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ABSTRACT In the last decade, wind generation techniques have been actively developed, and wind
farms comprising doubly-fed induction generators (DFIGs) have been widely deployed. As a result of the
increasing penetration of wind generation, the output power of DFIGs requires adjustment to ensure an
adequate supply of reactive current under fault conditions. Many studies show that the reactive capability of
a DFIG is constrained by the rotor current and terminal voltage. However, the power adjustment of DFIGs
changes the grid power flow and the terminal voltage of DFIGs due to the coupling between DFIGs and
the grid. The permissible power range of DFIGs also changes because of the terminal voltage variation.
The DFIG-grid coupling has not been considered, and the permissible power range is not accurate. The
control methods based on the existing permissible power range do not maximize the power controllability of
DFIGs. In this paper, the fault power characteristics of DFIGs under the constraints of rotor current and rotor
speed are analyzed on the basis of a fault model. The permissible power range of DFIGs with consideration
of internal and external constraints is established by analyzing the terminal voltage under the effect of the
grid power flow. A control method for maximizing fault voltage is proposed on the basis of the established
permissible power range. The simulation results verify the accurate calculation of the permissible power
range. The power controllability of DFIGs could be fully utilized to improve fault voltage by adopting the
proposed method.

INDEX TERMS Doubly-fed induction generator (DFIG), voltage control, permissible power range, DFIG—

grid coupling.

I. INTRODUCTION

With the development of power electric techniques, wind
turbines based on doubly-fed induction generators (DFIG)
have been widely applied to power systems [1]. Wind tur-
bines are expected to contribute to transient voltage support,
frequency regulation, and inertia support, in addition to basic
power generation [2]-[4]. Among these ancillary services of
wind turbines, fault voltage support has attracted increasing
attention from researchers.

The fault voltage needs to be improved to avoid the trip-
ping of wind turbines under the fault and benefit on voltage
recovery in the post-fault condition. A supplement of reactive
power compensators is an effective solution to realize the

fault voltage support of wind farms and improve voltage sta-
bility [5]-[7]. However, this solution increases cost and may
lead to high voltage and tripping of wind turbines if reactive
power compensators are not timely switched off under post-
fault conditions [8]. Given the fast and flexible controllability
of DFIGs, the use of their own reactive power has been pro-
posed as an alternative. References [9]-[11] devoted efforts to
improve the reactive capability of DFIGs through controller
structure modification. Additionally, References [12]-[14]
discussed the constraints of DFIGs’ transient power and
focused on optimal reactive power dispatch.

Researchers have been trying to establish a permissible
power range to explore the maximum reactive power of
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DFIGs [15]-[17]. Reference [15] discussed the factors that
influence DFIGs’ permissible power range among which
MPRC was found to be the most important. In vector-oriented
control, the stator power is controlled by the rotor current,
which is restricted by the MPRC. Reference [16] specifically
addressed the influence of IGBT’s junction temperature on
the MPRC. Studies on the permissible power range of DFIGs
focused on internal constraints and regarded terminal voltage
as a static parameter [18]-[21]. However, the influence of
grid power flow on DFIGs’ terminal voltage has not been
considered. Existing voltage control methods usually take
the maximum reactive power in the power range as the opti-
mal power reference for transient voltage support [22]-[24].
However, the best fault voltage may not be achieved when the
maximum reactive power is provided due to the coupling of
active power and reactive power.

The coupling between DFIGs and the grid has strengthened
with the increasing application of DFIGs and the deepening
exploration of their power controllability. Grid power flow
is changed by the transient power of DFIGs and conversely
affects the terminal voltage of DFIGs. Hence, the terminal
voltage of DFIGs varies with respect to the DFIGs’ active and
reactive power. The permissible power range also changes
with the variation of the terminal voltage. The influence of
grid power flow on DFIGs’ power range has not been consid-
ered in existing studies. The permissible power range in the
literature may be not accurate, and existing voltage control
methods could not fully utilize the power controllability of
DFIGs.

In the present study, the fault power characteristics of
DFIGs are analyzed on the basis of a fault model. The con-
straints of rotor current and rotor speed on the permissible
power range are discussed. Then, the permissible power range
is established with consideration of internal and external
constraints by analyzing the function of DFIGs’ terminal
voltage under the effect of grid power flow. A control method
for maximizing fault voltage is proposed on the basis of the
established permissible power range. The simulation results
verify the accuracy of the presented permissible power range.
The proposed voltage control is proved to be more effective
than conventional voltage control methods are in terms of
supporting fault voltage.

Il. FAULT POWER CHARACTERISTICS OF DFIGS

A. MPRC-CONSTRAINED POWER CHARACTERISTICS

The rotating turbine of a DFIG provides mechanical power
while the rotor-side converter (RSC) provides excitation.
Owing to the wide frequency range of RSCs, DFIGs are
able to operate in a wide wind speed range. The voltage and
flux linkage equations of DFIG in the synchronous reference
frame are as follows:

us = Ryis + jos ¥ + dy,/dt
u, = Ryi, +jsos¥, +dy,/dt
'/’s = Lgis + Lyni,

'l’r = Lyiy + Ly

ey
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where ug and u, are the stator and rotor voltage vectors,
respectively; iy and i, are the stator and rotor current vectors,
respectively; ¥, and ¥, are the stator and rotor flux linkage
vectors; Ry and R, are the stator- and rotor-side resistances,
respectively; Ly and L, are the stator- and rotor-side induc-
tances, respectively; L,, is the excitation inductance; wy is the
synchronous speed and s is the slip ratio.

When the grid fault occurs, the stator voltage dip results in
transient components in the stator and rotor electrical quan-
tities, especially the flux linkages. To avoid devices damage
by high transient components, a general solution is to activate
the crowbar and shut down the RSC [25]. A reasonable
crowbar resistance contributes to fast decaying of transient
components and recovery of the DFIG control. The RSC
will be restarted and the crowbar will be removed when the
rotor current recovers to normal level. In the RSC control
period, the fundamental frequency components are the main
of currents and flux linkages [26]. Therefore, the equation of
stator voltage in (1) can be transformed as

Uy = Rsisf +jws'psf (2)

where the subscript ‘f’ represents electrical quantities under
the grid fault.

By substituting the stator flux linkage equation in (1)
into (2), the stator voltage is obtained as [27]

Uy = (Ry +jX5) isf +ijirf 3)

where Xy = jwsLg and X, = jwL, are the stator-side and
equivalent rotor-side reactances, respectively; X,,, = jwsL,, 18
the excitation reactance.

Based on the instantaneous power theory, the stator current
can be expressed as

_ _Psf +.]st
iy

iy )
where Py and Qyr are the active and reactive power of the
stator, respectively. The superscript ‘A’ represents the conju-
gation of the stator voltage vector.

By substituting (4) into (3), the rotor current can be
obtained as

uy Ry +jXs —Py +j0y

- - %)
JXm JXom Usf

iy =
Equation (5) indicates that the stator power is controlled
by the rotor current. The amplitude of the rotor current is
written as

2 2
L, (PyXo—OyR) + (Uff + PyR, + stxs)

m= sf

where Uy is the amplitude of the terminal voltage.

The rotor current should not exceed the MPRC 1,4, to
avoid damaging the RSC. Derived from (6), the following
equation is obtained as

2 2 2 2 2772
(Py = YaUJ) + (0 - Ya2UZ) =2U3
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where Yrcl = _Rs/Zsz,Ych = _XS/ZXZ, Irc = Xmlrmax/Zs’ and
72 =R+ X2

o6

o
IS
T

[

o

Reactive power (p.u.)
) s
IS [}
T

2
2N

3
T

L L . . L L L L
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Active power (p.u.)

FIGURE 1. MPRC-constrained power range of DFIG.

When only the internal constraint is considered, the termi-
nal voltage is a constant. Thus, (7) is a circle with the center of
point (Y1 U s2 , YieoU é) and radius of I, Uy in the coordinate
plane of Py — Oy (Fig. 1). The operation points of a DFIG
on the circle indicate the active and reactive power required
to achieve a certain terminal voltage. The operation points
within the circle region indicate the permissible power range
under the constraints of the MPRC and a certain terminal
voltage, that is, the internal constrained power range (ICPR).
The radius of the circle increases, and the center point moves
far from the horizontal axis as the terminal voltage increases.
Y,c1 is small because of the small stator resistance. Hence,
the horizontal position of the center of the circle changes
slightly when the terminal voltage increases.

The DFIG operates at unity power factor before the grid
fault. After the grid fault, the output power of the DFIG
should be adjusted to satisfy the grid code. With the coupling
between the DFIG and the grid, the power adjustment of
the DFIG changes the grid power flow and furtherly its own
terminal voltage. The terminal voltage of the DFIG varies
with respect to its active and reactive power instead of being
a constant. The circle region represented by (7) could not
accurately denote the permissible power range under the
influence of grid power flow.

B. ROTOR SPEED-CONSTRAINED

POWER CHARACTERISTICS

A DFIG is driven by the mechanical power supplied by a
turbine. In a normal operation, the mechanical power and
electromagnetic power are balanced. As grid fault occurs,
the electromagnetic power drops, and the power balance is
interrupted, leading to rotor acceleration. The rotor motion
equation can be expressed as

/ (P — Py) dt = M (0, — wy0) (8)
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where M is the rotor inertia, w,q is the initial rotor speed
before the fault, and P, is the mechanical power.

The emergency pitch control is activated immediately after
the grid fault occurs to avoid over speeding and DFIG trip-
ping. The average pitch regulation speed is usually 10°/s.
By utilizing the numerical fitting method, the mechanical
power can be obtained as [28]

P = PyCp =P, (~0.0173% = 0.14671 +04382)  (9)

where P,, is the power absorbed from the wind and C, is the
power coefficient.

The rotor speed does not reach the maximum value until
the mechanical power P, decreases to Py. As a result of the
unpredictable duration of the fault, the maximum rotor speed
should be kept lower than the permissible value. By combin-
ing (8) and (9), the rotor speed of the DFIG under grid fault
is expressed as

P
W = w0 = 271 (0.0058¢% — 0.07341+0.4382— Py /P, )
(10)

On the basis of the derivation of (10), the maximum rotor
speed can be given by

0.6444P,, — P
O max = Wy — 42163 W 75

0.7510P,, — Py | P
1+5.0530———— "5 97409 — “L (11)
M P,

The minimum permissible active power of the DFIG Py 4, is
obtained as

Psf.ao =Pyn (12)
where 7 is the minimum real root of the following equation:

n® — 1.5466n° + (0.7795 — 0.3303¢) n
+0.03917¢% + 0.2128¢ — 0.1288 = 0
in which ¢ = M(wrpa — wr0)/Py, and w;p, is the maximum

permissible rotor speed.

DFIG %5 , o Mg
joXi  fjl-aX | JX

Grid

Py+jOy =

FIGURE 2. DFIG-integrated power system.

IIl. PERMISSIBLE POWER RANGE OF DFIG WITH
CONSIDERATION OF EXTERNAL CONSTRAINT

A. BOUNDARY OF PERMISSIBLE POWER RANGE

The DFIG-integrated power system is shown in Fig. 2. The
DFIG connects to an equivalent grid through a transmission
line with the reactance of X;. The voltage of the equivalent
grid is ug, and the equivalent reactance is X,. The three-phase
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fault occurs at the point on the transmission line that is «
times the whole line length away from the DFIG. The fault
resistance is Ry. The circuit equation of the system is
v/
(Rf +JXg) us —Reug—— p— jo 13

—X(X; + Ry (X + X)) il f

where XZ:’ = —a)X; + X; + Xry, X;, = aX; + X7y4. X7g 18
the reactance of the transformer between the transmission line
and the equivalent grid. X7, is the reactance of the DFIG’s
step-up transformer.

By solving (13),
obtained as

the terminal voltage equation is

(Psf Yyr1U; ) (st szUf) Pfo (14)
where
RiX":
Ypfl - 2 vi2 2 Y
X7 X'¢ + Rf (Xa1 +X'y)
o XX’y + R} (Xa1 +X')
o2 =
X3X2 4 R (Xa1 + X'y)’
Ry Ug
Ipf

VXX 4 R (Xar +X7)

Equation (14) indicates the effect of grid power flow on
the terminal voltage of the DFIG, which varies with respect
to the active and reactive power of the DFIG. Therefore,
the permissible power region changes with the variation of the
operation points. By substituting (14) into (7), the equation of
the permissible power range is obtained as

AP} + BPyQy + CQY + DPy + EQy +F <0 (15)
where
2 2 2
A= [( el T cm) (Ypfl + Ypr)]
+4 (Yre1 —Ypr1) [Yrol (szfl +szf2) —Ypr1 (Yr%:l +Yr2cZ>]
B=4 {(Yrcl _Ypfl) [Yrc2 (Yp2f1 +Y2f2> _th2 <Yr%1 +Yr%:2):|

+ (Yex—Ypn) [Yrcl (Ypf1+Y ) Ypr1 <Yr2c1+Yr2cz)]}

€= (v +2) = (1 + 13e)

+4 (Yre2—Yp2) [ 2 (Ypfl +Ypf2) —Yor2 (erm +Yr2cz>]
=2{ (¥ + Yi) [ @Fet = Yon) 12 = VeI
(Yrcl +Y2, ) (2Ypr1 — Yrcl) — Yprl }
{( b1 T Y ) (2¥ie2 = Yp2) Iip rCZIpf:
( re1 t cm) (2Ypr2 — cm) }

2
1 + cm) Ipf]

= (- 3) [ i) 2
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FIGURE 3. Internal and external constrained power range of DFIG.

A is not equal to C, and therefore, (15) indicates an ellipse
in the coordinate plane of Py — Qg (Fig. 3). The region
in the ellipse represents the permissible power range of the
DFIG under the constraints of the rotor current and grid power
flow, that is, the internal and external constrained power
range (IECPR). As Uy is absent in (15), the IECPR is only
related to the parameters of the DFIG and the grid and not
to the operational conditions. The IECPR benefits the power
dispatch and control strategy design.

B. MAXIMUM REACTIVE POWER IN

PERMISSIBLE POWER RANGE

According to (15), the operation points of the DFIG on the
boundary of the ellipse can be expressed as

CQy + (BPy + E) Qi + APy + DPy +F =0 (16)

As the DFIG is generally used to supply reactive power,
the large root of (16) can be solved as

\/ (BPy+E)*—4C (Apff +DPy +F> —(BPy+E)

O = 2C

7)

By deriving Qy, with respect to Py, Py, which makes Oy,
achieve the maximum value, can be obtained as

b _BE-2CD |(BE-2CD\?
V= 4AC— B2 4AC—B?

Equation (18) indicates that Qg, increases as Py increases
when Py < Py g otherwise, Qg decreases as Py
increases. Additionally, if Py g is lower than the minimum
permissible active power Pyf 40, Osp achieves the maximum
value when Py = Pyr 4. Thus, the maximum reactive power

CD?+B?F —BDE
A (4AC—B?)
(18)
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in the permissible power range is

\/ (BPf mg+E)> —4C (APf,f.m q+DPAf‘mq+F)
2C

BPy g +E
_(Yfz—ng])v Psf.mq > Psf.au

2
\/ (BPy ao+E)° —4C (AP§f4a0+DPsf.ao+F)

Qxf .max —

2C
(BPy a0 +E)

_T, Psf‘mq SPsf.ao

(19)

IV. CONTROL METHOD FOR MAXIMIZING FAULT
VOLTAGE BASED ON PERMISSIBLE POWER RANGE

A. CONTROL PURPOSE AND REFERENCES

The ICPR and IECPR are compared in Fig. 4. The solid
red ellipse represents the boundary of the IECPR while the
dashed black circle indicates the boundary of the ICPR. The
circle with point oy at the center and radius of 7, Uy intersects
at points k; and k, with the ellipse. The circle with point oy,
at the center and radius of /.Uy, is tangent to the ellipse at
point m. After the effect of grid power flow is considered,
the shape and area of the permissible power range change,
which reflects the variation of power controllability.

0.6

I
=
T

e
¥

Reactive power (p.u.)
s S
IS o
.

-0.6

-0.8 |

. , . . . \
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Active power (p.u.)

FIGURE 4. Comparison between IECPR and ICPR.

The dashed black circle denotes a set of the required oper-
ation points for a certain terminal voltage. Given the signif-
icance of the ellipse, the part of the circle within the ellipse
region indicates the available operation points for a certain
terminal voltage. For example, the solid segment k1k; on
circle oy indicates that the terminal voltage can achieve U
when the DFIG operates at the segment k1k>. The same is not
true for the part beyond the ellipse. With regard to circle oy,
only one point (point m) is noted on the circle within the
ellipse that makes the terminal voltage achieve Ug,. Point m
denotes the maximum terminal voltage that the DFIG is able
to achieve in the permissible power range.
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By substituting (17) into (14), the terminal voltage when
the DFIG operates at the points on the ellipse is obtained as

2 [B(Yrc2_Ypf2) -2C (YrCl _YPfl)]
Uy = Py
CcG
E (Yrc2 - Ypr) +C (I;f - Irzc) - (YVC2 - Ypf2) \/Z
+ cG
(20)
where

A= (32 —_ 4Ac) P% + (2BE — 4CD) Py + (E2 — 4CF)

G= (Y;%fl + Yp%u) - (ercl + Yr202> :
The derivation of (20) with respect to Py is given by
dUé‘ B (YVCZ - Ypﬂ) -2C (Yrcl - Ypfl)
dPy CG
_ (Yr2 = Ypp2) [(B* = 4AC) Py + (BE — 2CD)]
VA

Equation (21) equals zero, that is, Uy achieves the maximum
value when Py = Py

2n

p. _ BE-2CD E? —4CF
v = 4AC — B2 4AC — B?
2 2 212
AE? 4+ CD? — BDE — 4ACF + B?F )
(4AC — B?) (1 + H) G2
where

H = (Yrcl - Ypfl)z/(YrC2 - Ypfz)z

For the operation points on the ellipse, the terminal voltage
increases as Py increases when Py < Py y; Otherwise, the
terminal voltage decreases as Py increases.

If Pyt my > Psf.ao, the DFIG does not overspeed when
delivering the active power of Pyf . By substituting Pgf
into (17)The corresponding reactive power Qg can be
solved as

2
\/ (BPyf .y + E)* — 4C (APff.mv + DPy oy + F)
2C
_ BPSf.mv +E
2C

Therefore, the maximum terminal voltage in the permissible
power range is obtained as

st my =
(23)

Usf.max
_ | [B(¥re2 = Ypr2) =2C (Yre1 = Ypri)]
= cG sf.my
E (Yo — Yy2) + C (Ipzf - 1,{,)
+ CG
; 172
\/ (BPyf sy + E)* —4C (APfflmv—kDPsf,mv%—F)
B CG
24)
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If Pyf v < Pgf a0, then the DFIG overspeeds when delivering
the active power of Py . For this condition, the terminal
voltage reach the maximum value with the active power of
Pyf a0 under the premise of safety. The corresponding reactive

power and maximum terminal voltage are as follows:

st.uo
_BPsf.ao +E
B 2C
\/ (BPy ao+E)’ =4C (AP, +DPy 0o +F)
25
+ 5C (25)
Usf.max

[B (Yr2 = Ypr2) = 2C (Yre1 = Ypr1) ]
c [(Y;ffl + szfz) —(Yz, + ercz)]
E (Yoo — Yyp2) + C (Igf - Ifc)
CG
/ (BPyf a0+ E)” — 4C (APf, o DPAf.ao“‘F)
CG

Psf.ao

+

172

(26)

B. FLOW CHART OF PROPOSED METHOD

In maximizing the terminal voltage of the DFIG under the
fault, the fault power of the DFIG should be dispatched
according to the calculation results under different condi-
tions. The flow chart of control method for maximizing fault
voltage is illustrated in Fig. 5. First, the fault position « and
fault resistance Ry are calculated as followings:

MU X
« = 70 - 27)
(M Qg0 + 22Pg0) X1 Xi
MPyoUy <X§ "‘XZJ) PyroUgg

Rf = L - (28)
(21Qs0 + A2Pgs0) A1Qsr0 + A2Pgr0

where
h = Uy = UgUyo cos bro + (X; + X ) Qo
A2 = UgUgpo sinOgro + (Xg, + X;l) Pgo

where Uyo and 6y are the measured amplitude and
phase angle of DFIG’s terminal voltage following the fault;
Pyro and Qyrp are the measured active and reactive power of
DFIG following the fault.

Then the boundary of the IECPR is calculated by (15).
Pyf 40 and Py 4,y are calculated by (12) and (22), respectively.
The corresponding reactive power Qs my and Qyf 40 With
respect to Py and Py 4, can be calculated by (23) and (25),
respectively. If Py > Pss a0, then the power references
Pyt ror and Qyr rer are set to Pyy yy and Qyr y, Tespectively;
otherwise, Py rof and Qg sor are set to Py g0 and Qyf qo,
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Calculate fault position and resistance by
(26) and (27), respectively
v

Calculate boundary of IECPR by (14)
v

Calculate P4, and Py, by (11) and
(21), respectively

v
Calculate Q4o and Qg by (22) and
(24), respectively

If P sfmv >P s/'.'ao?

Yes No

Set Py and Qrer
as Ps/.'ao and Q§flao,
respec‘tively

Set P,;ﬁref and stmf
as P,?/.'mv and stfmw
respec‘,tively

v

Switch references of RSC
outer loop to Py erand Oy rer

end

FIGURE 5. Flow chart of proposed method.

Uy u
DFIG "y o ¢

Grid

PSJ‘+stf =

FIGURE 6. Structure of simulation system.

respectively. Finally, the proposed control is activated, and the
power references of the outer loop of the RSC are switched
to Pyr rer and Qsr rer when the grid fault occurs.

V. CASE STUDY

A. VERIFICATION OF PERMISSIBLE POWER RANGE

The simulation system shown in Fig. 6 is built in MATLAB/
Simulink. The DFIG connects to the equivalent 110 kV grid
through a 50 km transmission line. The short-circuit capacity
of the equivalent grid is 10 MVA. The detailed parameters of
the DFIG are listed in the Appendix. The DFIG operates in the
normal rated condition with the rotor speed of 1.2 p.u. before
the fault. The maximum permissible rotor speed is 1.3 p.u..
The wind speed is 15 m/s. A three-phase fault occurs at the
middle of the transmission line when ¢ = 0.5 s. The proposed
voltage control is activated immediately following the fault,
and the grid-side converter (GSC) continues to operate at
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FIGURE 7. IECPR of the DFIG when fault resistances are (a) 100 @,
(b) 70 @, and (c) 50 <.

unity power factor. Py 4, is calculated as 0.1033 p.u. by (12).
The boundaries of the IECPR calculated by (15) under the
fault resistances of 100, 70, and 50 Q2 are compared with
simulation results in Fig. 7.
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The comparison indicates that the calculation results agree
with the simulation result and that the theoretical analysis
is accurate. The permissible power range indeed changes
from a circle into an ellipse when the coupling between the
DFIG and the grid is considered. The errors between the the-
oretical and simulation results are caused by the disregard for
the active power transferred by the GSC. However, the active
power of the GSC is low under the grid fault, and the resulting
errors are relatively small.

B. VERIFICATION OF PROPOSED VOLTAGE

CONTROL METHOD

Two methods are compared to verify the effectiveness of
the proposed method. The proposed method is regarded
as Case 1. In Case 2, the DFIG supplies reactive current
according to the grid code given by

i =1.5(0.9 — Up)

where U),. is the voltage amplitude of the point of common
coupling (PCC).

In Case 3, the DFIG has the same reactive power as Case 1,
and the active power retains its minimum value of Py 4.

1) Scenario 1

The fault resistance is set to 100 €2, and the PCC
voltage falls to 0.70 p.u. following the fault. P s and
Ot rer calculated by the proposed method in Case 1 are
0.4790 and 0.5252 p.u., respectively. The theoretical max-
imum voltage of the PCC in the IECPR is calculated
as 0.8789 p.u. The reactive current in Case 2 should be
0.30 p.u. Accordingly, the active and reactive power refer-
ences in Case 2 should be 0.6261 and 0.21 p.u., respec-
tively. The active and reactive power references in Case 3 are
0.1033 and 0.5252 p.u., respectively. The DFIG active and
reactive power, rotor current and the PCC voltage amplitude
are shown in Fig. 8.

The PCC voltage amplitudes in the three cases are 0.8960,
0.8580, and 0.8395 p.u., respectively. The voltage amplitude
of the PCC in Case 1 improves by 4.43% and 6.73% relative
to the values in Case 2 and Case 3, respectively.

2) Scenario 2

The fault resistance is set to 70 2, and the PCC voltage
falls to 0.58 p.u. following the fault. Py ,,r and Qg rer
calculated by the proposed method in Case 1 are 0.4650 and
0.4258 p.u., respectively. The theoretical maximum voltage
of the PCC in the IECPR is calculated as 0.7309 p.u. The
reactive current in Case 2 should be 0.48 p.u. Accordingly,
the active and reactive power references in Case 2 should be
0.4692 and 0.2784 p.u., respectively. The active and reactive
power references in Case 3 are 0.1033 and 0.4258 p.u.,
respectively. The DFIG active and reactive power, rotor
current and the PCC voltage amplitude are shown
in Fig. 9.

The PCC voltage amplitudes in the three cases are 0.7560,
0.7324, and 0.6943 p.u., respectively. The voltage amplitude
of the PCC in Case 1 improves by 3.22% and 8.89% relative
to the values in Case 2 and Case 3, respectively.
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FIGURE 8. Simulation results in Scenario 1 (a) active power, (b) reactive
power, (c) d-axis rotor current, (d) g-axis rotor current and (e) PCC voltage.

3) Scenario 3
The fault resistance is set to 50 €2, and the PCC voltage falls
t0 0.48 p.u. following the fault. Py s and Qyr e calculated
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FIGURE 9. Simulation results in Scenario 2 (a) active power, (b) reactive
power, (c) d-axis rotor current, (d) g-axis rotor current and (e) PCC voltage.

by the proposed method in Case 1 are 0.4014 and 0.3426 p.u.,
respectively. The theoretical maximum voltage of the PCC in
the IECPR is calculated as 0.5832 p.u. The reactive current
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FIGURE 10. Simulation results in Scenario 3. (a) active power, (b) reactive
power, (c) d-axis rotor current, (d) g-axis rotor current and (e) PCC voltage.

in Case 2 should be 0.63 p.u. Accordingly, the active and
reactive power references in Case 2 should be 0.3257 and
0.3024 p.u., respectively. The active and reactive power
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FIGURE 11. Comparison of maximum voltage control and maximum
reactive power control.

references in Case 3 are 0.1033 and 0.3426 p.u., respectively.
The DFIG active and reactive power, rotor current and the
PCC voltage amplitude are shown in Fig. 10.

The PCC voltage amplitudes in the three cases are 0.6105,
0.5911, and 0.5560 p.u., respectively. The voltage amplitude
of the PCC in Case 1 improves by 3.28% and 9.80% relative
to the values in Case 2 and Case 3, respectively.

The simulation results indicate that the proposed method
can improve the PCC voltage under different fault resistance
conditions and that it is more effective than the other two
methods are.

4) Scenario 4

In this scenario, the PCC voltage improvements of the
proposed method and the maximum reactive power con-
trol are compared. The fault resistance is set to 100 €2,
and the IECPR of the DFIG is shown in Fig. 11. Point a
is the operating point that makes the terminal voltage
reach the maximum. The active and reactive power of Point a
are 0.4790 and 0.5252 p.u., respectively. The theoretical max-
imum PCC voltage in the IECPR is calculated as 0.8789 p.u.
Point b is the operating point that has the maximum reac-
tive power. The active and reactive power of Point b are
0.1033 and 0.6449 p.u., respectively because Py 4o > Pyf ng-
The theoretical PCC voltage when the DFIG operates at
Point b is calculated as 0.8569 p.u.

The electrical quantities of Points a and b are illustrated
in Fig. 12. The practical active and reactive power of the
DFIG agree with the theoretical results. The practical PCC
voltages of Points a and b are 0.8858 and 0.8602 p.u.,
respectively. The PCC voltage of Point a is improved by
2.98% relative to the PCC voltage of Point b. Meanwhile,
the active power of Point b is only 21.57% of that of
Point a. The maximum reactive power control sacrifices the
active power for reactive power support, which may result
in the lack of active power in the power system and insta-
bility. The proposed method maintains a large active power

VOLUME 7, 2019



D. Zheng et al.: Control Method For Maximizing Fault Voltage of Wind Generation-Integrated Power Systems I E E EACC@SS

1 T T T T 0.8 T T
Point a Point b Point a Point b
0.7 B
0.8 A
0.6 —
= =z
E] d
2 06 E S os B
= g
8 s
g 2 04 b
4 15}
S 04 J c
2 z
z Z 03 4
o o
2 o
o >
£ 02 B 5 02 B
< e
0.1 —
0 4
0 4
0o L | . | . o1 & L | L |
0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 25 3
Time (s) Time (s)
(a) ()
T T T T T T T
L Point a Pointb | 0 h Point a Point b
" 04 ]
0.8 - q
= ~-0.5F -
= =
S S
= = -0.6 - 1
206l 4 £
2 | 8
3 3 07 4
P P
2 2
2 2
= 2 081 E
? 0.4 - B ;
[a] <09
02 i -1
1.1
oL L L L L -1.2
0.5 1 1.5 2 2.5 3
Time (s) Time (s)
(© (d)
I T T T T
M Point a Point b
0.95 4
3 09F B
S
> —
5
)
S ossf p
]
O
A~
0.8 | q
0.75 B
I 1 | | |
0.5 1 1.5 2 2.5 3
Time (s)
(©)

FIGURE 12. Simulation results when proposed method and maximum reactive power control adopted respectively (a) active power of DFIG, (b) reactive
power of DFIG, (c) d-axis rotor current of DFIG, (d) g-axis rotor current, and (e) PCC voltage.

when supporting the fault voltage. Active power shortage VI. CONCLUSIONS
and instability are avoided when the proposed method is The coupling between DFIGs and the grid has not been
adopted. considered in existing studies on permissible power range.

VOLUME 7, 2019 903



IEEE Access

D. Zheng et al.: Control Method For Maximizing Fault Voltage of Wind Generation-Integrated Power Systems

The permissible power range in the literature may not be
accurate, and the controllability of DFIGs has not been fully
utilized to support the fault voltage. In the present study,
the fault power characteristics of a DFIG under the constraints
of rotor current and rotor speed are analyzed on the basis
of a fault model. The permissible power range under the
constraints of rotor current and grid power flow is established
by analyzing the influence of grid power flow on the terminal
voltage of the DFIG. Different from existing conclusions,
the shape and area of the permissible power range undergo
drastic changes when the coupling between the DFIG and
the grid is considered. The control method for maximizing
fault voltage is proposed on the basis of the established
permissible power range with consideration of internal and
external constraints. The simulation results demonstrate that
the proposed method can improve the fault voltage and active
power output. The use of the proposed method benefits the
safety and stability of the power system better than maximum
reactive power control methods could.

APPENDIX
The parameters of DFIG simulation model are as follows:
Rated voltage: 575 V.
Rated capacity: 1.5 MW.
Rated frequency: 60 Hz.
Stator resistance: 0.0071 p.u.
Rotor resistance: 0.005 p.u.
Stator leakage inductance: 0.1714 p.u.
Rotor leakage inductance: 0.1563 p.u.
Magnetizing inductance: 2.9 p.u.
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