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Abstract. This paper describes an approach powers flow
control for an electrical network connected with a wind farm. In
this work the powers flow control are performed through a Static
Synchronous Series Compensator (SSSC) which is one of among
Flexible AC Transmission System devices (FACTS). The wind
farm is based on doubly-fed induction generators (DFIG). The
simulation results show the effectiveness of the proposed
approach making better the damping of power oscillations caused
by the wind farm, ensuring the minimizing system transmission
losses while providing a best voltage level. The simulations are
done in MATLAB/ Simulink/ SimPowerSystems environment.
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1. Introduction

The high penetration of wind power into the power
systems, which were traditionally built around large
synchronous generators, may give rise to power quality
and stability problems caused by the fluctuating nature of
the wind. Due to the increase in wind power generation,
the impact of the disturbances introduced by this
technology has to be considered [1]-[2]-[3]. Recently,
wind energy is the most common and viable option for
most generation power. This is because wind energy
generation has many advantages like very large number of
potential sites for wind farm installation and rapid
development of wvarious technologies of wind power
generation. There are various of generator designs that are
used in wind turbines [4]. Applications of the power
electronics devices in power systems are very much
augmented. The FACTS devices are introduced in the
power system transmission for the reduction of the
transmission line losses, Increases Power System Stability
and also to increase the transfer capability. FACTS
controllers are a power electronic device which is used to
enhance controllability and increase power transfer
capability. It is mainly used for solving various power
system steady state control problems, enhancement of
voltage stability and transient stability. The FACTS
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controllers are capable of supplying/absorption of
reactive power [5]. A SSSC is a series controller of
FACTS family and is connected in series with an
electrical line. The SSSC controller mainly depends on
the output amplitude of voltage source converter (VSC).
SSSC is increasingly applied by the utilities in modern
power systems. SSSC has several advantages over the
conventional one due to its storage element. Also, the
main control objective of the SSSC is to directly control
the current and indirectly the power flowing through the
line by controlling the reactive power exchange between
the SSSC and the AC system [6]. The SSSC circuit
model has a voltage source converter (VSC), DC
capacitor and a coupling transformer. This transformer is
connected in series with power system which couples the
SSSC with the electrical line [7]. SSSC as series FACTS
device has a DC capacitor in structure of voltage inverter
and delivers a balanced synthesized three-phase voltage
to the electrical network. Although about this voltage in
order to have only reactive power exchange with the
network, it should be perpendicular to the current line. In
fact, if this voltage has a phase priority relative to the
current, the VSC acts like an inductive and if it has a
phase lag, it acts such a capacitor [8]. The main objective
of this work is the active and reactive power control of an
electrical network integrating a wind farm based on
DFIGs. The power quality can be improved using the
SSSC which is one of the types of FACTS controllers
examined in this paper. Furthermore, the proposed
method is able to improve reactive power compensation
and to increase the power transmission limit. This
method also realizes a damping of power oscillation
caused by wind energy production.

2. Wind generator model

A modeling methodology of torque
characteristics for a wind turbine allows to:
- Generate the power coefficient characteristics as a
function of the speed ratio A and the pitch angle of blades

and power

Cp=Cp(AB) )
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-Generate the available wind power Pt as a function of the
wind speed V,,, the rotation speed ), and the pitch angle of
blades B:
P = P(V, O, B)

-calculate the available turbine torque Tias a function of
the wind speed V,, the rotation speed (), and the pitch
angle of blades f3:

Ty = Te(Viy, Qe B) 3)
In this work pitch angle B is fixed to 0 (f =0). Figure 1
shows power coefficient and figure 2 shows the wind
power for variable wind speed [9].
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Fig. 2. Wind power for variable wind speed.

3. DFIG model and vector control

The classical electrical equations of the DFIG in the
PARK frame are written as follows:
(Vsa = Rgigq + 5@sq — WsPsq
Vsq = Rsisq + S@sq + WsPsq
Vrg = Ryipg +5@r4 — (0 — 0‘))(Prq
kvrq = Rrirq +S@rq + (ws — W)@Prg
Where Ry and R, are, respectively, the stator and rotor
phase resistances.
® = P. Qpec is the electrical speed, p is the number of pair
pole and s is Laplace operator. In our case we choose the
direction of reference (d, q) according to the direct stator
flux vector gq , so the model of steady DFIG will be
simplified as follows [5]:
Vsda = Rsqlsa
Vsq = Rsisq + WsPsq

“

Ved = Relpg — WrPrq )
Vrq = Rrirq + W Prg
Such as:
Wy = Wg — ® (6)
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4. Static Synchronous Series Compensator
(SSSC)

SSSC is connected in series with a power system. It has a
voltage source converter serially connected to a
transmission line through a transformer. It can be
considered as synchronous voltage source as it can inject
an almost sinusoidal voltage of variable and controllable
amplitude and phase angle, in series with the electrical
line. The injected voltage is almost in quadrature with the
line current. A small part of the injected voltage that is in
phase with the line current provides the losses in the
inverter. Most of the injected voltage, which is in
quadrature with the line current, provides the effect of
inserting an inductive or capacitive reactance in series
with the transmission line. The variable reactance
influences the electric power flow in the transmission line
[6]. Figure 3 shows the functional model of SSSC which
includes an energy storage device as dc capacitor in order
to allow power exchanges like real or reactive power
with the electrical network.
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Fig. 3. Functional model of SSSC.

5. SSSC control structure

The SSSC produces a voltage with different magnitudes
in quadrature (£90°) with line current. There can be a
capacitive reactance or an inductive reactance depending
upon the injected voltage so that the line resistance of the
total transmission line and power flow will increase or
decrease. Voltage compensation mode, the SSSC
can maintain the rated capacitive and inductive
compensating voltage regardless of the changes in
the line current. In impedance compensation mode, the
SSSC must maintain the maximum rated capacitive
compensating reactance at any line current. The rating of
the SSSC power components must be rated for the
maximum line current and compensating voltages. We
can explain the various modes of capacitive and inductive
compensation in this referring to the vectorial diagram of
the figure 4 by admitting the equivalent diagram of a
SSSC installed in a simple electrical network represented
on the figure 3 [3], [12], [13].
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Fig. 4. Phasor diagram of different operating modes for SSSC.

We can apply a control by decoupling currents I;4 and I;q
as follow [14]:

1
A= E (Vsd ~ Vrd — Vsed) (7)
Ki
A= (Kp +3)(lig-rer = lia) — wliq ®)
1
B = E (vsq - qu - Vseq) €))
Kj
B=(Kp+7) (TIig—rer — Iig) + ©ljq (10)

A and B are the outputs of the PI controllers of the two

currents I;q and Iiq supplemented by
under compensation (—wljq) and (wlq) respectively.
I b 11
Id—ref 3 Vrd ( )
2Qr
lig- — 12
Iq-ref 3 Vrd ( )

P.er and Q..¢ are the powers desired in the electrical line
[14]. The diagram block of control is represented on the
figure 5.
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The wind farm consists of ten 1.5 MW induction
generators connected to 63 kV electrical network. The
network consists of a centralized source of power Pg
equal to 40 MW, This source is connected to a load with
inductive behavior through an electrical line of
impedance Z =R +j X, electrical study network is
illustrated in figure 6 and the system data is given in
appendix. A wind farm is considered to be connected to
load bus and generate to the network a power Py, the
integration rate will be between 30% and 40%. This
power is intermittent and can produce voltage problems,
that for whey the SSSC operation is necessary.

10 wind generators Ve

P 0
‘_

R
Transformer K
| 4

SS5C

Fig. 6. Diagram of the studied system.

7. Simulation results and discussion

We will study the electrical network before and after
integration of the SSSC in order to evaluate the
contribution of the latter to power compensation,
increasing power line transmission and for power
oscillation damping. Figure 7 shows the active power Py
of the wind farm.
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Fig.7. Active power of wind farm

Figure 8 presents the evolution of the voltage magnitudes
at the source Vg, at the load node before V,._prand after
V,_afe compensation, the voltage became stable.
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Fig.8. Voltage magnitudes at load node before and after
integration of the SSSC.

Figure 9 illustrates the evolution of the active power at the

load node before and after integration of the SSSC.
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Fig.9. Power at the load node before and after integration of the
SSSC.

A significant improvement of the active power losses is
noted in figure 9. We can also see through figure 8§ that the
voltage drop is decreased. Figure 10 illustrates the
evolution of the active power flowing in the line before
P_per and after P_,¢ integration of the SSSC.
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1s)
Fig.10. Active power flowing in the line before and after
integration of the SSSC

Through the figure 10 it can be seen that the power
transmission line is increased. The results obtained show
the contribution of the SSSC to mitigate voltage drop and
improve the voltage profile on the end of the electrical
line as well as powers at load node.

8. Conclusion

In this paper, we studied the power control with SSSC for
electrical network integrating wind farm based on DFIGs.
The research methodology is based on the comparison of
the same electrical network before and after integration
of the SSSC in order to evaluate the contribution of the
latter to enhance the electrical power characteristics. We
have highlighted the SSSC control capability to provide
best voltage level and to mitigate voltage drop. The
results indicate also that the proposed control approach
provide a better power oscillations damping and increase
power transmission limit on the electrical network

Appendix

Wind energy conversion system parameters:
G=90; R=37m, f=0.0024N.m.s/rd, Rs=0.012 Q,
Rr=0.012Q, Ls=13.732mH, Lr=13.703mH;
M=13.528mH, p=2, Pn=1.5MW.

Load parameters:
P=30MW, O=8MVAr.

Line parameters:
r= 1.015Q/km; x=6.28Q/km; I= 10km; R=r. [;
X=x. I; Flength of the line.
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