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Abstract: - This paper presents the particle swarm optimization (PSO) for reactive power and voltage control
(Volt/Var Control) in distribution system considering DFIG wind farm. In this paper, the reactive power output
of DFIG wind farm has been considered as the control variables in the Volt/Var Control scheme by considering
the reactive power compensation capability of DFIG. The minimization of total system real power loss and
voltage deviation are utilized as an objective and the PSO is used to determine the reactive power output of
DFIG wind farm, tap positions of load tap changer transformers (LTC) and numbers of the capacitor banks.
Finally, the proposed scheme is applied to the 33-node distribution system. The results indicate that the
proposed Volt/Var control scheme can improve the voltage profiles of distribution networks on a large scale.
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1 Introduction reactive power optimization with time varying load
In recent years, wind energy has grown to be one demand in distr'ibution _ systems. Reference[?]
of the most important and promising sources of presented a genetic algorithm based proce-d.ure- is
renewable energy [1-2]. Increasing wind power used to determme both the 10?1d level partitioning
penetration has been noted to influence overall and the d1§patch schedul.lng. Reference[.IO]
power system operation in terms of power quality, presc?nted an 1rnpr9ved evo!utlonal.‘y programming
stability, voltage control, and security [3-5]. In weak and its hybrid version combined with the nonlinear
power system, particularly in distribution network, interior pomt technique to solve the optimal reactive
since the X/R ratio of the distribution lines is small, power  dispatch ~ problems. Referenc§[11—1.2]
the increased use of wind turbine for generating pres§nteq methods for the Volt/-Var.control. in .radlal
electricity makes voltage control more challenging, distribution  networks  considering  distributed
due to the unpredictable nature of wind conditions. generations. ) . ‘
Thus, the Volt/Var control in the distribution However, the intermittent and  stochastic
network with high level of wind power penetration characteristic of wind power generation may impact
becomes more of a concern, and it is necessary to the stability and power quality issues of power
examine how the Volt/Var control in the distribution systems, such as power fluctuations, voltage
network is affected by wind power. fluctuations, and harmonics [13]. The conven'tlonal
Conventionally, Volt/Var control in distribution Vo!t/Var cgntrol schemes can.not solve these issues
network can improve voltage profiles by adjusting satisfactorily by the capacitor banks apd LTC
load tap changer (LTC) of the substation because the frequent sw1tch1n.g of these devices may
transformer, voltage regulators and shunt capacitor cause resonance and transient overvoltage, add
or reactor banks [6-7]. Many researchers have additional stress on wind t.urblne gearbox gnd shaft,
investigated reactive power and voltage control in make themselve%s and turbines wear out quickly and
distribution networks. Reference [8] presented a increase the maintenance and replacement cost [14].
heuristic and algorithmic combined approach for Therefore, additional compensating devices such as
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static VAR compensator (SVC), static synchronous
compensator (STATCOM) have been considered to
address these issues more effectively because they
provides the fast response time and superior voltage
support capability [14-15]. However, there are
always costs associated with the installation and
operation of these devices, which makes this option
less attractable, especially in the distribution
network. Therefore, an alternative Volt/Var control
scheme for DFIG wind farm becomes very
important.

The variable-speed wind turbine equipped with
doubly fed induction generator (DFIG) is the most

employed generator for the recently built wind farm.

The DFIG is able to obtain the maximum active
power from wind speed and the generated reactive
power can be controlled in an independent way
without causing any interference in their active
power generation process [16-18]. Utilizing DFIG
reactive power control capability, wind farm
composed of DFIG can be used as the continuous
reactive power source to support system voltage
control with fewer costs on the reactive power
compensation device. This paper presents an
innovative Volt/Var Control scheme in distribution
system that does not require installation of
additional compensating devices such as SVC and
STATCOM to improve voltage regulation
associated with the variable nature of the wind
energy. The key to the Volt/Var Control scheme is to
consider the reactive power output of DFIG wind
farm as the control variables taking into account the
reactive power compensation capability of DFIG.

Following this section, DFIG wind turbine model
and the reactive power control capability are
presented in Section 2. The formulation of the
proposed problem is presented in Section 3. The
basic mechanism of the particle swarm optimization
and implementing the used PSO to Volt/Var control
scheme is presented in Section4. In Section 5, the
case of 33-node test system illustrates availability
and correctness of the presented method. Finally,
several important conclusions are given.

2 System model and control
2.1 Modeling of DFIG wind turbine

Fig.1 shows the model of DFIG wind turbine
consisting of a pitch controlled wind turbine and an
induction generator [19]. The stator of the DFIG is
directly connected to the grid, while the rotor is
connected to a converter consisting of two
back-to-back PWM inverters, which allows direct
control of the rotor currents. Direct control of the
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rotor currents allows for variable speed operation
and reactive power control thus DFIG can operate at
a higher efficiency over a wide range of wind
speeds and help provide voltage support for the grid.
These characteristics make the DFIG ideal for use
as a wind generator.

DFIG
I Girid
! ., Transtormer
; . ry ’ |
I_ “ & | — -1 R
Girid Sede VSC Rolor Side 3G

Fig.1 DFIG wind turbine

Fig. 2 shows the single-phase equivalent circuit
of the DFIG in steady state [20]. The stator and
rotor equations derived from this equivalent circuit
are

Usz_Rsl_s_szl_s_ijr (D

2

where Us is the stator voltage, Ug the rotor voltage,
I the stator current, Iz the rotor current, Rg the
stator resistance, Rg the rotor resistance, Xs the
stator reactance, Xr the rotor reactance, Xy the
mutual reactance, and s is the slip. a
| I'n
Rent—rrXos %o

Ug =—Relg = i8Xglg = jsXy I

Ug X

Fig.2. DFIG equivalent circuit

The total active power of the DFIG fed into the
grid is the sum of stator and rotor active power [21].

P =P + Py 3)
Taking into account that

Py =—sP; 4)

Pr=(-9)k ()

where P, is the total active power of the DFIG fed
into the grid, Psis the stator active power, Pgis

the rotor active power.

Because rotor reactive power cannot flow
through the frequency converter, so total reactive
power fed into the grid is the sum of the stator and
the grid side converter reactive power. Usually, in
commercial systems, the grid side converter works
with unity power factor, being total reactive power,

Issue 8, Volume 8, August 2009



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS

in such case, equal to stator reactive power.
QT = Qs (6)

The stator active and reactive power can be
expressed as a function of stator current and rotor
current [20]:

P52 +Q52 =(3U; |s)2 (7N

2 U52 22 Xm 2
Py +(Qs +3->)" =GB—-"Usly) 3
Xs Xs

In the PQ plane, (7) represents a circumference
centered at the origin with radius equal to the stator
rated apparent power. Equation (8) represents a
circumference centered at [ -3U¢/ X,0] and radius
equal to 3X,,Uqlz/Xs.

Introducing (5) and (6) into (7) and (8):

o

l—TS)2 "‘QT2 :(3Us|s)2

9
PT 2 U52 2 XM 2

—) + +3—>)" =3—"Uql 10

(g + Q33 =B3MUsl)* (1)

According to (9) and (10), we can see the

apparent power available at each DFIG is not

constant, because the slip S changes as the wind

speed varies. Therefore, given the stator voltage, the

stator and rotor maximum allowable currents

allowed by DFIG, the DFIG capability limits are
obtained.

2.2 DFIG wind turbine power curve

Generally, the reference value of the active power
that a DFIG should generate is established through
optimum generation curves, which provide the
active power as a function of the generator
rotational speed. Such curves are derived as a result
of analysis of the wind turbine aerodynamics, and
by defining the maximum mechanical power the
DFIG can extract from the wind at any angular
speed [22-23]. Fig.3 shows the typical power curve
for a 1500kW DFIG wind turbine.

2.3 DFIG wind turbine capability limits
curve

Fig.4 shows the capability limits curves of
1500kW DFIG. The electric parameters of 1500kW
DFIG are given in Table 1. In this figure, the solid
and dashed curves correspond to equation (9) and
equation (10) respectively, which represent the
maximum reactive power that DFIG can generate or
absorb at the rated stator voltage, maximum stator
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current and rotor current. In Fig.4, The DFIG can be
able to operate at any point in the intersecting area
within the given limits. From Fig.4, one can observe
that when the available active power P;  at the wind
turbine is obtained, the reactive power output of the
DFIG can be controlled to operate at any point in
the intersecting area within the limit[Qr ;) Qr ] -

2000

1500

1000+

Active power(k/V)

500+

0

0 5 10 15 20 25 30
Wind speed(ms!)
Fig.3 Power curve of a 1500kW DFIG wind turbine

Table 1 DFIG electric parameters

Parameter Value
Rs, stator resistance per phase 0.001692Q
Xs, stator leakage reactance per phase | 0.03692Q
Xwm, mutual reactance 1.4568Q2
Rg, rotor resistance per phase 0.002423Q
Xg, rotor leakage reactance per phase | 0.03759Q
15 —
g‘ .I'I 8
f_' J.l
g 1 r" QT:\-_-' QTL'EK
s | ; AP, .
= ST :
.-E II’ Il.
< ] :
[] 1 1 1
-3 -2 -1 0 1 2

Reactive power(kKNAR)
Fig.4. 1500kW DFIG capability limits curve

2.4 Wind farm model

In this paper, a wind farm model is developed
with DFIG wind turbines connected in parallel. On
a practical wind farm, each wind turbine has
somewhat different instantaneous wind speed and
output active power. Consequently, the capacity for
reactive power generation of each wind turbine is
also different. In this paper, we consider the total
active and reactive power output of the wind farm
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equal to the sum of the active and reactive power
generated by each of the DFIG wind turbine in the

wind farm:
n
Rve = z P (11
i=1

Que =2 Qn (12)

where B, represents the active power output of
the wind farm, Q,r represents the reactive power

output of the wind farm, P, represents the

generated active power of each i DFIG and Q

represents the generated or absorbed reactive power
of each i DFIG.

2.5 Load Flow including Wind Farm

In this paper, the node integrating DFIG based
wind farm is treated as PQ nodes in a load flow
analysis. In situations where the wind speed at wind
farm is specified and the loads at buses are known,
the real power output of DFIG can be calculated by
means of the power curve. The reactive power of
the wind farm is obtained from the optimization
algorithm proposed in this paper. Then a
backward-forward load flow algorithm is utilized to
determine the real and reactive current injection at
all the buses. Using these currents and a
backward-forward sweep scheme the branch
currents are found and voltages at all the buses are
updated for this iteration.

3. Problem formulation

In this paper, the Volt/Var control in distribution
networks considering wind farm is formulated as a
mixed-integer nonlinear optimization problem by
using the reactive power output of wind farm,
reactive power of capacitors and tap positions of
transformers as the control variable. The objective
function and constraints are presented as follows:
3.1 Objective function

In this paper, the objective function is weighted
summation of voltage deviations and electrical
energy losses of distribution systems during the
next day.

N, 2 2
min £,(X)=4 > R RO | 2 maxl, ~Vi| (13)
i=1

VI
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Tap = [‘I’apl,Tap2 ...Tap, ---TapNt]
§=[SCI,SC2---SCi~--SCNE]
where N, is the total number of branches,V; and
V., are the real and rated voltage on bus i. 4 and
A, represent weighting factors. A + A4, =1. X

denotes state variables vector, Qe is the wind

farm reactive power vector, Tap is tap vector

representing tap position of all transformers, 'Hpi

is tap position of the ith transformer, S; is
capacitors switching state vector including state of
all capacitors, S_CI is the number of the ith capacitor
bank. N, is the number of capacitors, N, is the
number of transformers.

3.2 Constraints
The minimization of the objective function is
subjected to the following constraints:
1) Distribution power flow equations:

Nb

R +Rur=FoitVi Z\/j (G cosd; +B;singy) (14)
i1
Nb

Q +Quri=Cpi +ViE/j(Qj sing; —Bj; cos}y) (15)
=)

Where P, and Q
active and reactive power at the ith bus. Ry and

are the substation injected

Quri are the wind farm injected active and reactive
power at the ith bus. Py, Qp; are the active and
reactive load power at the ith bus. V; and V;are
the amplitude of voltage at the ith and jth bus,
respectively. G; and By are the conductance and

the susceptance between the ith and jth nodes. J;

and 6;are the phase angle difference between the

ith and jth nodes.
2) DFIG wind turbine active capacity limits:
I:>Ti.min < I:>Ti < IDTi,maX (16)
where Py , Py, and Py . are scheduled,

minimum and maximum active power output of the
ith DFIG, respectively.
3) DFIG reactive capacity limits:

X P U’
> |32EM U ) = ()2 _3=s
Qn \/( ) Usle)' = (0" =350
X P U’ (4
< |3EM U)o (—Ty2 _3=Ss
Qs \/( X Usle) ~(1" =358
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where Q; is reactive power output of the ith

DFIG wind turbine.
4) Tap of transformers:
Tapi,min < Tapi < Tapi,max (1 8)

where Tap; ..., Tap; , Tap; .., are the minimum,

maximum and current tap positions of the ith
transformer, respectively.
5) Node voltage magnitude limits:
Vi SV, 2V,

min — max

(19)
where V; is the voltage magnitude of node i, V.

and V_, are low and upper bound of nodal

voltage, respectively.
6) Distribution line limits:

i )
‘Pij ine| _ P_Ime

ij, max

(20)

and P/"e

ij, max

where ‘Pij"”e

are absolute power flowing

over distribution lines and maximum transmission
power between nodes i and j, respectively.
7) Radial structure of the network.

3.3 Handling Constraints

When adopting PSO to solve the mixed-integer
nonlinear optimization problem, the constraints are
considered into the objective function using penalty
terms. The control variables, including reactive
powers output of wind farm, tap positions of
transformers and numbers of the capacitor banks.
are self-constrained when encoding them as
particles. However, the state variables, including
voltages of PQ buses and wind farm connecting
buses are constrained as penalty terms into the
integrative objective function as follows:

Nu Ne
FOO=f00+k D U;00+k, > Ej(x) (21)
j=l1 j=i

where f(X) is the objective function values of
optimization problem. N, and N, are the number
of inequality and equality constraints, respectively.
U;(x) and E;(X) are the inequality and equality
constraints. Kk, and k, are the penalty factors,
respectively.

4 Volt/Var control problem using PSO
4.1 The Standard PSO
The PSO is a population-based optimization

method first proposed by Kennedy and Eberhart
[24]. The PSO algorithm is initialized with the
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population of individuals being randomly placed in
the search space and search for an optimal solution
by updating individual generations. At each
iteration, the velocity and the position of each
particle are updated according to its previous best
position (Pbest)) and the best position found by
informants (Gbest). Each particle’s velocity and
position are adjusted by the following formula:

VE(t) = @-vE(t) + ¢, - r(Pbestf (t —1) — x* (t - 1))
+¢, - 1,(Ghest*(t—1) - x¥(t - 1))

(22)

XK (1) = xF(t=1)+vi(t) (23)

where i is the number of the particle in the swarm, k
is the number of element in the particle x; (t), and t

is the iteration number. v (t) and x¥(t) are the

velocity and the position of kth element of the ith
particle at the tth iteration, respectively. riand r, are
the random numbers uniformly distributed between
0 and 1.The constants C; and C, are the weighting
factors of the stochastic acceleration terms and @
is the positive inertia weight.

The suitable selection of inertia weight @ in (24)
provides a balance between global and local
explorations [25]. The inertia weight @ can be
dynamically set with the following equation:

max min
max w —Q

t

max

a)(t+1) = w xt

24

where t_ is the maximum number of iteration,

max

max

and t is the current iteration number. @ and

min

™" are the upper and lower limits of the inertia
weight.

4.2 Discrete PSO

The original PSO initially developed for
problems defined over real-valued vector spaces can
also be applied to discrete-valued search spaces
where either binary or integer variables have to be
arranged into particles.
1) BPSO

The BPSO algorithm was introduced by Kennedy
and Eberhart to allow the PSO algorithm to operate
in binary problem spaces [26]. It uses the concept of
velocity as a probability that a bit takes on one or
zero. In the BPSO, (22) for updating the velocity
remains unchanged, but (23) for updating the
position is re-defined by the rule:
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r<S(vi(t-1))

X (1) =1,
{ r>S(vi(t—1)) @)

X (1) =0,

S(Vik) is the
transforming the velocity to the probability as the
following expression:

S(X)=

where sigmoid function for

1
1+e

~ (26)
2) Integer PSO

In a more general case, when integer solutions
(not necessarily 0 or 1) are needed, the optimal
solution can be determined by rounding off the real
optimum values to the nearest integer. Equations
(22) and (23), developed for a real number space,
are used to determine the new position for each
particle. Once X;(t) is determined, its value in the

kth dimension is rounded to the nearest integer
value using the bracket function (27)

Xt (1) = X (0)] 27)

4.3 Volt/Var control problem using PSO

In this paper, Volt/Var control is formulated as a
mixed-integer nonlinear optimization problem with
continuous variables such as the reactive power
output of wind farm and discrete variables such as
the tap positions of transformers and numbers of the
capacitor banks. In this paper, the expanded PSO is
applicable to solve Volt/Var Control problem with
continuous and discrete variables. The PSO can
handle the whole mixed-integer nonlinear
optimization problem easily and naturally.

The steps followed for the proposed VVC
algorithm using the PSO are described as follows:
Step 1: Input system data, wind speed and wind
farm parameters. The initial population and
velocity for each particle should be
generated randomly within the constrain
limits.

The objective function (21) is calculated for
each individual by using the result of
distribution load flow.

The individual that has the minimum
objective function should be selected as the
global position.

The ith individual is selected.

The best local position is selected for the
ith individual.

The velocity and position of the ith
individual should be updated according to
equations (22) and (23).

After x(t) is determined,

Step 2:
Step 3:
Step 4:
Step 5:

Step 6:

Step 7: discrete
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variables value such as the tap positions of
transformers and numbers of the capacitor
banks in the kth dimension is rounded to
the nearest integer value using the
equations (27).

If all individuals are selected, go to the next
step, otherwise i =i+ 1 and go to Step 2.

If the maximum number of iteration is
reached, the search procedure is stopped,
otherwise go to Step 2.

Step 8:

Step 9:

5 Simulation results

In this part, the proposed Volt/Var Control
considering wind farm has been applied to the
33-node distribution system given in Ref.[27] (see
Fig.5). Voltage limits are assumed to be within the
range 0.95-1.05p.u. To simplify analysis, we
assume that loads are the constant in all time
periods. A small wind farm comprising 4 DFIG
wind turbines of 1500kW is connected at node 33
through a rated 12.66/0.69kV transformer. The
performance parameters of 1500kW DFIG are given
in Table 2. The LTC has 11 tap positions
(1.00£5%1%). Four shunt capacitor banks are
installed in node 10, 14, 17, 31, respectively, the
capacitor banks size are 4x300kVAR.

B WB2BBHNIURY

— ———r—s———) WF
4 5 f B9 10 101213 1415 161718
—

19 20 2122
Fig.5 33-node distribution system

Substation | 7 3

Table 2 1500kW DFIG Performance parameters

Parameter Value
Rated capacity 1500 (kW)
Cut-in wind speed 4 (m/s)
Cut-out wind speed 25 (m/s)
Rated wind speed 12 (m/s)
Rated voltage 0.69 (kV)

The number of particles is set to 20 and the
maximum iteration number of the algorithm is set to
100. The values of the parameters required for the
implementation of the algorithm are c,=c,= 2.0,

@™ =0.9 and ©™" =0.4.
In this paper, different wind speeds were assumed
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for the each wind turbine in the wind farm, the daily
wind speed variation are changed as shown in Fig.6.
The wind speed at each generator is considered to
be constant during every period, one of which lasts
one hour.

Wind speedims!)

5 10 15 20
Time period

Fig.6 Curve of wind speed

The actual active power outputs of each DFIG in
each period are shown in Fig.7, calculated by means
of the power curve of each DFIG.

Choose five periods to analyze, the reactive
power outputs limits of each DFIG in each period
can be calculated according to equation (9) and (10),
respectively, and the results are list in Table 3. It can
be observed from Table 3 that wind farm made up
of DFIG wind turbine can generate high quantities
of reactive power when the available active power
is far from its maximum. Taking period 1 as an

Jingjing Zhao, Xin Li, Jutao Hao

example, the average wind speed at wind farm is
4.9m/s, the maximum active power wind farm can
generate are 0.3563MW, and the reactive power
outputs limits of wind farm is from -4.2621MVAR
to 3.6657MVAR. But the maximum reactive power
wind farm can generate become very low when the
available active power is near to its rated power. For
example, in the period 5, the average wind speed is
14m/s, the active power that wind farm generated is
rated power 5.9813MW, the reactive power outputs
limits of wind farm is from -2.3970MVAR to
1.8220MVAR.

Z 1500}
4
=
=
o 1000}
|
z
a
w S00}
=
g
|:| 1 1 1 1
3 10 15 20
Time period

Fig.7 Active power of each DFIG wind turbine

According to the proposed Volt/Var Control
scheme in this paper, the Volt/Var Control results of
five periods are shown in Table 4.

Table 3 Wind speed and available power in wind farm

Period Wind speed PwEmax QwEmin QwE max
(m/s) (MW) (MVAR) (MVAR)

1 4.9 0.3563 -4.2621 3.6657

2 6.8 1.9875 -3.8562 3.2097

3 8.7 3.3375 -3.3216 2.7253

4 10.5 4.7064 -2.4135 1.9912

5 14.6 5.9813 -2.3970 1.8220

Table 4 Results of Volt/Var Control
Period poZ;[Ii)on cT ¢ 3 (M%‘XR) (ﬁ’\;f)
1 5 2 1 1 2 0.6816 0.2445
2 1 1 1 1 3 0.4530 0.1887
3 -2 2 2 | 2 -0.1598 0.4799
4 -3 2 3 1 4 -1.5686 1.0584
5 -2 2 2 2 3 -2.1212 1.9302
ISSN: 1109-2734 715 Issue 8, Volume 8, August 2009
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To demonstrate the performance of the proposed
Volt/Var Control scheme, we compare the proposed
Volt/Var Control to the conventional Volt/Var Control,
which the power factor of wind farm keeps constant
0.98. Fig.8 (a)~(e) show the system voltage profiles
for five periods after two different Volt/Var Control.
In Fig.8, the line marked with hollow cylindrical
represents the nodal voltage magnitudes after
conventional Volt/Var Control, and the line marked
filled circle represent the nodal voltage magnitudes
after the proposed Volt/Var Control.

From Fig.8 it can be seen that, when the wind
turbines operating at low wind speed, the active
power output of the wind farm is small, the nodal
voltage magnitudes after the proposed WVolt/Var
Control and the conventional Volt/Var Control all can
maintain within the voltage allowable range as
shown in Fig.8(a)~(c). But with increase in the wind
speed and the real power output of the wind farm, the
nodal voltage magnitudes near the point of common
coupling can not maintain within voltage allowable
range after the conventional Volt/Var Control, but
utilizing the proposed Volt/Var Control in this paper,
the nodal voltage magnitudes all maintain within the
voltage allowable range as shown in Fig.8 (d)~(e). It
can be concluded that the proposed Volt/Var Control
scheme can improve voltage profile in the
distribution system effectively associated with the
variable nature of the wind energy without requiring
installation of additional compensating devices such
as SVC and STATCOM.

1.05 by

0.95¢E

Mode valtage(p.u.)

1.06F

Mode voltageip.u.)
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1.06F

Mode woltage(p.u.)

D.95¢

1.05¢

Mode voltage(p.u.)

0.95 === "=

111
1.05 ¢

0.95 pese®

Mode woltage(p.u.)

Mode
(e)

Fig.8 Nodal voltage distributions

6. Conclusions

In this paper, an innovative Volt/Var Control
scheme in distribution system utilizing DFIG wind
farm as reactive power compensation source is
proposed. In the proposed Volt/Var Control scheme,
reactive power output of wind farm is utilized as the
control variable by taken into account DFIG reactive
capability limits. From the results obtained in the
simulations, it can be concluded that the proposed
Volt/Var Control scheme can improve voltage
regulation associated with the variable nature of the
wind energy without requiring installation of
additional compensating devices such as SVC and
STATCOM.
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