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Abstract In this paper the voltage regulation of a grid bus is studied. The bus accepts real power from a wind
park through a medium voltage cable. The changes of the wind speed result in large alterations in the exchange of
real and reactive power between the cable and the grid. As a result, the voltage of the bus is not stable. The
installation of a Static Var Compensator(SVC) is a rational choice for the stabilization of the voltage. The SVC
needs a controller which according to the difference of the measured voltage from its nominal value, it defines the
equivalent susceptance of the SVC. So, the right amount of reactive power between the grid and the SVC is achieved.
Two design techniques for the controller are proposed, both based on the theory of optimal control. The full theory
of the optimal control used in the design procedure, is given clearly. In the first place, the nonlinear model is
linearized in two ways and then the mathematical principles of optimal control are applied. The second input of the
linearized model, regarded as disturbance, has been taken into account in the design procedure. The proposed
application of the optimal control theory has resulted in controllers that can be regarded approximately as PI
controllers andso, their implementation is very easy. The whole nonlinear system has been simulated in SIMULINK
so as the response of the proposed system to be judged. The results are satisfactory. Despite the large variations in
the exchange of real and reactive power between the wind park and the grid, the variation of the grid voltage is under
1.5%.
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1. Introduction
Many scientific papers regarding voltage control in power
systems can be found in the literature. For instance, there
are many new control schemes that deal with voltage control
on large - scale power systems ([1]) or distribution power
systems ([2,3]). The integration of renewable energy
systems into the main grid makes the voltage even more
unstable according to the fluctuations of the produced
energy and the load. One solution to the stabilization of
the voltage is the installation of FACTS devices in power
systems with wind generation ([4,5,6]). Many schemes are
presented in these papers for the control of various
FACTS devices and the right performance of the grid
voltage, although it may be difficult for some of them to
be implemented due to their complex form.
In this paper, a specific interconnection between a wind
power station and the main grid is studied and simple PI
controllers for the stabilization of the voltage are designed,
according to the optimal control theory.
Many applications of wind parks require off - shore
installations that means interconnection with the main grid
through submarine cables. As a result, the grid voltage is

susceptible to alterations from the rated value because of
the significant changes of the real and reactive power
being interchanged between the grid and the cable.
In this paper a Static Var Compensator (SVC) scheme
equipped with a specific controller is proposed which is
able to maintain the grid voltage constant despite the large
alterations of the wind speed .The design of the controller
is based on optimal control theory and finally a simple PI
controller can be applied.
The system under study is shown in Fig. 1. It can be
seen the bus of the grid to which the cable of the wind
park is connected. The SVC is connected to the same bus.
The goal of the controller of the SVC is to keep the
voltage of the bus as constant as possible under large
variations of real and reactive power from the cable into
the grid. The rated voltage of the cable is 49 kV so it is
connected to the main grid through a transformer 150/49
kV. The wind park (WP) consists of 26 doubly fed wind
turbines (WT) using asynchronous generators. The rated
power of each WT is 1.5 MVA and the rated voltage 575
V. For simplicity reasons there is a central transformer 49
kV/ 0.575 kV for the interconnection of the WP to the
cable. In the Appendix, there are the values of all the
parameters of the system. The whole nonlinear system has
simulated in the SIMULINK software using its libraries
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for the main components such as the WT, the cable, the

SVC etc.

Figure 1. System under study

2. Description and Modeling of the
System
In this paragraph, we develop the original nonlinear
mathematical equations of the various components of the
system and then we linearize them around the operating
point. The operating point has been chosen to be the
steady state of the system when the WP produces its
maximum real power S0 = 40 MW under rated voltages.
For the whole system it has been decided to be Sb = 100
MVA. So in p.u. it is: S0 = 0.4. The voltage of the bus
under study is Vand the voltage of the bus at the output of
the wind park is VWT. For the operating point it is V0 =
V0WT = 1 in p.u.
For short lines of length 100 km or less, the total shunt
admittance is very small and can be neglected. So the
equivalent electric circuit of the line is the circuit given in
Figure 2a. The relationship between sending-end voltage
(Vs) and receiving-end voltage (Vr) can be written as:
Vs  1 Z  Vr 
  =    ,
 I s  0 1   I r 

where Is, Ir are the sending-end and receiving-end currents
respectively.
For, lines more than 100 km long, or cables, charging
currents due to the shunt capacitance can not be neglected.
The capacitance is uniformly distributed throughout the
length of the cable, but for cables not too long, the
nominal – πrepresentation can be used. In this method, the
total line capacitance Y is divided into two equal parts
which are lumped at the sending and receiving ends of the
cable. The equivalent circuit is given in Figure 2b. From
Figure 2b, it is:

In this form, the constants A,B,C,D of the cable have
been included.

Ir

Is
Z=R+jX

Vs

Vr

load

Figure 2a. Equivalent circuit of a short line

Ir

Is
Vs

Z=R+jX

Y/2

Y/2

load

Vr

Figure 2b. Cable representation

The cable carries a current Ica (= Ir) towards its
connection to the grid bus and accepts a current IWT (= Is)
from the wind park. From the values of the Table A2 in
the Appendix, the model of the cable in the s-plane it is:

Y=
C*s =
0.00002 s, Z =
4.55 + 0.055s =
B,

A=
D=
1 + 0.5* Y * Z =
1 + 0.000022 s + 0.0000055s 2 ,
=
C Y (1 + 0.25* Y * Z )
=
0.00002 s + 4.55*10−10 s + 5.5*10−12 s ≈ 0.00002 s
 1 + 0.000045s 
 +0.0000055s 2  * I ca



IWT =C * V + A * I ca =0.00002 s * V + 
181818

3.64 s

1
1
1
=
⇒ I ca
IWT −
V
I s =I r + Vr Y + VsY , Vs =Vr + ( I r + Vr Y ) Z .
s 2 + 8.18s + 181818
s 2 + 8.18s + 181818
2
2
2
For Vb = 49 kV it is Ib = 1178 A. So the previous
Finally, we have in matrix form:
equation in pu is written in linearized form as:
1


(1 + YZ )
Z
154.35
 Vr   A B  Vr 
Vs  
=
∆I ca
∆IWT
2
2
.
=


 
 I  C D   I 
s + 8.18s + 181818
1
1
I
 r 
 s  Y (1 + YZ ) (1 + YZ )   r  
0.003s


4
2
−
∆V
2
s + 8.18s + 181818
(1)
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The grid is simulated through a voltage source E and an
inductor equal to Xgrid = 0.18 H. This value corresponds to
a short-circuit capacity of 400 MVA which is ten times the
rated power of the wind park. We suppose a ‘weak’ node
of the system because in this occasion, the voltage is more
sensitive to the alterations of Ica. The internal voltage E is
not a parameter in the linearized model, and if we notice
that Ib = 385 A in 150 kV it finally is in pu:

E −V
E
V
=
=
−
I grid
sL
0.095s 0.095s
0.014
⇒ ∆I grid = −
∆V
s

(2)

The bus voltage regulation at a bus conventionally is
achieved
through
static
shunt
reactive
power
compensationwhich means the installation of a combination
of capacitors at the bus. Modern SVC schemes use power
electronics technology and so fast and smooth adjustment
of the voltage is achieved. They may use either thyristor
controlled reactors (TCRs) or thyristor switch capacitors
(TSCs). In any case, the SVC can be viewed as a reactive
power source from the grid side. With the right pulsation
procedure, the equivalent susceptance BSVC of the SVC is
adjusted in order the right amount of reactive power to be
interchanged between the SVC and the grid for the
successful regulation of the bus voltage. So, it isgenerally:
QSVC =

V2
X SVC

and in steady state operation it will be in p.u.:
Q
=
SVC 0

V02
1
=
= BSVC 0 .
X SVC 0 X SVC 0

The steady state power flow model of the cable is:

=
P WT

V WT V
2
D
cos(b + δ ),
V WT cos(b − a) −
B
B

where δ is the angle between the voltages VWT and V, PWT
is the real power of the WP and the parameters
=
A A
=
≮a, B B ≮b are the A,B,C,D parameters from
the equivalent Πcircuit of the cable. From the rated
parameters of the cable it is:

1
A=
D=
1 + YZ =
0.9231.0440 p.u.,
2
1
B=
0.89 77.70 , C =
Y (1 + YZ ) =
0.17 90.50.
4
For maximum real power production from the WP (P =
40 MW or 0.4 p.u.) and rated voltages (all equal to 1 p.u.)
we have from the above equation that δ0 = 20.50. The
steady state reactive power Qca0 from the cable into the
grid is given by:

=
P
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EV
V ( E cos δ − V )
=
sin δ , Q
X
X

we can compute that the reactive power from the grid
is 𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 0 = 0.02 𝑝𝑝. 𝑢𝑢. So, in steady state operation, the
equation of the reactive power flows at the bus gives:
Qgrid 0 + Qca 0 + QSVC 0 =
0

⇒ QSVC 0= 0.046 p.u=. BSVC 0 .

The current from the SVC generally is equal to
𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑉𝑉 ∗ 𝐵𝐵𝑆𝑆𝑆𝑆𝑆𝑆 , ([7]), so the linearization gives: ∆𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 =
𝐵𝐵𝑆𝑆𝑆𝑆𝑆𝑆0 ∗ ∆𝑉𝑉 + 𝑉𝑉0 ∗ ∆𝐵𝐵𝑆𝑆𝑆𝑆𝑆𝑆 . In order a simple delay in the
pulsation of the SVC to be taken into consideration, the
previous equation will become:
∆𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐵𝐵𝑆𝑆𝑆𝑆𝑆𝑆0 ∗ ∆𝑉𝑉 + 𝑉𝑉0 ∗

1

1+𝑇𝑇𝑑𝑑 𝑠𝑠

∗ ∆𝐵𝐵𝑆𝑆𝑆𝑆𝑆𝑆 .

The time delay Td is taken equal to 3 ms, so the linearized
form of the alteration of the SVC current, finally becomes
∆𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 0.046 ∗ ∆𝑉𝑉 +

1

1+0.003 𝑠𝑠

∗ ∆𝐵𝐵𝑆𝑆𝑆𝑆𝑆𝑆 .

(3)

Applying Kirchhoff’s law regarding the bus currents we
have:
∆𝐼𝐼𝑐𝑐𝑐𝑐 + ∆𝐼𝐼𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + ∆𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 0.

Substituting from (1), (2), (3) and after some algebra,
we finally result in the following basic equation that gives
the linearized model of the bus voltage:

∆V =
−0.32
−

s 2 + 22227 s
s 2 + 329 s − 100
3355.43s

∆BSVC

s3 + 7.82 s 2 + 181782 s − 55326
= h1 ( s ) * ∆BSVC + h2 ( s ) * ∆IWT .

(4)

∆IWT

This equation describes the dynamic behavior of the
bus voltage (output in our model) according to the
susceptance of the SVC (input) and the current from the
WP (disturbance). Our control system will be designed
according to this model. Besides, the reactive power from
the SVC will be:
=
QSVC BSVCV 2 =
⇒ ∆Q 2 BSVC 0V0 ∆V + V02 ∆BSVC
⇒=
∆Q 0.092∆V + ∆BSVC .

(5)

3. Optimal Control Design
3.1. SimpleNormalized Model
Systemand Controller Design

of

the

In order a fast response to be achieved, the previous
linear model of the system is adjusted so that it contains
the normalized values of the corresponding parameters.
The normalized value of ΔV is assigned as ∆V and is
∆V
V
V
equal to: ∆V = . Similarly the normalized values of
D 2
Qca =
V sin(b − a ) + WT
sin(b − δ )
−
V0
B
B
the rest of the parameters have been defined as:
and by substitution Qca0 = -0.066 p.u., which means that
∆B SVC
∆I WT
=
, ∆I WT
. From (4) and
∆B SVC =
the cable absorbs reactive power from the grid.
B SVC 0
I WT 0
The real power coming from the WP inserts into the
neglecting the third order of s we have:
grid, so from the equations
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∆V

= −0.32

V0
−

2


∞  4a ∆V (t ) + 4a ∆V (t ) ∆B(t ) 
I= ∫
dt.
2
0  +(a + 1) ∆B

(
t
)
SVC



s 2 + 22227 s ∆B SVC
B SVC 0
s 2 + 329s − 100 B SVC 0

3355.43s
∆I WT
I WT 0
3
2
s + 7.82 s + 181782 s − 55326 I WT 0
−0.0145s 2 − 322.3s
∆V =
∆B SVC
s 2 + 329 s − 100
154.45s
−
∆I WT
2
s + 23246 s − 7075

From

Q

=
0.092
Q
SVC 0

SVC 0

⇒ ∆Q

SVC

∆V
V0

+

∆B SVC
B SVC 0

B SVC 0

(6)

(7)

= 2∆V + ∆B SVC .

The first simple design procedure is based on the above
model and only on the input-output transfer function h’1
(s), so the disturbance parameter has not been taken into
consideration.
In state space equations, the transfer function ℎ1′ is
transformed into the matrices:

 −329 100 
1 
=
A =
,B  ,

 1 0 
0 
C=
[−317.53 − 1.45], D =
−0.0145.

(8)

The main element used in the optimization criterion is
the reactive power ∆𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 from the SVC and so the
optimization criterion is defined as:

=
I

it

actually

is:

variables of the system. By substitution into (9), we have:

The normalized equation of the SVC reactive power is
derived from (5) as:
SVC

(8)

ΔV=-317.53X1 (t)-1.45X 2 (t) ,where x1(t), x2(t) are the state

= h ' ( s ) * ∆B SVC + h ' ( s ) * ∆I WT .
1
2

∆Q

the

(9)

2
2
∞
∫ [a ∆Q SVC (t ) + ∆B SVC (t )]dt
0

2
∞
2
(t ) + u (t )]dt
= ∫ [a ∆Q
SVC
0

since the input u to the control system is the susceptance
of the SVC. From (6) and (7) it is:

 403300aX12 (t ) + 3684aX1 (t ) X 2 (t ) 

∞
dt
I = ∫  +8.4aX 22 (t ) + 2(−635aX1 (t )


0
 −2.9aX 2 (t )) + (a + 1)u 2 (t )



which is of the form
∞
I = ∫ [ X T (t )Q1 X (t ) + 2 X T (t )Q12u (t ) + uT (t )Q2u (t )]dt
0
([8,9]). Apparently, the weighting matrices are:

 403300a 1842a 
 −635a 
, Q12= 
Q1= 

 , Q 2= a + 1.
8.4a 
 1842a
 −2.9a 
The problem is solved through solving the relevant
Riccati equation:
T
AT S + SA − ( SB + Q12 )Q2−1 ( BT S + Q12
) + Q1.

The state feedback L is then:
T
=
L Q2−1 ( BT S + Q12
).

The L has been calculated through MATLAB software for
various values of the parameter a. The control law is
u = -Lx. Then an equivalent series controller has been
calculated in order the final control system is of the form
depicted in Fig.3. For instance, for a=1, the equivalent
series controller which was derived from the optimal state
feedback law, is:

G C ( s) =
≅

0.95s 2 + 312.3s + 201.4
s 2 + 324.5s − 2*10 −16

0.95s 2 + 312.3s + 201.4
.
s 2 + 324.5s

Figure 3. Simple control loop for the design of the SVC controller

We can use this controller, but if we neglect the second
order of s, then we conclude to a simple PI controller with
parameters Kp = 0.96 and KI = 0.62 which is very easy to
be implemented in a microprocessor. So, we see that
through the optimal theory we reached in a simple PI
controller for our application. Other values for ‘a’ give not
very different values for the parameters of the PI
controller, for example, if a=1000 then Kp = 1.6 and KI =
0.62. As we will see in the next paragraph, the simulation
of the nonlinear system showed that there are no
significant differences in the response of the system for
various values of the parameter ‘a’.

3.2. Augmented Normalized Model and
controller Design
In the previous design technique, the controller decides
about the proper susceptance of the SVC having taken into
consideration only the difference between the rated
voltage and the actual one (transfer function ℎ1′ (𝑠𝑠)).
In order the dynamics of the presence of the disturbance
�������
∆𝐼𝐼𝑊𝑊𝑊𝑊 to be taken into consideration, an augmented system
is proposed for the design of the optimal controller. The
state space model of the system given by ℎ′2 (𝑠𝑠) is:
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21.96 s − 3.317
21.96 s − 3.317
 −23246 7075
1 
≅
.
A=
,B =
,C =
[−154.45 0], D =
0.=
G C ( s)
 1



−
18
5.306 s
0 
5.306 s − 3.4*10

0 
Apparently, this can be implemented again easily as a
PI controller with Kp = -4.14 and KI =0.62. One can notice
that, the design procedures result in controllers of the
same form and the KI parameter is the same in both of the
design schemes with normalized values for the model
parameters and for the same value of ‘a’.

The augmented system in state space will be:

A

0
0 
 −329 100
 1
0
0
0 
=
,B
 0
0 − 23246 7075


0
1
0 
 0

1
0

0

0

0
0 
,
1

0

C=
[−317.53 − 1.45 − 154.45 0],
D = [−0.0145 0].

(10)

The state-variables matrix x(t) contains the four state variables
of the system X (t ) = [ X (t ) X (t ) X (t ) X (t )]T and
the

vector

for

1

2

the

input

3

of

4

system is
T
u = [∆B SVC ∆I WT ] .The optimization criterion now is
the same as before, but the input now will be named as u1
��������
as only the parameter ∆𝐵𝐵
𝑆𝑆𝑆𝑆𝑆𝑆 is the control signal. So:

=
I

u

the

2
2
∞
∫ [a ∆Q SVC (t ) + ∆B SVC (t )]dt
0

2
∞
Q
∆
a
[
(t ) + u12 (t )]dt
∫
SVC
0
∞
2
= ∫ [4a ∆V (t ) + 4a ∆V (t ) u1 (t ) + (a + 1) u12 (t )]dt.
0

=

4. Nonlinear System Simulation Results
The system under study as is depicted in Fig. 1 has been
simulated in the SIMULINK software. The nonlinear
models for the DFIM and SVC have been taken from the
software library. The rated values for the machines are
listed in the Appendix.
In the first case, we test the response of the system
under severe changes of the wind speed which bring about
huge alterations of real and reactive power from the cable
into the grid. As a result, the voltage of the grid changes.
The proposed optimal controllers of the SVC take on to
adjust the grid voltage to its nominal value. In Fig. 4 the
wind speed is depicted. The wind speed increases rapidly
from 8 m/s to 14 m/s at t = 80 sec and then decreases to 8
m/s at t = 150 sec.

From (10) it is:

∆V (t ) =
−317.53 X1 (t ) − 1.45 X 2 (t ) − 154.45 X 3 (t ).
By substitution and after some algebra, we finally result
in:

 a (403300 X12 (t ) + 8.4 X 22 (t ) + 95420 X 32 (t ) 


∞  +3684 X1 (t ) X 2 (t ) + 1792 X 2 (t ) X 3 (t ) +

I= ∫
dt.
0  +392340 X1 (t ) X 3 (t )) + 2a (−635 X1 (t )

 −3 X (t ) − 309 X (t ))u + (a + 1)u 2 (t )

2
3
1
1


The weighting matrices now are:

 403300 1842 196170
1842
8.4 896
Q1 = a 
196170 896 95420

0
0
 0

Figure 4. Wind speed waveform.

0
0 
,
0

0

In Figure 5 the real power coming from the wind park
is shown which alters according to the wind speed(p.u.
refers to the rated power of the wind park).

 −635 0 
 −3
0 
a + 1 0 

=
,Q2 
Q12 a=
.
 −309 0 
 0 0


 0 0
The problem is solved through solving the relevant
Riccati equation for the calculation of the state feedback
gain L. The L has been calculated through MATLAB
software for various values of the parameter ‘a’. As before,
an equivalent series controller has been calculated in order
the final control system is of the form depicted in Fig.3.
For instance, for a=1, the equivalent series controller
which was derived from the optimal state feedback law, if
we neglect high orders of s, is:

Figure 5. Real Power of the Wind Park
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In Figure 6 (a) we see the response of the grid voltage
with the optimal controller designed according to the
simple normalized model for a =100, while in Figure 6 (b)

the response with the optimal controller according to the
augmented normalized model.

Figure 6. Grid voltage response under the two optimal controllers\

Figure 7. Reactive power of SVC under the two optimal controllers

In Figure 7 (a) we see the change in the reactive power
of the SVC due to the first controller and in Figure 7 (b)
due to the second controller.
Generally, the response of the system is satisfactory in
both situations and with both of the control schemes.

response. Under a severe wind speed change, the variation
of the bus voltage is hardly 1.5%. On the contrary, the
augmented normalized method results in a controller with
larger overshoots but much faster than the first one (about
half the time of the previous controller). The final choice
depends on the demands.
Finally, in Figure 8 there is the response of the grid
voltage with the simple normalized model for a = 1000.
We can see that there is no significant change in
comparison with the Figure 6a. The only subtle difference
is that the peaks of the transient periods are smaller in this
case.

5.Conclusions

Figure 8. Grid voltage response with the simple model for a = 1000

We can see that the simple normalized model results in
a controller that has small overshoots but with slow

A high voltage grid bus is considered in this paper to
which a wind park is connected through a medium voltage
cable. The severe changes of the real and reactive power
coming from the cable into the grid make the voltage
unstable. The installation of an SVC improves the voltage
response. The SVC is controlled through two different
proposed controllers which have been designed according
to the theory of optimal control. The theory results in

American Journal of Electrical and Electronic Engineering

simple PI controllers which can be implemented easily.
The response of the system is satisfactory and the voltage
variation due to the changes of the power from the wind
park can be confined between +/- 1.5% in a time-limited
transient period.

6. Appendix
Table A1. WT PARAMETERS ([10,11])
Low speed inertia Jt
800 kgm2
Coupling stiffness Ktg
12500 Nm/rad
Coupling damping Dtg
130 Nms/rad
High speed inertia Jg
90 kgm2
Nominal active power PN
1.5 MW
Nominal electrical torque TelNor Tg
9555 Nm
Stator voltage VSN
700 V
Nominal generator speed ηgo
1500 rpm
Speed range of generator
900-2000 rpm
Pole pairs
2
Blades diameter d
60 m
Nominal wind speed VwN
13 m/sec
Maximum power coefficient Cp
0.44
Air density
1.125 kg/m3
Nominal turbine speed ηto
18 rpm
Speed range of turbine speed
9-18 rpm
Table A2. MEDIUM VOLTAGE CABLE ([12])
Rated voltage VN
49 kV
Inductive reactance Xo
0.417 Ω/mi
Resistance
0.091 Ω/mi
Capacitive Reactance
6700 Ω*mi
Total Length
50 mi
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