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ABSTRACT

DFIG wind turbine system is the most popular wind power generator in current market. Even though the
active and reactive power output of DFIG can be controlled independently, the active power output of those
wind turbines varies with wind speed. The converters in DFIG have limited capacity as a result it cannot
supply usually required reactive power hence the terminal voltage of the wind turbine system connected to
weak distribution grid fluctuates. So voltage regulation device is required for safe operation of power grid.
This paper proposes the use of Static Synchronous Compensator (STATCOM) as a voltage regulating device
at the point of common coupling to minimize terminal voltage fluctuation of the wind turbine system
operating at maximum power point tracking mode (MPPT) during varying wind speed. The control scheme
for DFIG wind turbine system and STATCOM is systematically developed and the effectiveness of
the proposed system is verified by simulating in MATLAB/Simulink software.
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1. INTRODUCTION systems to behave analogous to conventional
synchronous generators in terms of supplying
active and reactive powers [2]. Unfortunately,

Wind power is the most reliable and developed 05t wind farms are usually located at remote

renewable energy source over past decades. The
increased awareness of people towards
renewable energy, support from governmental
institution and rapid advancement in power
electronics industry, which is the core of wind
power system, are the most contributing factors
for the development of wind power systems.
Hence the share of wind power with respect to
total installed power capacity is increasing.
With the increased penetration level of wind
power in power system, additional services,
such as voltage control provided by the wind
turbines, become more important [1]. Most
utility companies want wind turbine generator

places, driven by wind and weather patterns
with little up-front analysis performed regarding
the existing power grid in that location and such
locations tend to be weaker points in the
distribution system. So they require extra
reactive power compensation devices for
connecting wind farms to the grid [3].

Variable speed wind turbines generators
utilizing doubly fed induction generators
(DFIGs) are most popular in the wind power
industry especially for multimegawatt wind
turbine generators [2]. DFIG is a wound-rotor
induction generator which is connected to the
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grid at the stator terminals, as well as at the
rotor mains via a partially rated variable
frequency ac/dc/ac converter (VFC), which only
needs to handle a fraction (25 —30 %) of the
total power to accomplish full control of the
generator. The functional principle of this
variable speed generator is the combination of
DFIG and four-quadrant ac/dc/ac VFC equipped
with IGBTs. The ac/dc/ac converter system
consists of a rotor-side converter (RSC) and a
grid-side converter (GSC) connected back-to-
back by a dc-link capacitor. The beauty of DFIG
is its efficient power conversion capability at
variable wind speed with low price because of
partial size rated converter.

Although wind turbines with DFIG are able to
control active and reactive power independently,
the reactive power capability of those generators
is subject to several limitations resulting from
the voltage, current, and speed, which change
with the operating point [2]. The aerodynamic
aspects of the wind turbines create terminal
voltage fluctuation in wind turbine [4]. Since the
DFIG has power electronic converters with
limited capacity, it cannot supply usually
demanded reactive power on a continuous basis.
If the wind farm is far from the point of
common coupling (PCC), then there will be
more loss if reactive power is generated from
DFIG.

In [4] and [5], STATCOM is proposed to
minimize voltage fluctuation in DFIG system.
In [6], reactive power compensation using
STATCOM is proposed for improving fault
ride-through capability and transient voltage
stability in DFIG system. Although external
hardware increases the cost of overall system,
STATCOM can be used to provide reactive
power in already installed DFIG system that has
voltage regulation problem.

Hence in this paper, use of STATCOM
connected at the PCC with the weak
distribution grid to regulate the voltage so that
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connected load to the system always gets
required power with regulated voltage during
varying wind speed is investigated. DFIG
wind turbine system operating in maximum
power point tracking mode (MPPT) and blade
pitch control (power regulation) mode is
modeled. Vector control approach is used for
the electrical power output control from
DFIG. A STATCOM is designed to regulate
voltage at the PCC with the weak distribution
grid so that connected load to the system
always gets required power with regulated
voltage during varying wind speed in the wind
generation system.

The remainder of the paper is organized as
follows. Section II describes about variable
speed wind turbine modeling and control.
Section III discusses about DFIG control
scheme. Section IV introduces the STATCOM
modeling and controller design whereas
section V briefly shows the studied system.
Section VI shows the results obtained using
MATLAB/Simulink and finally section VII
concludes the paper.

2. WIND TURBINE MODELING AND
CONTROL

The turbine is the prime mover of Wind
Energy Conversion System (WECS) that
enables the conversion of kinetic energy of

wind E, into mechanical power P, and
eventually into electricity.

OE,, 1 3
Po="3%C,=2pAV,’C, (D

wherev  is the wind speed at the center of the

rotor (m/sec), #is the air density (kg/m3), Ais
the frontal area of the wind turbine (m?); R
being the rotor radius.C is the performance

coefficient which in turn depends upon turbine
characteristics (blade pitch angle B and tip
speed ratio (TSR)) that is responsible for the
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losses in the energy conversion process. The
numerical approximation of C  used in this

study is [7]:

116 g
Cp(l,ﬂ):0.5176[l—0.4ﬁ—5je 24 10.00684 (2)

where the TSR A and 4 = f (4, B) are given by-

oR g1 1 0.035

V, A A+0.088 pB°+1

w 1

ﬂ’:

3)

where @, is the turbine speed and R is the blade
radius of the wind turbine. The plot ofCc_ Vs A at

various values of § is shown in Fig. 1.

2.1 MAXIMUM POWER POINT TRACKING

MODE
From the plot shown in Fig. 1, we can state that-

For =0 degree, 1, =8.1andC

opt p_max = 048
Now the rotor mechanical torque extracted from
the wind that in turn drives wind generator is:
r P

a)t

Now from equations (1) and (3),

1 3 R 2
To=5 —PAV,’C, =~ pAV,’C, “4)

t

From equation (4) if we are able to run the wind
generator that corresponds to wind speed V, in

such a way that wind turbine will be operating
in maximum power point (as shown in Fig. 2)
then we can extract maximum available power
from the available wind speed via wind turbine.

2.2 Blade Pitch Control Mode

Pitch angle control is the most common means
for adjusting the aerodynamic torque of the
wind turbine when wind speed is above rated
speed. In high speed operation, generator power
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begins to exceed its rated power so the pitch
control will be activated which pitches the wind
turbine blades by angle B so as to extract less
mechanical power (as shown in Fig.1. when
increases, C decreases means p, decreases) from

wind. In this study the combined turbine speed
and turbine mechanical power is chosen as the
controlling variables for pitch control as shown
in Fig. 4. The proportional and integral gains of
the pitch controller are specified by the
manufacturer.

Two distinct operating modes of DFIG wind
turbines at different wind speed is clearly
shown in Fig. 3.

3. DFIG MODELLING AND CONTROL

The dynamics of DFIG is represented by a
fourth-order state space model using the
synchronously rotating reference frame (qd-
frame) as follows [8]:

(where p = di throughout the paper)
t

Voo =l loe + @Ay + PAge  (5)

as

Vi = Iy — @A + Py (6)

S
V, =rly +o-o, )i +pi, (1)
Vdr =r Idr - (C()— @, );Lqr + p/,Ldr (8)

where v, V., v, , V, are the q and d-axis stator

and rotor voltages; 1, | are the q and

ds ? Iqr > Idr

d-axis stator and rotor currents; A, A, 4,

r? ﬂ“dr

are the q and d-axis stator and rotor fluxes; @ is
the angular velocity of the synchronously
rotating reference frame; @, is the rotor angular

velocity and r,andr, are the stator and rotor

resistances. The flux linkage equations are
given as:
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oo = Ll + Lol )

Ay = Ll + L1 (10)

Age = Ll + Lol (11)

Ay =L I +L 1, (12)
where,L and | are the stator, rotor and
mutual  inductances  respectively  with

L -L,+L, and L -L, +L, :L being the self

inductance of stator and Lrbeing the self
inductance of rotor.

All the equations above are induction motor
equations, if induction motor acts as generator
then current direction will be opposite.
Assuming negligible power losses in stator and
rotor resistances, the active and reactive powers
are given as:

3

- o + Vil ] (13)
= 3V -Vl (14)
Wy V] (15)
3Nty Vo] (16)

The total active and reactive power generated by
DFIG is:

IDTotal = Ps + I:>r and QTotaI = Qs + Qr

If P

Total

and Q;,, both are positive; DFIG is

supplying power to the power grid, else it is
drawing power from the grid. The rotor speed
dynamics of the DFIG is given as:

p
pa)rzg(-rm _Te_Cfa)r) (17)

where P is number of poles of the machine, c, is

friction coefficient, J is inertia of the rotor, T, is
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the mechanical torque generated by wind
turbine and T, is the electromagnetic torque
generated by the machine which is given as:

3[qs ds_ ds qs]

where positive (negative) values of T. means
DFIG works as a generator (motor).

(18)

Electrical control of DFIG is achieved by
controlling the RSC and GSC. The control
objective of RSC is to regulate the stator side
active power p, (or rotor speedw,) and the

reactive power Q, independently. Similarly the

control objective of GSC is to maintain constant
dc-link voltage and to control reactive power
injected by GSC to the grid regardless of
magnitude and direction of rotor power [9].

3.1 Control of the RSC

Fig. 5 shows the general vector control scheme
of the RSC in which independent control of P,

and Q, is achieved by controlling rotor current.
Aligning the d-axis of reference frame along the
stator flux linkage vector then ﬂ,qs =0and A=
A. Substituting A, = 0 in (18) and (9) and
solving we get,

3PL,
Te =_Trsﬂ’ds qr (19)
From (17) and (19):
. 2J 4 L
=] — - e 20
* ( p ' J?’P I-mﬂ’ds ( )

Equation (20) gives the rotor speed dynamics
for designing speed control. Similarly
substituting 4,,= 0 and solving (9), (10) and

(14) gives:

21

s 210
TL, 3LV,
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whereq; is the desired reactive power that stator
supplies to the grid. Equation (21) gives the
stator reactive power control equation. Now
substituting values of A, and A, given by (11)

and (12) into (7) and (8) and during steady state
and further simplification yields,

. : L -
Vqr = rlrlqr + aLr plqr + wso[l__mlds + GLFIUF\J (22)

Vg = iy + 0L, Pig, — @,0L,0g (23)

2
where o, =(w-w,) and 5_;_Ln_.
L.L

s—r

Equation (22) and (23) gives the inner current
control loop for the RSC control.

3.2 Control of the GSC

Fig. 6 shows the general vector control scheme
of the GSC where control of dc-link voltage V.

and reactive power exchange between GSC and
power grid is achieved by controlling current in
synchronously reference frame [8].

Aligning the stator voltage vector along g-axis
of reference frame then V, =0 andv,=V,.

Now dc voltage dynamics in dc-link is given by,
3 . .
C pVy =1, +Z(Mdf|df + qu'qf) (24)

whereC 1is the dc-link capacitance, |, is the dc
current from RSC towards GSC and M and
M are q and d-axis modulation indexes of
GSC respectively. Since V= 0, assuming
V,, ~V,
equation (24) will be:

and V=V, 80, M,=~0. Hence

i 41 _ 25
=3 (Cpv,-1,) 29

qf
qf
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Similarly, the GSC supplied reactive power is
controlled using d-axis current given by
following relation.

L _2Q (26)
o =3 Vy

whereQ; is the desired reactive power to be

supplied to the grid via GSC. Again using KVL
across the RL filter gives:

Vi =Ty + Ly Py + o Liiy +Vy 27)

Vi =Tl + Ly Pl _a’sl-fiqf (28)
Equation (27) and (28) gives the inner current
control loop for the GSC control.

3.1 STATCOM MODELLING AND
CONTROLLER DESIGN

STATCOM is modelled as a PWM converter
comprising of IGBT with a dc-link capacitor
and a coupling transformer connected in shunt
to the distribution network through a coupling
transformer as shown in Fig. 7. The objective
of STATCOM is to regulate the voltage
magnitude swiftly at the PCC bus within a
desired range by exchanging the reactive power
with the distribution system. At the same time
the converter in STATCOM should maintain
constant dc-link voltage. A filter capacitor C

1s also connected in shunt to the same bus for
mitigating harmonics.

Dynamic equations of the STATCOM

converter in qd reference frame:

V=1l

s'ql

+Lply, +ally, +V,, = Mql\%(”)

V,, =rly +Lpl,, —oLl

st ql

WV, = Mdl‘%@m
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where V,,, Vg, V,,,Vy,are the q and d-axis
converter output voltages and PCC bus

voltages respectively, I, |,, are the q and d-

92>

a1
axis converter output currents, ryand L are
line resistance and inductance respectively,
M, and M, are q and d-axis modulation

indexes of the converter respectively, V. is the

dc-link voltage and @ is the angular velocity of
the synchronously rotating reference frame.

Again in the converter, dc voltage dynamics in
dc-link is given by:
3
Cdcpvdc:_Z(M | (31

ql gl

+Mgly))

The voltage magnitude (V,,) at PCC is given as.

V= v;z +VJ, (32)

Differentiating (32) w.r.t. time,

anf = 2Vq2 quz +2Vy, PV, (33)
Equation (33) gives the square of voltage
magnitude dynamics at PCC. Then the voltage

magnitude will be: V, = |

2
m

DC-voltage control:

Equation (31) can be rewritten as:
4 *
_gcdc PVee =My 1y + My 1) = 0 =Ky Voo —Vee) (34)

wherek, is the PI controller for dc-voltage
control given as:

Ky = (kpdc + k'dcj . Then equation (34)
S

will be:
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4 Ko ), - K
gcdc pvdc :[dec + Isd )\/dc _(dec + ISd )\/dc

3
T~ (Sdec + kIdc)

= Vdc* — 4Cdc (35)
Vdc S2 +S3dec + 3kIdc
4C,. 4C,
Comparing denominator of (34) with
Butterworth second order polynomial i.e.

$2 + 20,5 + @y, ,
4 4
dec =§\/Ea)0dccdc and kIdc =gcdca)odc2

where @y, is the bandwidth of the DC-voltage

controller, which depends upon the design
value.

Voltage magnitude control:

From Fig. 7, the dynamic voltage equations at
PCC can be written as:

Co PV, =1y, -1, -C,0V,, (36)
Co PVy, =1y =14, «CroVy, (37)

Substituting (36) and (37) into (33) gives:

C *
7m pvnf :VqZ(lql - |q2)+vd2(|dl - |d2):Um :km(vnf _sz)(38)

wherek | :(kpm +kﬂj is the PI controller for
S

voltage magnitude control. Then equation (38)
can be written as:

Cm pvrr? = (kPm +kﬁ n?* _(kpm +kﬁjvr§ (39)
) )
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2
Ci (SkPm + klm)

2
o= ok ok )
Vi s24sZiemy m
c, C

m

Comparing denominator of (40) with
Butterworth second order polynomial, we get:

and k, =Sn o,

Cm
kPm = \/ECOOm 7 ) m

where @, 1s the bandwidth of the voltage

controller, which depends upon the design
value.

Inner current control:

If we assume:

rslql-i-l—splql:Klq(l*ql_lql)zo-lq (41)

rly, +Lpl, =K (I'a=1,)=0, (42)

Then equation (29) and (30) can be written as:

2
M, = (o, + oLy, +V“2)v_ (43)

dc

My, = (0 —aLl (44)

s ql

2
+V,,)—
)y

dc

Equation (43) and (44) gives modulation
indexes which are the output of the converter.

And K, andK,;are PI current controllers for q

and d axis currents respectively, where:
Klq =Ky = [kPl +k”)
s

Combining equations (41) and (45) gives:

k : k
(r, +sLy)l, =(kpl+%jlql —[kpl Jrfjlq1

(45)
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1
| r( kPI + kn)
- Ll* — 15 (46)
o g2 +sf(rS +kp ) +—K,,
Comparing  denominator of (46) with

Butterworth second order polynomial,
kPl :\/ECOOC Ls - and kIl = Lsa)O(:2

where @, 1s the bandwidth of the current

controller, which depends upon the design
value. Bandwidth of the controller depends
upon the switching frequency at which
converter is operating. If o, =2*[]*f, is the

switching frequency then, for this design,
current controllers and voltage controllers
bandwidth is taken as:

1 1
WOy = Ea)sw and Oy = Woge = Ewoc :

3.2 TEST SYSTEM

Fig. 8 demonstrates the single line diagram of
the test system. A 1.5 MW DFIG wind turbine
system is connected to the distribution network
at PCC bus where a STATCOM is connected to
regulate the voltage. Three different types of
loads, a linear RL load, a constant load (P, Q)
and a nonlinecar load (Puon, Qunon) are also
connected in shunt to the same PCC bus. The
DFIG wind turbine system is always generating
its optimum reactive power (0.4 Mvar, closely
equal to 30% of total power rating of DFIG. The
distribution network is modeled as weak (
X /R=5). The wind speed in the wind turbine
varies and so does the power output from wind
turbine system. The connected electrical load
remains constant during the entire study period.
When the wind speed is low (above cut-in speed
but below rated speed), at that time DFIG
turbine will be operating in MPPT mode and at
higher wind speed (above rated speed but below
cut-out speed), DFIG turbine will operate in
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power regulation mode so it will generated the
rated power. When the overall system does not
have enough power (at low wind speed), the
STATCOM supplies the extra reactive power
required regulating the voltage at PCC within
normal range (£10%).

The dynamic equations of the system are shown
below. For the RL loads, voltage equation is:

Vece =11 +L pl +al I, (47

wherer_and L, is the resistance and inductance
of RL load.

The capacitor voltage equation is:

Ch PVoee = IS+IW_Ig_IL_ILL_InL(48)

where C  is the filter capacitor, | and |, are the
current supplied by STATCOM and DFIG wind
turbine system respectively and 1, I, I and
| are current drawn by distribution grid, RL

load, linear load and load
respectively.

non-linear

Non-linear load representation:

3 3
=2 | | (49)
Vrated frated
v, Y[ £ Y
Qw-afye|(=] oo
Vrated frated

where P, and Q, are base active and reactive
powers of non-linear loads respectively.V, and
f., are local voltage magnitude and frequency

respectively. V. and f_., are nominal voltage

magnitude and frequency of the distribution
system respectively.

Constant load current equations:
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2 PV, pPCC QVchc
e =37V v S
gPCC dpcC
2 PVchc + QVchc (52)

dL = & 2 2
3 Vgpee +Vipee

Non-linear load current equations:

_ g PnoanPCC _QnoanPCC

gL 2 2
3 Vchc +Vchc

(33)

| _ g PnoanPCC +QnoanPCC
2 2
VqPCC +VdPCC

(54)

dnL
3

4. SIMULATION RESULTS

Simulation studies are carried out for a 1.5 MW
DFIG wind turbine system to verify the
effectiveness of proposed voltage regulation
scheme using STATCOM at PCC under varying
wind speed. The DFIG wind turbine is
connected to distribution grid with 690 V (I-1).
The distribution grid is model as weak grid.
Overall system is simulated in
MATLAB/Simulink. Table I shows the DFIG
wind turbine parameters [7] and [10], Table II
shows the STATCOM and the system
parameters used for simulation study.

Fig. 9 shows the wind speed profile of DFIG
wind turbine system. The wind speed varies in a
range of +4m/s around its mean value of 12
m/s. The variation of wind speed causes
fluctuations in electrical power output (active
power) from wind generator as shown in Fig.
14. But the connected load in the system will
remain constant; as a result there will be voltage
fluctuation (as shown in Fig. 11) in the
distribution system if there is no additional
reactive power compensation device; because
the distribution network is modelled as weak as
a result cannot provide demanded extra reactive
power.
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When a STATCOM is connected at the PCC as
shown in Fig. 8, then as soon as wind speed is
low, it supplies extra reactive power required
(shown in Fig. 13) to the distribution grid to
maintain voltage magnitude at PCC within
nominal range shown in Fig. 10. The positive
(negative) active/reactive power supplied to the
grid as shown in Fig. 15 means grid is receiving
(supplying) power. As depicted clearly in Fig.
15, the weak distribution grid cannot supply
additional reactive power when system needs it
at lower wind speed.

S. CONCLUSION

In the DFIG wind turbine system operating in
maximum power point operation mode
connected to weak distribution grid, terminal
voltage fluctuates with fluctuation in wind
speed if there is no additional reactive power
compensation device. This fluctuation is more
significant in lower wind speed. This paper
proposes a STATCOM to be connected at PCC
in distribution grid for voltage regulation
purpose. Simulation results have shown that
fast voltage regulation of the overall grid can
be achieved by connecting STATCOM at PCC
during varying wind speed.
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