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Abstract: The static series synchronous compensator (SSSC) has demonstrated its capa-
bility in providing voltage support and improving power system stability. The objective of
this paper is to analyze the dynamic interaction stability mechanism of a hybrid renewable
energy system connected with doubly-fed induction generators (DFIGs) and solid oxide
fuel cell (SOFC) energy with the SSSC. For this purpose, a linearized mathematical model
of this modified hybrid single-machine infinite-bus (SMIB) power system is developed to
analyze the physical mechanism of the SSSC in suppressing oscillations and the influence
on the dynamic stability characteristics of synchronization. Typical impacting factors such
as the series compensation level, the SOFC penetration and tie-line power are considered in
the SMIB and two-area systems. The impact of dynamic interactions on enhancing damping
characteristics and improving transient performance of the studied systems is demonstrated
using eigenvalue analysis and dynamic time-domain simulations, which validates the va-
lidity of the proposed physical mechanism simultaneously.
Key words: damping characteristics, dynamic interaction analysis, eigenvalue analysis,
hybrid renewable energy system, SSSC

1. Introduction

Recently, renewable energy sources have been utilized to ease the depletion of fossil energy
deposits, while numerous measures have been taken to conquer the severe environmental issues
caused by combustions of fossil fuels [1]. For instance, wind power generators, which are mainly
doubly-fed induction generators (DFIG), widely integrated into modern power systems and ex-
pected to supply 20% of global electricity by 2030 [2], and the solid oxide fuel cell (SOFC),
due to its modular, efficient and non-polluting characteristics, are two promising options of clean
energy sources. Considering the rapid development and great potentiality of SOFC technology,
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it will have a capital effect on a modern power system in the future. Therefore, the analysis of
stability for the hybrid power system connected with DFIG and SOFC energy is essential and
vital. In spite of the benefits of wind power and SOFC generation, new challenges with respect
to stability appear [3–6], and the low-frequency oscillation phenomena of such a hybrid power
system is inevitable, especially an interconnected one. Thus, the dynamic interaction stability of
the power generation by DFIG and SOFC energy should be carefully examined.

The well-known flexible alternating current transmission system (FACTS) device is very
efficient in contributing to voltage stability and oscillation damping improvement. Due to its
flexibility and capability in controlling power system dynamics, the FACTS device has been
employed for voltage support and stability improvement [7, 8], as well as for controlling power
flow [9] and minimizing power losses in transmission systems [10]. An oscillation damping
controller (ODC) of a static series synchronous compensator (SSSC) is designed by using modal
control theory to improve the stability and achieve power control of a single-machine infinite-
bus (SMIB) system integrated a DFIG-based wind farm using an SSSC in Reference [11]. It is
concluded in [12] that the static synchronous compensator (STATCOM) can improve the transient
voltage stability and helps the wind turbine generators and fuel cell system to remain in service
during grid faults. A hybrid Firefly Algorithm and Pattern Search strategy is employed for an
SSSC-based power oscillation controller design in Reference [13]. In Reference [14], the research
results on improving power oscillation damping and increased transmission capacities under
dynamic conditions using SSSC technology is discussed. A multi-objective predictive control
strategy is carried out for the stability improvement of a power system connected with wind farms
using the STATCOM in [15]. The research work in Reference [16] presents the transient stability
and low voltage ride through the improvement of the IEEE 68-bus system connected with wind
farms and photovoltaic plants through coordination of SSSC and power system stabilizer (PSS)
controllers. To supply adequate damping characteristics to a hybrid DFIG-based and permanent
magnet generator-based wind farms, an adaptive-network-based fuzzy inference system controller
of an SSSC is proposed in [17]. The SSSC based damping controllers in [18] is proposed to
improve the reactive power and the damping performance of the system in the event of a major
disturbance. The fractional-order multi-input single-output SSSC using a whale optimization
algorithm is produced to improve power system stability in [19].

The existing researches mainly focus on the control strategies to improve the system stability.
There are few literatures to analyze the physical mechanism in suppressing oscillations and the
influence on the dynamic characteristics of synchronization in a hybrid power system connected
with DFIG and SOFC energy. Given this background, the following issues are addressed in
this work:

– The proposed system contains a hybrid structure, including a synchronous generator, the
DFIG-based wind farm, SOFC and SSSC.

– The linearized mathematical model of this modified hybrid SMIB power system is devel-
oped, and the details of the physical mechanism are presented from the perspective of total
damping.

– Typical impacting factors such as the series compensation level, the SOFC penetration and
tie-line power are considered as part of the stability analysis of this hybrid SMIB system or
the two-area system. In addition, we adopt the constant voltage control strategy regarding
the control of the SSSC for improving the system stability.
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The structure of this paper is as follows. The configuration of the hybrid SMIB system and
models being considered are presented in Section 2. The detailed process of building the linearized
mathematical model of this modified SMIB system and the analysis of the dynamic interactions
for the SMIB system are depicted in Section 3. To demonstrate the impact of the dynamic of
the hybrid power system connected with DFIG and SOFC energy as well as with the SSSC, the
eigenvalue analysis and dynamic time-domain simulations are examined in Section 4. Finally,
some conclusions are drawn in Section 5.

2. Configuration of the hybrid SMIB system and model being considered

The configuration of the studied system is presented in Fig. 1. The synchronous generator
(SG), aggregated wind farm, and aggregated SOFC power plant are connected to an infinite
bus through a step-up transformer and a transmission line, respectively. The transmission line
contains an SSSC. The equivalent wind DFIG is driven by an equivalent wind turbine through an
equivalent gearbox (GB). The aggregated SOFC power plant is shown by SOFC stack connected
to Bus 3 via a dc-dc converter and a voltage-source inverter (VSI) coupled by a dc capacitor. The
employed mathematical models of the power system are described hereafter.
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Fig. 1. Single-line diagram of the studied system

2.1. SG model
The SG model used in this paper can be illustrated by [20]:
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where:



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(2)

and where δ is the rotor angle; ω is the SG rotor angular speed; ω0 is the synchronous angular
speed; TJ is the inertia time constant; T is the time constant of the excitation circuit; Ta is the
regulator time constant; Pm and Pe are the input mechanical power and output electrical power,
respectively; E ′q is the q-axis behind transient voltage; Eqe is the generator field voltage; Eq is
the no-load electromotive force; Ka is the regulator gain; Vt and Vt ref are the terminal voltage
and required voltage, respectively; xd and xq are the d- and q-axis synchronous reactances,
respectively; x ′

d
is the d-axis transient reactance; Itsd and Itsq are the d- and q-axis stator

currents of the SG, respectively; Vtd and Vtq are the d- and q-axis terminal voltages of the SG,
respectively; p is the differential operator with respect to time t.

2.2. DFIG wind farm model

For the normal dynamic model configuration of a DFIG wind farm, the wind speed model,
wind power model, mechanical drive train, DFIG model, pitch controller, rotational speed con-
troller, and converter controllers are included, as depicted in Fig. 2.
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Fig. 2. Dynamic model configuration of DFIG-based wind farm

The detailed mathematical models and the associated control schemes of the controllers can
be found in [21,22] and only the following differential algebraic equations are given here to study
the dynamic interaction stability analysis of the studied hybrid system.
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
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where Rs is stator resistance; Xs and X ′s are the stator reactance and transient reactance of the
DFIG, respectively; ωs , ωr , and ωt are the DFIG stator angular speed, rotor angular speed,
and the turbine angular speed, respectively; Lm and Lrr are the mutual inductance and rotor
self-inductance, respectively; (Vwds , Vwqs) and (Vwdr , Vwqr ) are the DFIG stator and rotor
terminal voltages of the d- and q-axis, respectively; iwds and iwqs are the DFIG d- and q-axis
stator currents, respectively; e′

d
and e′q are the DFIG d- and q-axis voltage behind the transient

reactance, respectively; T ′0 , Tm, Tsh , and Te are the rotor circuit time constant, the turbine input,
shaft and generator torque, respectively; θtw is the shaft twist angle; Ksh and Dsh are the shaft
stiffness and damping coefficients, respectively; Ht and Hg are the turbine and generator inertias,
respectively.

2.3. Model of a grid-connected SOFC power plant

Power generation by fuel cells is the conversion of the chemical energy in hydrogen and
oxygen directly into electricity. Fig. 3 shows the SOFC dynamic model. It contains the chemical
dynamic of a fuel processor, the chemical reaction dynamic of a fuel cell stack, the fuel cell
electrical dynamic, the Nernst equation, and the power electronic interface. The qh2−in and qo2−in
are the hydrogen and oxygen input flow rates, respectively. The ph2, po2, and ph2o are the partial
pressure for hydrogen, oxygen, and water, respectively. Vf c and I f c are the fuel cell stack output
voltage and current, respectively.
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Fig. 3. Dynamic model of a grid-connected SOFC power plant

The detailed mathematical models and the associated control schemes can be found in [6,23].
The configuration of the power electronic is described in Fig. 1. The dynamic equation of the dc
capacitor (Cdc) is written as:

p (Vdc) =
1

Cdc

[
Pf c

Vdc
−

(
Isdmk cosψ + Isqmk sinψ

)]
, (4)

where:Vdc is the voltage of the dc capacitor; Pf c is the fuel cell power; m and k are the modulation
ratio and converter ratio of the VSI, respectively; Isd and Isq are the d- and q-axis current injected
to Bus 3 (shown in Fig. 1); ψ is the phase angle of the voltage injected to Bus 3.

2.4. SSSC model
The fundamental structure of an SSSC is denoted in Fig. 4. The SSSC linked in series with

the transmission line consists of a dc capacitor, a VSI and a series coupling transformer:
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scV
I
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Fig. 4. Fundamental structure of an SSSC

To increase or decrease both reactive and active power flow through the transmission line,
the SSSC can be operated either in capacitive or inductive mode depending on the polarity
of the series injected voltage (V̇sc). Here, the SSSC works in capacitive mode to discuss its
enhancement of small-signal ability, and the control for the SSSC in the process of simulation
is the basic constant voltage control strategy in reference [24]. Using the synchronous reference
frame, the injected voltage used in this paper can be presented as [25]:
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where: Vscd and Vscq are the d- and q-axis components of the injected voltage; V ′
dc

is the voltage
of the dc capacitor of the SSSC; δ′ is the phase angle of the injected voltage; k ′ is the turns ratio
of the coupling transformer; m′ is the modulation ratio of the inverter.

3. Linearized mathematical model and dynamic interactions analysis

3.1. Linearized mathematical model of the hybrid SMIB

The small-signal analysis is one of the effective methods of knowing the inherent dynamic
characteristics of the power system through linearization techniques and eigenvalue analysis [26].
In this paper, the derived mathematical model in Section 2 is used to establish the linearization
model of the studied hybrid renewable energy system with an SSSC to analyze the dynamic
interactions of the linearization model of the studied hybrid renewable energy system with
an SSSC.

From the configuration of the studied system, as indicated in Fig. 1, the system voltage
equations are given by:




V̇t = jxts İts + V̇s

V̇s = V̇c − jxs İs
V̇w = jxtw İw + V̇s

V̇s − V̇b + V̇sc = jxs
(
İts + İs + İw

) , (6)

where: V̇t , V̇w , V̇c , V̇s , and V̇b are the voltage of Bus 1, Bus 2, Bus 3, Bus 4, and Bus 5,
respectively; xts , xtw , xs , and xl represent the equivalent reactance related to various components
of the studied system. From (6), we can have the following:
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E ′q − Vb cos δ + Vsc cos δ′



, (7)

where: Vdw and Vqw are the DFIG d- and q-axis stator voltages, respectively; Vc is the amplitude
of V̇c , the voltage of Bus 3.
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By linearization of (7), we can have:


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2
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√

2
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

. (8)

Equation (8) can be rewritten by:
[
∆Itsq ∆Isq ∆Iwq ∆Itsd ∆Isd ∆Iwd

]T
=

[
A−1 (C X) B−1 (D X)

]T
= F X, (9)

where: X =
[
∆δ ∆E ′q ∆Vdc ∆m ∆ψ ∆iwds ∆iwqs ∆e′

d
∆e′q ∆m′ ∆δ′

]T
; A

and B are d- and q-axis impedance matrixes, respectively; C and D are matrices without real
meaning; F is the coefficient matrix of the state variables in the linearized state equation of d − q
components of power system terminal current.

By considering (8), the linearization of (2) can be represented as:



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d
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′

∆Eq = Keδ∆δ + Keq∆E ′q + Kedc∆Vdc + Kem∆m + Keψ∆ψ + Keds∆iwds+

+Keqs∆iwqs + Keed∆e′
d
+ Keeq∆e′q + Kem′∆m′ + Keδ′∆δ

′

∆Vt = Kvδ∆δ + Kvq∆E ′q + Kvdc∆Vdc + Kvm∆m + Kvψ∆ψ + Kvds∆iwds+

+Kvqs∆iwqs + Kved∆e′
d
+ Kveq∆e′q + Kvm′∆m′ + Kvδ′∆δ

′

. (10)
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Then, by substituting (10) into the linearization of (1), the following equations are obtained:




p (∆δ) = ω∆ω0

p (∆ω) = −
1

TJ
×

(
Kpδ∆δ + Kpq∆E ′q + Kpdc∆Vdc + Kpm∆m + Kpψ∆ψ + Kpds∆iwds+

+ Kpqs∆iwqs + Kped∆e′
d
+ Kped∆e′q + Kpm′∆m′ + Kpδ′∆δ

′
)

p
(
∆E ′q

)
=
∆Eqe

T ′
d0
−

1
T ′
d0
×

(
Keδ∆δ + Keq∆E ′q + Kedc∆Vdc + Kem∆m + Keψ∆ψ+

+ Keds∆iwds + Keqs∆iwqs + Keed∆e′
d
+ Keeq∆e′q + Kem′∆m′ + Keδ′∆δ

′
)

p
(
∆Eqe

)
= −
∆Eqe

Ta
−

Ka

Ta
×

(
Kvδ∆δ + Kvq∆E ′q + Kvdc∆Vdc + Kvm∆m + Kvψ∆ψ+

+ Kvds∆iwds + Kvqs∆iwqs + Kved∆e′
d
+ Kved∆e′q + Kvm′∆m′ + Kvδ′∆δ

′
)

. (11)

By linearization of (3), we can have:




p (∆iwds) = −

ωs

(
2Rs +

(
Xs − X ′s

)
ωsT ′0

)
∆iwds

X ′s
+ 2ωs∆iwqs+

+
(ωs − ωr ) ∆e′

d

X ′s
+
∆e′q
X ′sT ′0

−
e′
d
∆ωr

X ′s
−
ωsLm∆Vwdr

X ′sLrr

p
(
∆iwqs

)
= −2ωs∆iwds −

ωs

(
2Rs +

(
Xs − X ′s

)
ωsT ′0

)
∆iwqs

X ′s
−

−
∆e′

d

X ′sT ′0
+

(ωs − ωr ) ∆e′q
X ′s

−
e′q∆ωr

X ′s
−
ωsLm∆Vwqr

X ′sLrr

p
(
∆e′

d

)
= −

(
Xs − X ′s

) ∆iwqs

T ′0
−
∆e′

d

T ′0
+ (ωs − ωr ) ∆e′q − e′q∆ωr −

ωsLmVwqr

Lrr

p
(
∆e′q

)
= −

(
Xs − X ′s

)
∆iwds

T ′0
−
∆e′q
T ′0
− (ωs − ωr ) ∆e′

d
+ e′

d
∆ωr +

ωsLmVwdr

Lrr

p (∆ωr ) = −
e′
d
∆iwds

2Hgωs
−

e′q∆iwqs

2Hgωs
−

iwds∆e′
d

2Hgωs
+

−
iwqs∆e′q
2Hgωs

−
Dsh∆ωr

2Hg
+

Dsh∆ωt

2Hg
+

Ksh∆θtw
2Hg

p (∆ωt ) =
Dsh∆ωr

2Ht
−

Dsh∆ωt

2Ht
−

Ksh∆θtw
2Ht

+
∆Tm

2Ht

p (∆θtw ) = −∆ωr + ∆ωt

. (12)
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The linearization of (4) results in the following equation:

p (∆Vdc) =
−1
Cdc

[
(a4 f51 + a5 f21) ∆δ + (a4 f52 + a5 f22) ∆E ′q+ (a1 + a4 f53 + a5 f23) ∆Vdc+

+ (a2 + a4 f54 + a5 f24) ∆m + (a3 + a4 f55 + a5 f25) ∆ψ + (a4 f56 + a5 f26) ∆iwds+
(13)

+ (a4 f57 + a5 f27) ∆iwqs + (a4 f58 + a5 f28) ∆e′d + (a4 f59 + a5 f29) ∆e′q+

+
(
a4 f5,10 + a5 f2,10

)
∆m′ +

(
a4 f5,11 + a5 f2,11

)
∆δ′

]
,

where f is the element of F; a1 = Pf c/V 2
dc
; a2 = kIsd cosψ + kIsq sinψ; a3 = kmIsq cosψ −

kmIsd sinψ; a4 = km cosψ; a5 = km sinψ.
Thus, the linearization model of this studied hybrid renewable energy system is:

X′ = A′X′ + B′U, (14)

where:

X′ =
[
∆δ ∆ω ∆E ′q ∆Eqe ∆iwds ∆iwqs ∆e′d ∆e′q ∆ωr ∆ωt ∆θtw ∆Vdc

]T
,

U =
[
∆m∆ψ ∆m′ ∆δ′ ∆Tm ∆Vwdr ∆Vwqr

]T
,

A′ is the coefficient matrix of power system state variables; B′ is the coefficient matrix of system
control variables.

From (14), it can be concluded that the linearization model of the SG can be affected by xl
and Pf c . δ′ and m′ can be quickly adjusted by the control strategy of the SSSC, characterized
by the varying xsc (the equivalent series reactance of the SSSC), as well as xl , while V̇sc will
be dynamically modified and V ′

dc
can be stabilized simultaneously under small disturbance.

Hence, the generator operating environment will be changed into a new steady operation state,
characterized by the variation of generator electromechanical torque after the installation of the
SSSC under small disturbance. The state matrix is also closely related to the SOFC output.
Therefore, it’s significant to analyze the impact of xl and Pf c on the stability of the hybrid
renewable energy system equipped with an SSSC.

3.2. Analysis of dynamic interactions
The parameters, xl and Pf c , are closely related to the stability of the hybrid renewable energy

system equipped with an SSSC, and the physical description of what affects the improvement of
the stability will be presented hereafter.

Suppose that λi = σi ± jωi represents eigenvalues of A′, i = 1, 2, 3, . . . , 12. The sum of all
the eigenvalues of A′ is equal not only to the sum of the real parts of these eigenvalues based on
the algebraic theory, but also to the sum of diagonal elements of A′. Hence, the sum of all the
eigenvalues,

∑
oλ, defined as the total damping of an open-loop system which is equal to the total

damping of a closed-loop system, is written as:∑
oλ

= λ1+λ2+ · · ·+λ11+λ12 = σ1+σ2+ · · ·+σ11+σ12 = a11+a22+ · · ·+a11,11+a12,12 , (15)

where aii is the element of matrix A′.
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From the calculation, it can be seen that xl and Pf c are included in a33 and a12,12:




a33 = −
Keq

T ′
d0
= −

(
1 + (xd − x ′

d
) f42

)
T ′
d0

a12,12 =
− (a1 + a4 f53 + a5 f23)

Cdc
=

− *
,

Pf c

V 2
dc

+ km cosψ f53 + km sinψ f23+
-

Cdc

, (16)

in which



f42 =
(xsxl + xtw xs + xl xtw )(

(xsxl + xtw xs + xl xtw )
(
x ′
d
+ xts

)
+ xl xsxtw

)
f53 =

km sinψ
(
xl x ′d + xl xts + x ′

d
xtw + xtw xts + xtw xl

)(
(xsxl + xtw xs + xl xtw )

(
x ′
d
+ xts

)
+ xl xsxtw

)
f23 = −

km cosψ
(
xl xq + xl xts + xq xtw + xtw xts + xtw xl

)(
(xsxl + xtw xs + xl xtw )

(
xq + xts

)
+ xl xsxtw

)
. (17)

When xl or Pf c is changed, a diagonal element of A′ remains constant except for a33 and
a12,12. So we can analyze the trend of the total damping by analyzing a33 and a12,12 when xl
or Pf c is changed. In addition, it should be noticed that the equivalent reactance xl decreases
as the series compensation level increases. The f42 increases as the xl decreases, which means
the absolute value of a33 increases equivalently, the same as a12,12. Hence, the absolute value
of

∑
oλ will increase, which means the total damping increases as the series compensation level

increases. When Pf c increases, the absolute value of a12,12 increases, too. Therefore, the stability
of the hybrid renewable energy system equipped with an SSSC will be improved when the series
compensation level increases and the SOFC power output level increases.

4. Case studies

Test System I: SMIB. The simple but sufficient a single-machine infinite-bus (SMIB) system
integrated with a DFIG-based wind farm (22MW) and SOFC power plant (111MW), as depicted
in Fig. 1, is studied for demonstrating and evaluating the effects of an SSSC on the stability of
the hybrid renewable energy system. The parameters of xd , xq and x ′

d
of the SG are 1.81 p.u.,

1.76 p.u., and 0.3 p.u., and the inductance of the line which joins the SSSC is 0.5 p.u.

4.1. The impact of SSSC capability
To investigate the effects of the SSSC capability on improving the small-signal stability and

transient performance of the SMIB, four various compensation levels, i.e., 0% (Case 1), 25%
(Case 2), and 45% (Case 3), are examined. The partial results of eigenvalues oscillatory modes
as well as eigenvalues, damping, frequency and dominant states are shown in Table 1. In order to
ease the analysis, only the dominant eigenvalues (λ) related to the oscillatory modes are presented
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in this paper. From the results in Table 1, it is known that δ,ω of the SG (G1) are the dominant
states for mode 1 (electro-mechanical mode). E ′q , Eqe of the SG are dominant states for mode 2
(exciter mode). Hence, when with SSSC equipped, the change of the damping ratio (ζ) of mode 1
is not significant, attempting to lessen stability, but not exceeding its stability limit, whereas the
damping ratio of mode 2 tends to increase obviously, which shows that the stability of the system
increases with the increase of the series compensation level. The equivalent reactance xl decreases
as the series compensation level increases. It can also be concluded from the results that the total
damping ratio, the sum of the electro-mechanical and exciter oscillatory modes, tend to increase
from 18.83% to 19.88% and 21.11% in accordance with variations of series compensation levels,
which means the power system stability will be improved under Case 2 and Case 3. Case 3 is the
best, as shown in Fig. 5.

Table 1. Oscillatory modes under different cases in SMIB

Mode Case λ ζ / % f / Hz Dominant states

Case 1 −0.1563 ± j6.5022 2.40 1.0352

1 Case 2 −0.1569 ± j6.7154 2.34 1.0691 δ, ω

Case 3 −0.1587 ± j6.9409 2.29 1.1050

Case 1 −0.5556 ± j3.3367 16.43 0.5384

2 Case 2 −0.5696 ± j3.1971 17.54 0.5168 E ′q , Eqe

Case 3 −0.5852 ± j3.0544 18.82 0.4950

(a) (b)

Fig. 5. Transient response of the studied SMIB system subject to a three-phase short-circuit ault at the
infinite bus: δG1 (a); Vbus3 (b)

Suppose that a three-phase grounding short-circuit fault occurs in the infinite bus at t = 2 s
and the fault last for 1 s. Fig. 5 plots the comparative dynamic time-domain simulations of the
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studied SMIB system without the SSSC and with the SSSC in accordance with variations of
series compensation levels. It is clearly seen that the transient responses with the SSSC can get
back to their original or new steady states quickly. In addition, the SSSC can offer better damping
characteristic to the electro-mechanical oscillatory mode and exciter mode of the SG to damp
out low-frequency oscillation, as shown in Fig. 5(a). The initial value of the rotor angles will
become smaller and the oscillation amplitude of the first pendulum is reduced gradually when
the series compensation level increases, characterized by the reduced xl . The voltage responses
shown in Fig. 5(b) demonstrate that the power flow is changed by the SSSC, and the magnitude
of oscillations can be decreased obviously.

4.2. The impact of SOFC penetration

The performance of SOFC power output is addressed in this subsection. The examined SOFC
power output level is from 111 to 444 MW and the dominant eigenvalues related to the oscillatory
modes are investigated, as shown in Table 2. From the results in Table 2, it is known that with the
increase of the SOFC power output, characterized by Pf c , ζ of mode 1 tends to increase, while
ζ of mode 2 tends to increase as well. The results indicate that the incremental SOFC output can
make oscillation eigenvalues fall into the region with a larger stability margin.

Table 2. Oscillatory modes under different SOFC output

Mode SOFC output / MW λ ζ / % Dominant states

1

111 −0.1563 ± 6.5022 2.40

δ, ω
222 −0.1561 ± j6.5067 2.40

333 −0.1583 ± j6.5737 2.41

444 −0.1615 ± j6.5957 2.45

2

111 −0.5556 ± j3.3367 16.43

E ′q, Eqe

222 −0.5684 ± j3.3437 16.76

333 −0.5820 ± j3.2797 17.47

444 −0.5930 ± j3.2667 17.86

Test System II: two-area system. The well-known two-area power system [26] is used for
stability analysis to verify the effectiveness of an SSSC on improving power system small-signal
stability and transient performance, as shown in Fig. 6. In this system, G1G4 present a group
of synchronous generators that are strongly coupled, and both local and inter-area oscillation
modes are researched. G1–G4 are equipped with an IEEE (Institute of Electrical and Electronic
Engineer) type 1 regulator [26]. G1–G2 and G3–G4 are equipped with fast and slow exciters. An
equivalent wind farm with a capacity of 30 MW is connected to Bus 6 together with an equivalent
SOFC power plant with a capacity of 100 MW, via Bus 14. The SSSC is located between lines
8–9 in this paper. The parameters of xd , xq and x ′

d
of the SG are 1.8 p.u., 1.7 p.u., and 0.3 p.u.,

and the inductance of the line which joins the SSSC is 0.11 p.u.
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Fig. 6. Fundamental structure of a two-area

4.3. Effect of SSSC on the disturbance of tie-line power change

To investigate the effects of the SSSC capability on the disturbance of the tie-line power change
of a hybrid power system connected with wind-fuel cell energy, a modified two-area power system
is employed in this section, as depicted in Fig. 6. The damping oscillation modes under different
degrees of the tie-line power flow are examined. For comparison purposes, the outputs of G1–G4
are adjusted under various operating conditions, and the tie-line power ranges from 303 MW to
504 MW with a series compensation level of 45%. The relevant damping characteristics of the
oscillation modes are conducted in Table 3.

The relevant damping characteristics of the oscillation modes conducted in Table 3 are
analyzed as follows:

1. It can be seen that there are four electro-mechanical oscillatory modes in such a two-area
power system.Mode 1 is characterized by the oscillation of G1 against G2 in area 1. Mode 2
is characterized by oscillation of G3 against G4 in area 2. Mode 3 is characterized by the
oscillation of G1 and G2, which are located in area 1, against G3 and G4, which are located
in area 2, while mode 4 is characterized by the oscillation among G1, G2, G3, G4, and
the DFIG.

2. The fifth column of Table 3 lists the difference between the damping ratio of the system
with an SSSC and without an SSSC. It can be observed that when the SSSC is included in
the studied system, the damping characteristics of mode 1 is slightly increased and mode 4
is considerably improved. However, the damping characteristics of mode 3 is less negative
when the system is SSSC equipped, while the effect of the SSSC on mode 2 can be positive
or negative in accordance with the special tie-line power.

3. Again, from the fifth column of Table 3, it is discovered that the ability of the SSSC to
improve the damping characteristics of mode 1, mode 2, and mode 4 is enhanced gradually
as the tie-line power increases, characterized by the increased difference, whereas the
negative effect on mode 3 is strengthened. Similarly, it should be noticed that the total
damping ratios of all the four electro-mechanical oscillatory modes are always incremental,
as confirmed in the SMIB.
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Table 3. Electro-mechanical oscillatory modes under different tie-line power

Mode Tie-line
power / MW SSSC / % ζ / % ∆ζ / % Dominant

machines Notes

393
0 13.7086

0.001145 13.7097

1 480
0 12.6993

0.0013 G1, G2
local mode

45 12.7006 of area 1

564
0 11.7677

0.004245 11.7719

393
0 13.4520

–0.007245 13.4448

2 480
0 14.5744

0.0249 G3, G4
local model

45 14.5993 of area 2

564
0 15.6694

0.083945 115.7533

393
0 8.0174

–0.156245 7.8612

3 480
0 7.8697

–0.1774 G1, G3
inter area

45 7.6923 mode 1

564
0 7.8678

–0.192045 7.6758

393
0 41.0823

0.269745 41.3520

4 480
0 40.1368

0.4634 G1–G4, DFIG
inter area

45 40.6002 mode 2

564
0 38.8491

0.722845 39.5719

4.4. The impact of SSSC capability on dynamic responses

In this subsection, the effectiveness of an SSSC on improving transient performance of the
studied two-area power system is investigated. For comparison purpose, the tie-line power is set
at 393 MW, while three various compensation levels, i.e., 0% (Case 4), 25% (Case 5), and 45%
(Case 6), are examined. Suppose that a three-phase grounding short-circuit occurs in Bus 8 at
t f = 1.0 s, and is cleared at tc = 1.1 s.

Fig. 7 plots the corresponding transient responses of the studied two-area power system
under various operating conditions. It can be observed that when the supposed fault occurs, large
oscillation amplitudes on all transient responses can be distinctly found.When the system is SSSC
equipped, the transient responses can return to their original or new steady states more quickly,
while Case 6 has the shortest recovery time. The initial value of the rotor angles shown in Fig. 7(a)
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can be decreased obviously, and the magnitude of oscillations become smaller with the increase
of the series compensation level. The voltage responses of the studied two-area power system
shown in Fig. 7(b) illustrate that the magnitude of oscillations can also be decreased sharply
when the system is SSSC equipped, especially under Case 6. Hence, the SSSC can supply more
damping characteristics to damp out the inherent oscillations when the fault is suddenly applied
to such a two-area power system.

(a) (b)

Fig. 7. Transient response of the studied two-area system subject to a three-phase short-circuit fault at Bus 8:
δG1 (a); Vbus9 (b)

5. Conclusions

This paper has presented the dynamic interactions stability analysis of a hybrid renewable
energy system with an SSSC. A DFIG and SOFC are considered. The linearization model
of this studied hybrid single-machine infinite-bus (SMIB) power system is established. Both
eigenvalue analysis and time-domain simulations with respect to a three-phase short-circuit
fault, under various operating conditions, are carried out in the employed SMIB system and the
two-area power system to validate the impact of dynamic interactions on suppressing inherent
low-frequency oscillation and improving system stability. It can be concluded that the SOFC and
SSSC are capable of enhancing the damping characteristics of the studied examples and have
the ability to promote the transient performance of the studied power system. In addition, the
contribution of the SSSC to supply damping characteristics is reinforced with the increase of the
series compensation level set in this paper.
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