enhance the damping of the power system oscillations.
This controller includes gain block, signal-washout block, and a lead—lag compensator, and is used for the
STATCOM and the SSSC [3].
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Figure 4. Reduced linearized Phillips-Heffron model of the SMIB system integrated with a SSSC.
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Figure 5. STATCOM/SSSC with a lead-lag controller.

3.4. Optimization problem
In this paper, to enhance the overall system dynamic stability under different operating conditions, the STAT-
COM and SSSC controller parameters are optimally tuned. For this purpose, an eigenvalue-based multiobjective

function including the damping ratio and the damping factor is considered as follows [17,18]:
J3 = J1 + ads, (29)

where Ji = 30, o, (00 —0i)?, J2 = X <, (Co — Gi)?, 01, and ¢ are the real part and the damping ratio
of the #th eigenvalue, respectively. The value of term a is selected as 10 and it is a weighting coefficient for
combining both damping factors and damping ratios. The relative stability in terms of the damping factor
margin is determined by og. When only J; is considered as the objective function, according to Figure 6a,
the closed-loop eigenvalues are placed in the region to the left of the dashed line. Similarly, when only Jo is

taken, the closed-loop eigenvalues are placed in the region that is shown in Figure 6b. In this case, (o is the
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optimal damping ratio that is to be obtained. If Jg is taken as the objective function, according to Figure 6c,

the eigenvalues are limited within a D-shaped area.

Jjw
7 (a)
o; =0, / o
Fo
Jjw
&
£ =& re ®)
_JJ/U/L o
Jjow
O;=0g -9 (c)
§i = §0

Figure 6. Region of the eigenvalue location for the objective functions.
The minimization of J3 is our optimization problem subject to:

min < K, T,T»,T5,T; < max. (30)

In this paper, the range of K is taken as [0.01-100] and [0.01-1], and it is determined for Ty, T2, T3,
and T 4.

In the suggested method, the PSO algorithm is used to solve this optimization problem and to search
for the optimal set of STATCOM and SSSC damping controller parameters. In this paper, the values of og
and (g are taken as —1.5 and 0.2, respectively. Moreover, in this simulation, the PSO algorithm parameters are
considered as follows: the number of particles = 30, particle size = 5, number of iterations = 50, c1 = 2, and
c¢2 = 2. Furthermore, the inertia weight, w, is linearly decreasing from 0.9 to 0.4.

4. Simulation results

The SMIB test system, integrated with a STATCOM and a SSSC as shown in Figures 1 and 3, respectively, is
considered for simulation studies. The performance of the suggested controller for the SSSC and STATCOM
during transient conditions is verified by applying a 3-phase fault at t = 1 s, at the infinite bus. The response of
the system that is presented in this case and for different loading conditions is given in Table 1 and the abilities
of the SSSC and STATCOM in low-frequency oscillation damping are compared.

The optimized values of the supplementary controller parameters based on multiobjective function Jg in
the 3 loading conditions for the STATCOM and the SSSC are given in Table 2.

The results of the rotor angle deviation and rotor speed deviation under light, nominal, and heavy loading
conditions are shown in Figures 7, 8, and 9, respectively. These show that the PSO-based SSSC controller tuned
using the multiobjective function acts better than the STATCOM controller and greatly improves the dynamic
stability of the power system.
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Table 1. Loading conditions.

Loading | P (pu) | Q (pu)

Nominal 0.9 0.08
Light 0.65 0.15
Heavy 1.2 0.12

Table 2. The optimal parameters of the proposed controllers.

Controller parameters STATCOM S55C
Light | Nominal | Heavy Light | Nominal | Heavy

K 90.3866 | 71.8420 | 40.2062 | 87.0085 | 67.9471 100

T, 0.8954 0.6484 0.8023 1 0.7257 0.1515

To 0.4363 0.3113 0.4723 | 0.1329 0.0838 | 0.0100

T3 0.7029 0.7426 1 0.7388 1 0.9988

Ty 0.2385 0.2300 0.1571 | 0.1872 0.2589 | 0.2192

(a) (b)
40 P
,"l ——— STATCOM ——— STATCOM
30t | ‘,| —— SSSC —— SSSC
3| | s
Z 20 o Z
2 ! |5
g I 'l o
S0 3
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- -10[ Vv , , , , , , ,
0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s)

Figure 7. Dynamic responses for a) rotor angle deviation and b) rotor speed deviation under light loading conditions.
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Figure 8. Dynamic responses for a) rotor angle deviation and b) rotor speed deviation under nominal loading conditions.
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Figure 9. Dynamic responses for a) rotor angle deviation and b) rotor speed deviation under heavy loading conditions.

In this section, we present a comparison of the current results with those of other published papers on
this subject. In [19], a neural network-based intelligent control for improving the dynamic performance of
FACTS devices was presented. Figure 10 shows the results of the rotor angle §, where the curves of the SSSC,
conventional external linear controller (CONVEC), and indirect adaptive external neurocontroller (INDAEC)
indicate the system response without the supplementary oscillation damping controller, conventional controller,
and radial basis function neural network-based INDAEC applied to the SSSC, respectively. These results clearly
show that the damping control of the low-frequency power oscillations by the INDAEC is much better than
that of the SSSC and the CONVEC.

In [20], a nonlinear control design series of FACTS devices for damping power system oscillations was
presented. Figure 11 shows the rotor angle of the generator with and without a SSSC when a 3-phase fault
occurs. In this Figure, K is the gain of the oscillation damping controller.

In [21], a static shunt and the series compensations of a SMIB system using a flying capacitor multi-
level inverter were presented. Figure 12 shows the rotor speed deviation for the uncompensated system and
compensated system with a STATCOM and a SSSC.

(b)
100
100
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90
80
80
= = 70
3 70 8
o [=]
S 60 g %0
. “ 50
40 40
30 30
20 N 4 N N N N N 20 L 1 1 1 1 1 1 22
14 15 16 17 18 19 20 21 22 14 15 16 17_ 18 19 20 21
Time (s) Time (s)

Figure 10. Dynamic responses of the rotor angle when a 3-phase fault occurs at a) P = 0.8 pu, Q = 0.12 pu and b) P
= 0.88 pu, Q = 0.22 pu [19].
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It can be observed that the SSSC is more effective in damping the oscillations than the STATCOM.

140 —7 . .
-- K=0
130 1
/ — K=60
2120 y 1

/F\ //\ -
60 \/ N/ i
50 ]
400 1 2 3 4 5 6

Time (s)

Generator angle (degre
~
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Figure 11. The generator rotor angle of the system with (K = 60) and without (K = 0) a SSSC [20].
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Figure 12. Rotor speed oscillation (in radians per second) in the compensated system with a) a STATCOM and b) a
SSSC [21].

Comparing Figures 7-12, it can be seen that the presented method in this paper is better and has a fast

response in oscillation damping.

5. Conclusion

The STATCOM and the SSSC are important FACTS devices. This paper presents a PSO-based power oscillation
damping controller for a SMIB integrated with a STATCOM and a SSSC. Their performance comparison in
terms of transient stability enhancement and oscillations damping is presented. The stabilizer is adjusted
concurrently to transfer the lightly damped and undamped electromechanical modes of the machine to a
recommended region in the s-plane. The presented objective function includes the damping factor and the
damping ratio of the lightly damped and undamped electromechanical modes. The simulation results reveal
that both the STATCOM and the SSSC can significantly enhance the damping of oscillation and guarantee the
stability of the system. It also reveals that the SSSC performance is better than that of the STATCOM, and it
provides higher damping than the STATCOM.

Appendix

The test systems parameters are:

Machine: D = 0; 24 = 1; z, = 0.6; z;, = 0.3; M = 8; T), = 5.044; f = 60; V; = 1.
Excitation system: K4 = 120; T4 = 0.05.

Transmission line: z;;, = 0.15; 2,5 = 0.6.

STATCOM: Cpc = 1; Vpe = 2; K, = 1.2; T, = 0.05; T, = 0.01; xgpr = 0.15.
SSSC: Cpc = 0.25; Vpe = 1; Ky = 1.2; T, = 0.05; T,, = 0.01; xgcr = 0.15.
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