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Active Use of DFIG-Based Variable-Speed Wind-Turbine
for Voltage Control in Power System Operation

Hee-Sang Ko', Gi-Gab Yoon *, and Won-Pyo Hong**

Abstract — This paper presents an active use of doubly-fed induction-generator (DFIG)-based
variable-speed wind-turbine for voltage control in power system operation. For reasonable simulation
- studies, a detail dynamic model of a DFIG-based wind-turbine grid-connected system is presented. For
the research objective, an innovative reactive power control scheme is proposed that manipulates
dynamically the reactive power from the voltage source converter (VSC) with taking into account its

operating state and limits.

Keywords: Doubly Fed Induction Generator, Variable Speed Wind Turbine, Voltage Control, Voltage
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1. Introduction

Increased wind power generation has influenced the
overall power system operation and planning in terms of
power quality, security, stability, and voltage control [1] —
[6]. The local power flow pattern and the system’s
‘dynamic characteristics change when large wind turbines
(WTs) are connected to the utility grid [7].

Both fixed-speed and variable-speed WTs are presently
used in Europe and North America. To achieve the
required voltage regulation, fixed-speed WTs are often
complemented by additional equipment and/or
compensating devices that may be installed in close
proximity or at a remote location [8] — [11]. Doubly fed
induction generators (DFIGs) are also becoming popular
for variable-speed WTs, particularly in North America,

with the modermn units often exceeding the 3MW level [12].

In many WT applications, variable-speed operation is
achieved by appropriately controlling the back-to-back
voltage source converters (VSC). There have been a great
number of publications proposing various control
solutions to achieve desirable dynamic performance and
decoupled control of active and reactive power. Although
different in implementation, most commonly used
converters enable the WTs to maintain the required power
factor (power factor control, PFC) or voltage (local
voltage control, LVC) at the terminals [13] — [16]. The
rotor-side converter provides the active and the reactive
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power necessary to attain the control objectives for either
the PFC or the LVC modes. The grid-side converter 1s
connected through the filter. Its main objective is to
maintain the dc-link capacitor voltage by exchanging the
active power with the grid. Consequently, PFC-mode is
often used for maximum active power exchange with the
grid.

Mostly, undesirably interfere with the protection
circuitry and/or the trip of WTs are caused when dc-
voltage in dc-link reaches its limit. From this point of
view, it is desirable to minimize and/or suppress the
voltage swings at the terminal of WT. To achieve this
objective, an innovative reactive power control
methodology is presented in the rotor-side converter and
the grid-side converter.

This paper is organized as follows: The detail dynamic
model 1s described in Section 2; in Section 3, the VSC
control design is presented; the reactive power control
design is proposed in Section 4; case studies are carried
out in Section 5; and conclusions are drawn 1n Section 6.

2. Dynamié Model of DFIG-Based Variable-Speed
Wind -Turbine

The system considered in this paper is shown in Fig. 1.
WT is equipped with a step-up 0.69/34.5kV transformer
(TR). The WT is connected to the grid using 1km cable.
The WT is assumed to supply about 40% of active power

to the local load installed at the point-of-common

coupling (PCC, bus 3). The remaining active power is
assumed to come through the 34.5kV transmission line
(TL, 30km) from the utility grid, which is represented by
an infinite bus. Also, from the WT, 60% reactive power i1s
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assumed to supply to the local load and 40% reactive
power 1s assumed to be sent to the grid. The details of the
WT considered in the model are shown in Fig. 2. In this
paper, the 2MW WT is considered [17]. The WT consists
of the following components: a three-bladed rotor with the

corresponding pitch controller; a mechanical gearbox; and

a DFIG with two converters, dc-link capacitor, and a grid
filter.

The electrical part of the overall system is modeled
using the dg—synchronous reference frame representation
of the individual components. Wherein, d-axis is assumed
to be aligned to stator flux, and the current coming out of
the machine is considered positive. The DFIG controllers
utilize the concept of disconnection of the real and
reactive power controls by transformation of the machine
parameters into the dg-reference frame and by separating
forming of the rotor voltages. Then, the real power can be
controlled by influencing the d-axis component of the
rotor current while the reactive power can be controlled by
influencing the g-axis components of the rotor current.
The mechanical dynamic models include the drive-train
model and the pitch control and the system parameters,

operating conditions, controller gains, etc., can be found
in [18].

L,...,4 - bus number
! WT - wind turbines
@ WT TR - transformers
Ca- cable
1 TL - transmission line
0.69/ () TR PCC - point-of-common coupling
34.5kV
T 1km 3 30km 4
Ca | TL
y PCO) Utility Grid
Local Load (Infinite Bus)

Fig. 1. Grid-connected wind turbine system.
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Fig. 2. Doubly fed induction generator wind turbine.

Vqd filter

2.1 Doubly-Fed Induction Generator

The DFIG was represented by the following equations

1 dy, _
= =R + 0, +Vy
d
1 qu = Vgs + Rsiqs — WY g
a)b dt '
U du, (1)
dr .
=v, +Ri, +oy,,
1 dy, .
=v, +R.i, —@W,
w, dt qr req | Y a

with

Yis = _(Ls + Lm )ids — Lmidr’ Was = __(‘LS + Lm)iqs - Lmiqr

Yar = _(Lr + Lm )idr _Lmidw Var = _(Lr + Lm)iqr _Lmiqs
(2)

where v is the voltage, R is the resistance, i is the
current, ®, and o, =®,—w, are the stator and slip

electrical angular speed, respectively, @, 1s the rotor
electrical angular speed, @, is the base angular speed in
rad/sec, L, is the mutual inductance, L, and L, are

the stator and rotor leakage inductance, respectively, and
w 1s the flux linkage. The subscripts d and g indicate the

direct and quadrature axis components, respectively. The
subscripts s and » indicate stator and rotor quantities,
respectively. The electrical active and reactive power
delivered by the stator are given by

Ps = vdsids + Vgslgss Qs = Vaslgs — Vgslds (3)

2.2 Dynamic Mode of Transmission Line, Transformer,
Cable and Load

The mathematical model of a TL, a TR, a cable, and a
load can be found from the description of the R, L, C
segment into the dg—synchronous reference frame [19].
The equations of the TL, the TR, the cable, and the RL-
filter on the grid-side converter are given in (4) — (7),
respectively. For the formulation of the TR and the load,
for the numerical purpose, small capacitors (C, =1¢7° p.u,) are

used to the sending-end with removing two

idl fdz R (DeLIQI L idz
;— — A b T
I A 4 Id 2‘(
v del 2T 1)
+ C (Decvql T C ¢ (t)erqz
+ —> > e ¢ e “ +
, jqclw lqczw , ,
ql T C Z::) (De'Cvdl T C % ‘Dec"a‘z 9

Fig. 3. Lumped TL description in the dg-domain.
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capacitors, and the sending-end capacitors are only
considered in the case of formulating the cable since its
capacitance contributes to the reactive power.

Transmission line (TL)

Ly, dig :
= =y i =V 9 =Ry iy + @, Lyy i,
o di dl— Va2 — Rppigr + o Lrriy
Ly, 9ig |
P— =Vg1 = Vg2 — Rypig — @pLyrig
Crp dvgi Cr, Yq1
=iz +@.Crrvels = @, Crrv
o, dt dcl e~TLVgl w, dt gcl TLYdl
Crp dvgo Crp Yq2
=i7.5+@,Crrv, n, =i, .5—0,Crrv
o, dt dc2 e~TLVq2 o, dt gc2 e~TLVd?2
4)
where subscript 1 and 2 corresponds to bus 3 and bus 4,
respectively.
Transformer (TR)
L, diy - -
= Va1 Va2 _Rrrldl + a)eLtrlql
@, dt
L, dig
———=V, —V,,—R i, —®,L.i
W, dt ql g2 trql ewrtdl
C_ dv C, dv,
—o —dl =ig+0,C,v,, —= 7= i —0,C,vy
@, dt @, dt

)
where subscript 1 and 2 corresponds to bus 1 and bus 2,
respectively.

Cable
L., di
dl .
=Vy — Vg —R iy +@,L
o, dt d ca‘dl ca ql
L., dig
a q
—— =V - R —w, L
W, Jt gl ca ql eLical
C.dv, C.. advy,
ca dl zldcl + @ Ccavql, ca A = q weccavdl
a)b dt Wy, dt

(6)
where subscript 1 and 2 corresponds to bus 2 and bus 3,
respectively.

RL Filter on the grid-side converter

Ly dig sy
W, dt

=Vag1 = Vg2 — R filila, filt + a)eL filtlq, filt

Ly digpn _
w, dt 7

Vg2 T Rﬁlt Lg. filt — o, L filetd, filr

(7)
where subscript filf stands for filter (see Fig. 2), and 1 and
2 indicate voltage output from the grid-side converter
controller (see Fig. 5) and the voltage of bus 1,
respectively. The RL load in the dg-domain can be

described as

L, . di
load Flgr : ;
=Va1 ~ Ripadlar + @eLipaalyr
@, dt
L, ., di;
load qL. . :
=V — Ripgalor = DeLipaalar
w, dt
C. dv C, dv,
0 dl . 0 q .
— =iy +0,Cv,, ———=iy —0,Cvy
@, dt w, dt
&)

where subscript 1 corresponds to bus 3.

3. Voltage-Source-Converter Controller Design

An important part of the WT is the VSC controller
shown in Fig. 2. A more detailed block diagram of the
VSC controller depicting the respective input and output

variables is shown in Fig. 5. Here, P,* and 0, are the

set values for the active and reactive power, respectively,
for the WT terminal and are the inputs to the VSC

controller. The value of P;e’ is determined from the WT

energy-harvesting characteristic [17] as shown in Fig. 4,
which is represented here as a look-up table pw(y )

defined in terms of generator rotor speed @, .

—t

o

=2

output of WT (pu)
© © o o
S (

Reference active power

o

0.5 1 15
Generator rotor speed [pu]

Fig. 4. WT maximum energy-harvesting curve.

When the PFC mode is used, 0" is set to zero and all

reactive power to the DFIG is provided via the rotor-side
converter O, . When the LVC mode is used, Q;" is

adjusted by the local controller to maintain the voltage at
the WT terminal.

The VSC controller module includes the rotor-side
converter controller, the grid-side converter controller,
and the dc-link controller as shown in Fig. 5. These
controllers utilize conventional proportional-integral (PI)
controllers [20]. In this paper, these PI controllers are
tuned using the Nyquist constraint technique to deal with
model uncertainties [21]. Each of the controllers is briefly
described below.
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Vdg,r Vdgq, filter
T T set
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Fig. 5. Block diagram of the VSC controller showing the

input/output variables.
3.1 Rotor-Side Converter Controller

Fig. 6 shows a block diagram of the rotor-side converter
controller module, which includes four internal PI
controllers, PI1 through PI4. The controller is
implemented as two branches, one for active power (PI1
and PI2) and one for reactive power (P13 and PI4) with the

corresponding de-coupling terms between the d and ¢ axes,
respectively.

Ldr Vdr Var Vr
Pset
s ) PI1 na@p PI2 J:(Tj_ »@—»
Pg zdr (D.S'qu
Vde —
i;ﬁt Vg Vi, v Var

Qge:_:?_, PI3 | +>(Tj »| PI4 q_j:%r N
T-

Qg qr O\ g,
Fig. 6. Block diagram of the rotor-side converter controller.

Using the common assumption of neglecting stator
flux transients [20], the transfer function from the rotor
voltage to the rotor current is approximated as

1,6 1,6 Z[ ! LT
Vir(S) V0 (s) R, +s(L, /@) R, +s(L,/w,)
)

Similarly, the transfer function from the rotor current to
reactive and active power is approximated as

T
Ps) 0| 1o - 4
|i1dr ® I, (s)} = [R,, +sL, R, +SL,,]T (10)

where ﬁ,z(wsﬂl)[R’} and L =(ws“l)[l"),

¥
@y @y, @y Wy,

which are obtained from the relation of P. ~-w P, and

P, #(1-aw,)P, . Then, (9) is used to tune PI2 and PI4,
and (10) is used to tune PI1 and PI3.

3.2 Grid-Side Converter Controller

Fig. 7 shows a block diagram of the grid-side converter
controller module, which also includes two internal PI
controllers PI5 and P16, with corresponding de-coupling
terms between the 4 and ¢ axes.

v *
i fter + P1> ﬂhi; K ’C:) > Vd filter
id,ﬁlter_ meLﬁlteriq,ﬁlter v,
- —
vc;,ﬁlter vc;:ﬁlter v
z;j;,ter?%)—» P16 —-_+>%)+ > ()—>Va filier
g filter (DeLﬁlterid, filter

Fig. 7. Block diagram of the grid-side converter controller.

The voltage equation for the grid-side converter RL
filter can be expressed as

L siter \ diy filter R . I .
o g Va filter — R filterld fitter T Dok fitterld, filter
b )
\ .
L filter dlq,ﬁlter N R . I .
o 7 Va, filter — X filterlq, filter — Pel filterld, filter
b )

(11)

from which the transfer function from the filter voltage to
current 18

_ T
La, fiter (S ) Ly, fiter (S)} =

V. fitter (S ) Vi ftter (S )
] r (12)
] 1

Rﬁlrer tS (Lﬁh‘er / Wy, ) R filter TS (L filter / Wy, )

The inputs to the grid-side controller are the set values
for the currents, which flows to the gird through the VSC.
The set-values of the input currents are calculated by the

real and reactive power commands pser  and %% as

filter filter
follows:
_Z-set i -1[ pset i
q, filter _|: Vgt vd,tr:| filter | (13)
.set a —V Vv set
L, filter | dir gt || Qper |
T -
where Vod.ir :|:vq,tr va, tr] is the voltage at the low-
-s1 T transformer; pse¢r and (s¢¢  are the
voltage-side W er; P ter O e

set-point of the real and reactive power commands. The
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value for OS¢  is set to zero if the unity power factor

filter

control 1s used; however, psef
filter

1s provided by the dc-

link controller, which determines the flow of real power
and regulates the dc-link voltage by driving it to a
constant reference value.

3.3 DC-link Dynamic Model and Its Controller

The capacitor in the dc-link is an energy storage device.
Neglecting losses, the time derivative of the energy in this
capacitor depends on the difference of the power delivered

to the grid filter, Py, , and the power provided by the

rotor circuit of the DFIG, P,, which can be expressed as

2
lcdc dvdc
2 Wy, dt

=B = Ppjter (14)

‘The dc-link controller regulates the capacitor voltage by

driving it to the reference value vg;f , and outputs the set

. f' set
poimnt for the real power p iter

shows the dc-link model with its controller PI7. The set

oint for the real s = Vel ‘
p output real power by Pﬁher = Vdclde, filter

needed in (13). Fig. 8

+ U 2 X= vczfc
¥ S(l)bcdc

+ — set
v:f?r_)é_’ PI7 T’é_’ P filter

Ldc filter
Fig. 8. DC-link model and its controller.

JX » Vdc

4. Reactive Power Control Design

When controlling WT, it is important that the operating
limit of WT i1s not exceeded. The reactive power required
from an individual converter of back-to-back VSC can be
computed as

0% =mini™, AQ,..|, (15)

where j=1,2 (here, 1 and 2 stands for rotor-side and
grid-side, respectively), Q7 is the maximum reactive

power (limit) that the ; controller can provide, and

AQ,.. 1s the total reactive power required to support the

voltage at the PCC.

Fig. 9 shows the active- and the reactive-power
operating limits, wherein it is assumed that a converter
(rotor-side or the grid-side) should not exceed its apparent
power limit depicted by the half-circle. Suppose that at a
given time the converter is delivering active power

denoted herein by P., which is changing depending on
the wind condition. Then, in addition to the active power,
the converter can supply or absorb a maximum of Q"

of reactive power. So, the reactive power available from a

single converter lies within the limits [— oI, + Qémx] ;

which are operating-condition dependent.

+P

ma

A P(pu)

Q(pu)
>

|
_|_leax +Qmax

> Supply reactive power

|
_Qmax _Qr:ax
Absorb reactive power €
Fig. 9. VSC active and reactive power operating limits.

Since the active power F, must pass through both the

rotor-side and the grid-side converter, and each of them
has the limits depicted in Fig. 9. Thus, the maximum
available reactive power from the each converter can be
expressed as

o =\lm=f-r2 ae

where it is assumed that the nominal apparent power of
the converter is S, , defined here as 1/3 of the WT
rating [6]. Based on Fig. 9, it also follows that
e P A Y
of Q7 (see Fig. 6) and Q% (see Eq. (13)) can be

obtained as equated in (16).

To enable a systematic selection of controller gains, it is
necessary to find a plant model that represents the
relationship between the input and the output with regard
to the control objective. Thus, a transfer function from the
reactive power injected by the rotor-side converter and the
grid-side converter to the change in voltage observed at
the PCC is needed.

Although differential and algebraic equations (DAEs)
describing all components of the system of Fig. 1 are
known and available, straightforward analytical derivation
of the required transfer function is not practical due to the

Thus, the reactive power set-point
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very large size and complexity of the overall system.
Instead, the transfer function was extracted from the
overall model using numerical linearization available in
Simulink [22].

A  proportional-plus-integral (PI)  controller is
considered here since this type of controller is most
commonly used in the industry. To ensure that the
proposed reactive power control based on PI controller
can robustly operate under the changing conditions, a
design technique based on the Nyquist constraint is used
here to tune the controller gains. Since the detail of control
design is beyond scope of this paper, the overall scheme
of PI control is only depicted. Since limiting control
action should be implemented together with the integrator-
anti-windup scheme that would stop integrating the error
when the limit is being reached, a PI controller with the
proposed distributed anti-windup is implemented in
Simulink [22] as shown in Fig. 10 for case studies.

v set —_— +
pee iy g @
P A
vpcc-_* — U= Qpcc
S i
anti-windup T
gain ki/ kp
set max
+ | _/_ -<—
-Qn
J
Fig. 10. Implementation of PI controller with the distributed
anti-windup.
5. Case Studies

The system in Fig. 1 was implemented in detail using
the Matlab/Simulink. Computer studies considering the
wind speed variations, the local load variations, and large
signal disturbances such as the three-phase symmetrical
fault and voltage sag were conducted to compare the
dynamic responses of the system with different controls.
In comparison, Mode 1 indicates the conventional PFC-

mode operation of WT, which Q;" and Q% are set

to zero. As another conventional operation, Mode 2
implies that the conventional local voltage control at the

terminal of WT where Q,” is actively utilized while

j;ie,. 1s set to zero. Mode 3 is the proposed scheme

when both converters are used for voltage control at the
PCC; thus, both O; and Q. can be instantly

utilized.
5.1 Wind-Speed Variation

In this study, the wind speeds shown in Fig. 11 was
considered for the WT. Fig. 12 shows the voltage at the
PCC, predicted by the model with different controls,
respectively. As seen in Fig. 12, the wind speed variations
did not represent a problem.

—_ -
~ 0

-
(o))

_ -
w

wind speed (m/sec)
o

—t
N
o

20 40 60 80 100
time(sec)
Fig. 11. Wind speed (m/sec).
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Fig. 12. Voltage observed at the PCC due to the wind
speed variation.
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Fig. 12a. Zoomed-in-voltage of Fig.12 in the operation of
Mode 2 and Mode 3.
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5.2 Local-Load Variation

Two cases were conducted: the local-load impedance by
40% decrease and by 50% decrease. For the case when the
local-load impedance is decreased by 40%, the
comparison of the voltage transients observed at the PCC
was showed in Fig. 13. In the case of 50% decrease of the
local-load impedance, the voltage response at the PCC
was depicted in Fig. 14. As can be noticed, in Mode 2 and
3 operations, the performance has been significantly
improved at the PCC from Mode 1 operation. Also, the
voltage has been recovered to its predefined value. In the
case of 50% decrease of the local-load impedance, when
in the Mode 1, the load impedance changes resulted in
noticeable drop of the bus voltage (by 8%). When the WT
operated in Mode 2 and 3, the voltage drop was
significantly reduced (to 2%). However, the proposed
control scheme, Mode 3, performed faster in the bus-
voltage recovery at the PCC. Since the maximally
available instantaneous reactive-power from both
converters was fully utilized, the steady-state errors from
Mode 2 and Mode 3 were noticed.

0.99
0.98}
2097}
O i
3 0.96
o 0.95¢
<
= 0.94
&,0.93}
£
g 0.92
0.91}
0.9

— .- Mode1
- - -Mode?2
s MO CIES

0 0.5 1 15
time(sec)

Fig. 13. Voltage observed at the PCC due to the 40%
impedance decrease.

- - Mode1
- - - Mode2

—\Y 070 (=%
0.92¢
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©

o
o
o

0.865 05 ] 15
time(sec)

Fig. 14. Voltage observed at the PCC due to the 50%
impedance decrease.

5.3 Fault Ride-Through Study

To implement large-signal disturbances, first, a three-
phase symmetrical fault was assumed in the middle of TL.
To emulate this fault scenario, the fault was assumed at
t=02s and was subsequently cleared at r=0.7s by
restoring the initial TL impedance. As can be noted in Fig.
15, the fault resulted in significant voltage swings that can
undesirably interfere with the protection circuitry and
possibly trip the WT. From this point of view, it is
desirable to minimize and/or suppress the voltage swings.
During the fault, the voltage drop has been slightly
improved in Mode 2 and 3. After the fault was cleared,
faster voltage recovery to reach to its predefined voltage at
the PCC was noticed in Mode 3.

To consider another large-signal disturbance, voltage
sag was assumed at the infinite-bus whose voltage was
assumed by 20% decrease from its initial value. As shown
in Fig. 16, the voltage deviation by 20% has been noticed
in Mode 1 while Mode 2 and 3 resulted in the voltage
deviation by 12%. However, Mode 3 showed faster
voltage recovery than others.

13
1.0]

e
b -
I T

- - - Mode2.

oL

8l — - Mode1
7

6 SE— |V (o To [SXC]

©ooo

voltage at the PCC (pu)

1.5
time(sec)

Fig. 15. Voltage observed at the PCC due to the fault at

the bus 3.
]
— —Mode1

'go.gs- - - =Mode2

g S— ModleS

5y 0.9 |
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£
'S 0.85}

QO

()]

L

o 0.8¢

- | | | | |
0'7"0 0.2 0.4 0.6 0.8 1

time(sec)
Fig. 16. Voltage observed at the PCC due to the voltage
drop at infinite-bus. "
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5. Conclusion

This paper presented the modeling of DFIG-based
variable-speed wind-turbine and demonstrated an
advanced voltage control scheme. The goal of
investigation was to make use of available wind turbine
technology, namely the variable speed doubly-fed
induction generator with power electronic converters, to
take an active part in improving the voltage control in the
system without using additional compensating devices. To
ensure reliable operation of the proposed control scheme,
the operating-point-dependent reactive power limit of
each wind turbine was taken into account.
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