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A B S T R A C T

The existing reactive power limit models of doubly-fed induction generators ignore the relation among wind 
speed, rotor speed, and active power output. Furthermore, they are decided by stator voltage and reactive power 
setting, but the former is uncontrollable, and the latter is different from the maximum/minimum reactive power. 
The reactive power limit of wind farm with doubly-fed induction generators and collectors is important to power 
system dispatch, but has not been studied. In this paper, iterative solution to reactive power limit model of the 
doubly-fed induction generator is proposed, with the novelty of correspondence of wind speed to active power, 
not using simplified slip power, and independent of the reactive power setting. By alternatively solving the 
reactive power limits of the doubly-fed induction generators and power flow of the collectors, the reactive power 
limit of wind farm is proposed, which is based on the voltage at the point of common coupling instead of the 
stator voltage. It is found that with the same wind speed and grid voltage, the upper/lower reactive power limit 
of wind farm is asymmetrical. Dependence of active power on the reactive power limit is newly described by a 
quadric function. Simulation results give the reactive power limit of the doubly-fed induction generators and 
wind farm, compare the active power at the upper/lower reactive power limit, and verify the impacts of the 
voltage at the point of common coupling and wind speed on the dependence of active power on the reactive 
power limit.

1. Introduction

Due to fuel energy depletion and environment concern, the renew
able powers, mainly hydro power, wind power, and photovoltaic, in
crease quickly in recent years. The European countries, e.g. Denmark, 
Irish, UK, and Spanish, are the pioneer of wind power utilization, fol
lowed by many other counties. In Europe, the roadmap 2050 to 
emission-free power system relies on the renewables. In China, the 
electric power generation from wind and solar power in 2004 accounts 
for about 18 % of the total electricity consumption.

With the increasing wind power, the wind turbine generators 
(WTGs), e.g. the doubly-fed induction generators (DFIGs) and 
permanent-magnet synchronous generators, gradually displace the 
thermal synchronous generators (SGs), which requires the WTGs to 
operate as the SGs, participating into system dispatch, frequency regu
lation, transient stability[1], damping control [2,3], etc.

1.1. Research Motivation and difficulty

The active power dispatch keeps power balance and system fre
quency. For comparison, the reactive power is less focused but critical to 
ride-through fault [4], maintain voltage level [5,6], adjust power flow, 
and reduce power loss [7]. In many studies, the reactive power of the 
DFIG is fixed or proportional to the active power [8,9]. The reactive 
power limit (RPL), i.e. the maximum/minimum reactive power, is 
ignored, hence the adjustability of the DFIG is not fully utilized.

The DFIG’s RPL is decided by the limits of the stator, the rotor, and 
grid-side converter (GSC). For the dynamic control, the limit is set by 
currents instead of reactive power. The difficulty is how to set the limit 
of the dq current components for the decoupled power control [10]. 
However, the dynamic control is in the time scale of seconds or ms, 
which may yield the RPL more optimistic than that in long-term, e.g. 
steady-state, operation.

For steady-state analysis, the difficulties to quantify the RPL of the 
wind farm lie in, 

Abbreviations: DFIG, Doubly-fed induction generator.; MPPT, Maximum power point tracking.; PCC, Point of common coupling.; Re, Im, Real and imaginary 
parts.; RPL, Reactive power limit.; RSC, GSC, Rotor-side and grid-side converters.; Set, Parameter setting.; SG, L, Synchronous generator, load.; WF, C, Wind farm, 
collector.; WT, WTG, Wind turbine, wind turbine generator..
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(1) Inexact relation among the RPL, the wind speed, the slip, and the 
DFIG’s output. The RPL given in [11] ignores the GSC. Conse
quently, the RPL of the DFIG is pessimistic since the GSC may also 
produce or absorb the reactive power. Furthermore, the active 
slip power through the converters is ignored, hence the active 
power output of the DFIG is inexact. The RPL is defined by the 
maximum capacity of the stator and GSC in [12,13], but active 
powers at the stator and the converters are calculated indepen
dently, i.e. the relation of the active slip power with the active 
stator power is not considered. Seeing that the relation of the 
converters’ active power (slip power) with the stator power is 
decided by the slip, the DFIG’s RPL with active power is proposed 
by Lund and Engelhardt [14,15], and applied in many literatures 
[16–19]. But this model is also not accurate due to simplified 
modeling to the DFIG,

(a) Definition to slip power ignores the windings resistances. 
Different from those of the SG, the voltage and current of the 
DFIG are low and the windings resistances are large. Ignoring the 
resistance will misjudge active power and yield inaccurate RPL of 
the DFIG.

(b) The curve of the RPL vs. active power is drawn for one slip. But 
actually one wind speed only has an optimal slip and a captured 
power only, i.e. the RPL based on one slip is not a curve, other
wise the active power is inconsistent with the slip and the wind 
speed.

Hence the detailed solution to the DFIG is applied in [20] to derive 
the windings’ currents and the DFIG’s RPL under the maximum power 
point tracking and the derated mode respectively. It seems to be perfect, 
but still has error and drawback, 

(a) Solution to the DFIG is based on initial reactive power, but the 
latter is not equal to the maximum/minimum reactive power 
limits of the DFIG. In other words, different initial reactive power 
settings will yield different RPLs, which is obviously wrong.

(b) Solution is based on given stator voltage of the DFIG. But the 
stator voltage is not fixed due to change of the wind speed and the 
voltage at the point of common coupling (PCC). Hence the 
existing RPL model of the DFIG has little value to the power 
system dispatchers.

(2) There is no exact RPL model of wind farm for power system 
dispatch. Due to small capacity and numerous units of the DFIGs, 
the RPL of wind farm is more useful to the system operator than 
that of the DFIG [21]. But the existing dispatch studies to the 
wind farm either casually set the reactive power limit of the DFIG, 
or assume the RPL of the wind farm is that of the DFIG multiplied 
by the number of the DFIGs, which is wrong considering power 
loss of collectors and transformers. For example in [22], the RPL 
of the DFIG is assumed to be fixed, thus the tape changer is used 
to extend the RPL of wind farm [23]. The Q-V curve of the col
lectors is got from power flow equations for voltage control 
[24,25], but the unified solution to the RPL of wind farm with the 
DFIGs and the collectors has not been found yet. The reason is not 
only the difficulty of deriving DFIG’s RPL, but also convergence 
due to obviously different impedances and R/X ratios of the 
DFIGs and collectors. It’s difficult to solve the DFIG’s RPL and the 
power flow of the collectors together.

(3) Dependence of active power on the RPL is not found. If the RPLs 
of the DFIGs and wind farm are available, there is another 
problem. As seen in this paper, due to the power loss of the 
windings, the collectors, and/or the transformers, the upper/ 
lower RPL of wind farm (or the DFIGs) is not symmetrical. Thus 
even the PCC voltage is fixed, the same wind speed yields 2 active 
powers. Such dependence is negligible for the SG with small 
resistance, but obvious for the wind farm where the DFIGs have 
low voltage, small capacity, and relative large active power loss, 
which has not been studied yet.

Investigation to the RPL models of the DFIG and the wind farm is 
summarized in Table 1.

Therefore the challenge to derive the RPL of the wind farm with the 
DFIGs and the collectors lies in, 

(a) How to derive the exact RPL model of the DFIG. The existing RPL 
curve is based on a given slip and the slip power ignores wind
ings’ resistances, thus can not give exact relation of the RPL to the 
wind speed, the slip, and the active power. Furthermore, the so
lution is based on the initial reactive power of the DFIG, which is 
not consistent with the resultant RPL.

(b) How to derive the RPL of wind farm. Due to the power loss of the 
collectors, the RPL of wind farm is not the sum of those of the 
DFIGs. It’s difficult to solve the DFIGs’ RPLs and the power flow 

Nomenclature

A, λ, β, s Sweep area, tip-speed ratio, pitch angle, slip.
Cp Power utilization coefficient of the WT.
λi Intermediate parameter of the WT.
c1-c9 Parameters in Cp function of the WT.
ρ, υw Air density, wind speed.
R, X Resistance, reactance.
G, B Conductance matrix, susceptance matrix.
I, I Current phasor and its magnitude.
V = V∠θ Voltage phasor, its magnitude and angle.
P, Q Active and reactive powers.
J Jacobian matrix.
μ Index to show error of simplified slip power.
ξ1, ξ2 Indices to show different PWF at the RPL.
a0, a1, a2 Coefficients of the quadric function.
γ, ε Radius, convergence criterion.

Subscripts
m, em Magnetizing circuit, electromagnetic.
M Mechanical parameter.
s, r, g Stator, rotor (or RSC), GSC.

Table 1 
Investigation to the RPL of DFIG and wind farm.

RPL modeling Comments Sources

RPL of DFIG based on stator 
power constrained by stator 
current limit, similar to that of 
the SG.

Ignore the power from the RSC 
and GSC, power loss of DFIG is 
inaccurate, and can not 
differentiate active powers of WT 
and DFIG.

Most 
papers

RPL of DFIG based on stator 
power constrained by stator 
current limit and rotor current 
limit, plus the GSC power 
constrained by GSC current 
limit.

Slip power not exactly defined, no 
relation among wind speed, rotor 
speed and output of DFIG, and can 
not differentiate outputs of WT 
and DFIG.

RPL of DFIG with its Cp function 
and detailed solution to its 
inner constraint.

Based on given reactive power of 
DFIG, inconsistent with RPL, 
stator voltage uncontrollable.

Ref. [20]

RPL of DFIG with its Cp function 
and detailed solution to its 
inner constraint, independent 
of its reactive power setting.

Unavailable. This 
paper

RPL of wind farm independent of 
reactive power settings of 
DFIGs and dependent on the 
PCC voltage.

Unavailable.
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of the collectors together. Moreover, when solving the RPL of the 
DFIGs, the stator voltages are not fixed, but decided by the PCC 
voltage and the output of other DFIGs, which adds the difficulty 
to solve the RPL of the wind farm.

(c) How to quantify dependence of active power of wind farm on its 
RPL. Since the latter is not symmetrical as proved in the paper, 
the active powers at the upper/lower RPL are not the same, even 
though wind speeds and PCC voltage do not change. There is no 
existing study quantifying the difference of the active powers or 
describing the dependence of the active powers on the RPL of the 
wind farm.

1.2. Contributions of this paper

(a) The RPL of the DFIG independent of its reactive power is pro
posed. Compared with existing models, detailed power and tor
que constraints are included to solve the DFIG from the initial 
reactive power of the DFIG, but with iterative solution, the RPL is 
not dependent on initial reactive power, thus shows exact rela
tion of wind speed, slip, active power, and the RPL. The slip 
power which ignores the resistances of the windings is not used to 
derive the RPL of the DFIG.

(b) The RPL model of wind farm related to the PCC voltage is newly 
proposed. With the DFIGs operating at the RPL, the power flow of 
the collectors is solved repeatedly to decide the stator voltages 
and update the RPLs of the DFIGs. The final reactive power at the 
PCC is the RPL of wind farm. With the alternative solution, it does 
not require the stator voltages to be fixed, or the wind speeds to 
be identical.

(c) It is newly found that the upper/lower RPL of wind farm are not 
symmetrical. So even though the wind speeds and PCC voltage do 
not change, the active powers of wind farm at the upper/lower 
RPL are different, as evaluated with two indices. The dependence 
of active power of wind farm on its reactive power is newly 
described by a quadric function. Impact of the PCC voltage and 
wind speeds on this dependence is quantified.

1.3. Paper Organization

The paper is organized as follows. In Section II, the existing RPL 
model of the DFIG is discussed to show the drawback. In Section III, the 
improved DFIG’s RPL model considering the windings’ resistance and 
independent of initial reactive power setting is proposed. In Section IV, 
the RPL of wind farm with the stator voltages decided by the PCC voltage 
is proposed. It is newly found that the upper and the lower RPL corre
spond to two active powers of wind farm, then data fitting technique is 
applied to describe the relation of the active/reactive powers at the RPL. 
In Section V, the simulation results are provided to verify the feasibility 
and accuracy of proposed RPL models. In Section VI, conclusions are 
given.

2. Existing reactive power limit model OF DFIG

The factors related to the RPLs of the DFIG and wind farm (WF) are 
shown in Fig. 1. The DFIG’s RPL is decided by wind speed υw, the slip s, 
the stator voltage Vs, reactive power of the DFIG and GSC, i.e. QDFIG,set, 

and Qg,set. The RPL of the wind farm is decided by active powers of the 
DFIGs, i.e. PDFIG, the RPLs of the DFIGs, and the PCC voltage, i.e. VPCC.

As shown in Fig. 2(a), a DFIG has the wind turbine (WT), the transfer 
shaft, the induction generator, the rotor-side converter (RSC), and the 
GSC, where V = V∠θ is the voltage, I and I is current and its magnitude, 
R is the resistance, X is reactance, s is the slip, the subscripts s, r, and m 
denote the stator, the rotor, the magnetizing circuit respectively, and s,g 
denotes current or power flowing from the stator to GSC. With Vs and θs 
known, there are 6 variables to be solved, i.e. θm, Vm, θr, Vr, θg, and Vg. 
Based on Fig. 2 (b), the stator current and the equivalent rotor current 
are almost the same, with little error due to magnetization circuit. So 
their current limits of the stator and the rotor in the equivalent circuit 
are not obviously different. However, the rotor current limit is decided 
by not only the rotor winding but also the RSC. Usually the RSC is 
selected not restricting the capacity of the rotor winding. Similarly, the 
GSC is selected not restricting the capacity of the filter between the GSC 
and the stator.

With the stator current defined in (1), square of Is is given in (2), 
constrained by the stator current limit Is,max. 

Is,m =
Vs − Vm

Rs + jXs
(1) 

I2
s =

V2
s + V2

m − 2VsVmcosθs,m

R2
s + X2

s
⩽I2

s,max (2) 

The stator power constrained by Is,max is given in (3), where P is the 
active power, Q is the reactive power, and γ is the radius. 
(
− Ps,m

)2
+
(
− Qs,m

)2⩽V2
s I2

s,max = γ2
s (3) 

The stator voltage may be defined by the stator current and the rotor 
current, 

Vs = (Rs + jXs + jXm)Is + jXmIr (4) 

With the stator current given by the stator power (5), the rotor 
current is given in (6). 

Is =
Ps,m − jQs,m

V*
s

(5) 

Ir =
V2

s − [Rs + j(Xs + Xm) ]
(
Ps,m − jQs,m

)

jXmV*
s

(6) 

Within the rotor current limit Ir,max (7), the stator power constrained 
by the rotor current is given in (8) [20]. It is clear that the feasible region 
of the stator power is decided by the intersection of (3) and (8). 

I2
m,r⩽I2

r,max (7) 

[

− Ps,m+
RsV2

s

R2
s +(Xs+Xm)

2

]2

+

[

− Qs,m+
(Xs+Xm)V2

s

R2
s +(Xs+Xm)

2

]2

⩽
X2

mV2
s I2

r,max

R2
s +(Xs+Xm)

2

=γ2
r

(8) 

With the GSC current limit Ig,max, the operation region of the GSC 
power is given by, 

P2
s,g +Q2

s,g ≈ s2P2
s,m +Q2

g,s⩽V2
s I2

g,max = γ2
g (9) 

The reactive power of the DFIG is the sum of those from the stator 
and the GSC (10), hence the operation region of the DFIG is the union of 
those of the stator and GSC, i.e. decided by (3), (8), and (9). The 
drawback of this RPL model is that it not related to the slip or the wind 
speed, thus has little application value. 

QDFIG = − Qs,m − Qs,g (10) 

By ignoring the windings resistance, the slip power is given by Pg,s =Fig. 1. The relative factors to the RPLs of DFIG and wind farm.
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− Pr,m ≈ sPs,m. The active power output of the DFIG is given in (11), then 
Psm and Psg are given by PDFIG (12). 

PDFIG = − Ps,g − Ps,m ≈ (1 − s)
(
− Ps,m

)
(11) 

⎧
⎪⎪⎨

⎪⎪⎩

− Ps,m ≈
PDFIG

1 − s

− Ps,g ≈ −
sPDFIG

1 − s

(12) 

The operation region of the DFIG is decided by (13)-(15)[14,15,20]. 
With s = 0.25, they are 3 circles as shown in Fig. 3(a). With the inter
section of (13) and (14), then with the union of (15), the resultant RPL of 
the DFIG is shown in Fig. 3 (b). 
(

PDFIG

1 − s

)2

+
(
− Qs,m

)2⩽r2
s (13) 

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2
s −

(
PDFIG

1 − s

)2
√

⩽QDFIG +
V2

s
Xs + Xm

⩽

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2
r −

(
PDFIG

1 − s

)2
√

(14) 

s2P2
DFIG

(1 − s)2 +Q2
g,s⩽γ2

g (15) 

The existing RPL model of the DFIG seems to be perfect, but it has the 
following errors,

(a) It can not give exact correspondence of υw to PDFIG. One may 
assume the captured power by the WT, i.e. PWT, is PDFIG. But considering 
the windings’ loss, PWT > PDFIG, as shown with dotted lines in Fig. 3 (b), 
thus PDFIG will be overestimated, and the RPL will be underestimated.

(b) The simplified slip power ignores wingdings’ resistance, i.e. 
assuming μ in (16) to be 0. But different from the SG, the DFIG has low 
voltage and large resistance, thus ignoring its resistances reduces the 
accuracy of the RPL. 

μ = −
Pr,m

s
− Pem (16) 

(c) More importantly, the above RPL model is based on s, but s 
changes with υw then decides PDFIG, thus is not fixed for different PDFIG. 
For example, with s = -0.05, the RPL is shown in Fig. 4, quite different 
from Fig. 3(b). Actually neither Fig. 3(b) nor Fig. 4 is correct, since s =
-0.05 corresponds to υw = 8.65 m/s, and PWDFIG = 0.306p.u. The RPL 
corresponding to s = -0.05 is only 2 points signed with o in Fig. 4. Other 
part of the curve is wrong.

Fig. 2. Configuration and equivalent circuit of the DFIG.

Fig. 3. Existing RPL of DFIG (s = 0.25).

Fig. 4. Error of the existing RPL of DFIG with s = -0.05.
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3. Exact RPL model of DFIG

Most of the existing RPL models of the DFIG ignore the windings’ 
resistance, and assume the captured power of the wind turbine equal to 
the active power of the DFIG. All of these models are decided by the 
setting to the reactive power and the stator voltage of the DFIG. How
ever, the reactive power setting is different from the RPL of the DFIG, 
hence the RPL is inaccurate. The stator voltages of the DFIGs are not 
fixed or controllable due to wind speed change and system dispatch. The 
PCC voltage is controllable, thus the RPL of the wind farm with the 
DFIGs and the collectors are more valuable for system dispatchers, but 
detailed solution to the wind farm is seldom studied.

To bridge the above gap, in the following, the RPL model of the DFIG 
is improved, and the RPL model of wind farm is proposed, as shown in 
Fig. 5. Besides the Newton iterations to solve the DFIG and the collec
tors, there are 2 alternative solutions to update reactive power and stator 
voltage of the DFIGs in wind farm.

3.1. RPL of DFIG with detailed solution

To find the exact RPL of the DFIG, detailed solution to the DFIG is 
needed. Under the maximum power tracking (MPPT) mode, PWT is given 
by (17)-(19), where ρ is the air density, A is the sweep area, Cp is the 
power utilization coefficient, β is the pitch angle, λi is an intermediate 
parameter, λ is the tip-speed ratio, and c1-c9 are coefficients of Cp. 

PWT =
1
2

ρACpυ3
w (17) 

Cp = c1

(
c2

λi
− c3β − c4βc5 − c6

)

e−
c7
λi (18) 

1
λi
=

1
λ + c8β

−
c9

β3 + 1
(19) 

For a υw, by continually changing the rotor speed ωWT and comparing 
PWT, the maximum PWT, i.e. PWT,max, will be found, as seen in Fig. 6. The 
optimal rotor speed ωWT,op is also found.

The torque balance of the transfer shaft is given in (20), where Re 
denotes the real part, Δ denotes the increment, the subscript M denotes 
the mechanical parameter, and superscript * denotes the conjugate 
operation. 

ΔPM = −
PWT

1 − s
+Pm,s = −

PWT

1 − s
+Re

(
VmI*

m,s

)
(20) 

QDFIG is not decided by υw and may be set directly, hence its 
constraint is given in (21), where Im denotes the imaginary part, and the 
subscript set denotes the setting value. Since active power loss of the 
DFIG is unknown before solving the DFIG, PDFIG can not be set, and the 
active power balance at the stator is not a valid constraint. 

ΔQs = − Qs,m − Qs,g − QDFIG,set = − Im(VsI
*
s,m) − Im(VsI

*
s,g) − QDFIG,set

(21) 

The active and reactive power balances of the magnetizing circuit are 
given by, 

ΔPm = − Pm,s − Pm,r = − Re
(

VmI*
m,s

)
− Re

(
VmI*

m,r

)
(22) 

ΔQm = − Qm,s − Qm,m − Qm,r = − Im
(

VmI*
m,s

)
−

V2
m

Xm
− Im

(
VmI*

m,r

)
(23) 

The active and the reactive power balances of the GSC are given by, 

ΔPg = − Pr,m − Pg,s = − Re
(

VrI
*
r,m

)
− Re

(
VgI

*
g,s

)
(24) 

ΔQg = Qs,g +Qg,set = Im
(

VsI
*
s,g

)
+Qg,set (25) 

Eqs. (20)-(25) are linearized in (26), and solved iteratively to find the 
voltages and the windings’ currents of the DFIG, where J is the Jacobian 
matrix. 
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

ΔPM
ΔQs
ΔPm
ΔQm
ΔPg
ΔQg

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

+ J

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Δθm
ΔVm
Δθr
ΔVr
Δθg
ΔVg

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0
0
0
0
0
0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(26) 

With Ps,m, Qs,m, Ps,g, and Qs,g, PDFIG is given in (27), with exact cor
respondence to υw. Then (3), (8), and (9) are solved to find the RPL of the 
DFIG (28). 

PDFIG = − Ps,m − Ps,g (27) 

{
QDFIG,max = max( − Qs,m) + max( − Qs,g)

QDFIG,min = min( − Qs,m) + min( − Qs,g)
(28) 

The RPL based on detailed solution to the DFIG is more exact than 
that the existing model, since simplified definition of the slip power is 
not used. But it still has some errors,

1) The RPL is related to PDFIG, and PDFIG is solved from QDFIG,set, but 
QDFIG,set is not equal to QDFIG,max or QDFIG,min, thus the PRL is not 
consistent with the initial reactive power setting to QDFIG. In other 
words, different QDFIG,set will yield different RPL, which is obviously 
wrong.

2) The DFIG’s RPL is related to Vs, but Vs is decided by VPCC and the 
outputs of other DFIGs, thus not fixed.

3) A wind farm often has tens of DFIGs in several strings. For system- 
side analysis, RPL of wind farm is more valuable than those of the DFIGs. 
Due to power loss of collectors, power output of wind farm PWF + jQWF is 
not equal to the sum of PDFIG + jQDFIG. RPL model of wind farm based on 
solution to DFIGs and collectors has not been found.

Fig. 5. Procedure to solve RPLs of DFIG and wind farm.

Fig. 6. Captured power of WT with different speeds.
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3.2. RPL model of DFIG consistent with QDFIG

To solve the problem 1), an iterative solution to the RPL of the DFIG 
is proposed in Fig. 7, with QDFIG,set replaced by QDFIG,max (or QDFIG,min) 
repeatedly. It has 3 steps,

a. From a positive QDFIG,set, solve the DFIG with (27).
b. With (3), (8) and (9), PDFIG, QDFIG,max and Qg,max are found.
c. If the difference of QDFIG,set and QDFIG,max is larger than a criterion 

ε, set QDFIG,set = QDFIG,max, Qg,set = Qg,max, and go to step a. Otherwise, 
QDFIG,max is found, and the iteration stops.

Similarly, from a negative QDFIG,set, QDFIG,min will be derived. 
Although the RPL is solved from QDFIG,set, it is independent of the latter. 
With the same υw and Vs, different QDFIG,set yield the same QDFIG,max and 
QDFIG,min.

If the DFIG operates at the synchronous speed, the junction tem
perature rise due to dc rotor current should be considered in deciding 
the RPL [26,27]. Such DFIG is similar to the SG, but the solution is 
different. For the SG, the knowns are the stator power and stator power 
at stator side, and the unknowns are field voltage, current, and me
chanical power at rotor side. For such DFIG, the mechanical power and 
the reactive power at both the stator and the rotor sides are known, and 
the unknowns are also at both sides. The RPL of such DFIG may also be 
quantified following Fig. 7.

It should be noted that when solving the RPL of the DFIG, there is no 
limit to the Cp function or the DFIG configuration. For the DFIG with 
different type, after replacing the Cp function or the configuration pa
rameters, the proposed model is still applicable.

4. RPL model of wind farm and its PQ dependence

4.1. RPL model of wind farm

To the problems 2) and 3), the wind farm with DFIGs and collectors is 

solved. Since the impedances of DFIGs are often much larger than those 
of the collectors, simultaneous solution to DFIGs and collectors may 
diverge. Hence considering the impact of VPCC on VS, the RPLs of DFIGs 
and the power flow of wind farm are solved alternatively to derive the 
RPL of the wind farm.

With the DFIGs at their RPL, power flow equations of the collectors in 
(29) are linearized to (30), as solved iteratively to update the stator 
voltages, where G is the conductance matrix, B is the susceptance ma
trix, i, j denote the bus, the subscript L and C denote the load and the 
collector respectively. For the bus without DFIG, PDFIG = 0 and QDFIG =

0. For the bus without load, PL = 0 and QL = 0. 
⎧
⎪⎨

⎪⎩

ΔPi = PDFIG,i − PL,i − Vi

∑

j
Vj
(
Gi,jcosθi,j + Bi,jsinθi,j

)
= 0

ΔQi = QDFIG,i − QL,i − Vi

∑

j
Vj
(
Gi,jsinθi,j − Bi,jcosθi,j

)
= 0

(29) 

[
ΔPC
ΔQC

]

+

[
JP,θ JP,V
JQ,θ JQ,V

][
ΔθC
ΔVC

]

=

[
0
0

]

(30) 

With Vs, the RPLs of the DFIGs are solved. Then the power flow of the 
collectors is solved again. The process is repeated until PWF and QWF of 
wind farm converge, as shown in Fig. 8. The resultant QWF is the RPL of 
the wind farm, 
{

QWF,max = QWF|QDFIG=QDFIG,max

QWF,min = QWF|QDFIG=QDFIG,min

(31) 

The alternative solution has two merits, 1) Since the DFIGs are solved 
separately, different υw are allowed for the DFIGs. 2) Solution with the 
Newton method allows the collectors to be radial or with a few loops. 
The latter is to improve reliability of wind farm against outage of col
lector [28,29].

One may doubt if RPLs of the DFIGs and power flow of the collectors 
may be solved simultaneously to save calculation effort. But it is difficult 
to solve an optimum problem and a set of nonlinear equations together, 

Fig. 7. Solution to RPL of DFIG with consistence to QDFIG. Fig. 8. Alternative solution to RPL of wind farm.
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and the solution may diverge as explained earlier.
When solving the RPL of the wind farm, by using the Newton power 

flow, the proposed model has no limit on the configuration of the col
lector network, i.e. the latter may be radial or looped. The only 
assumption is that the PCC voltage is known.

4.2. Dependence of active power of wind farm on the RPL

The RPL of wind farm has some new characteristics,
(1) The voltage levels of the DFIG and collector are lower than those 

of the SG and transmission line, hence the active power loss of the wind 
farm is relatively large and can not be ignored. Considering the power 
loss, the RPL of wind farm is different from the sum of the RPLs of the 
DFIGs.

(2) Due to the reactive power loss of the magnetizing circuit of the 
DFIG, the RPL of wind farm is not symmetrical about the horizontal axis 
(32), as seen in Fig. 9(a). 
⃒
⃒QWF,max

⃒
⃒ <

⃒
⃒QWF,min

⃒
⃒ (32) 

The more reactive power produced (or absorbed), the larger active 
power loss. So from (32), one gets (33). Consequently, even though υw 
and VPCC do not change, QWF,max and QWF,min at the RPL yield two PWF, 
as shown with points A and B in Fig. 9 (b). 

PWF|QWF,max
> PWF|QWF,min

(33) 

One may doubt if the DFIG or SG also has 2 active powers at its RPL. 
The answer is yes. As illustrated in Fig. 10, with the same active power 
P1, P2 is given by (34), which is a quadric function of Q2, thus P2 varies 
with Q2. Hence in Figs. 7 and 8, PDFIG is solved from QDFIG,max and QDFIG, 

min separately to find the RPL of wind farm. For the SG, Rs is small, thus 
difference of PSG due to QSG is often ignored. 

P2 = P1 −
P2

2 + Q2
2

U2 R (34) 

To show change of PWF due to different QWF, two indices ξ1 and ξ2 are 
newly defined in (35) and (36), where ξ1 shows the difference of the 
max/min PWF between the upper/lower RPL, and ξ2 quantifies the dif
ference of PWF at the upper/lower RPL. 

ξ1 =

⃒
⃒PWF,C − min(PWF,A,PWF,B)

⃒
⃒

PWF,C
(35) 

ξ2 =
max(PWF,A,PWF,B) − min(PWF,A, PWF,B)

max(PWF,A, PWF,B)
(36) 

4.3. Data fitting to dependence of PWF on the RPL

To describe the dependence of PWF on QWF, more point, e.g. point C 
with QDFIG = 0, is added in Fig. 9(b). Often there exists, 
{ ⃒
⃒QWF,C

⃒
⃒ < QWF,A <

⃒
⃒QWF,B

⃒
⃒

PWF,B < PWF,A < PWF,C
(37) 

With points A, B, and C, relation of PWF and QWF is fit to a quadric 
function (38), as shown with red dotted curve in Fig. 9 (b), where the 
coefficients a0, a1, and a2 are decided by (39). 

PWF = a0 + a1QWF + a2Q2
WF (38) 

⎡

⎣
a0
a1
a2

⎤

⎦ =

⎡

⎢
⎢
⎢
⎣

1 QWF,A Q2
WF,A

1 QWF,B Q2
WF,B

1 QWF,C Q2
WF,C

⎤

⎥
⎥
⎥
⎦

− 1
⎡

⎣
PWF,A
PWF,B
PWF,C

⎤

⎦ (39) 

Finally for given υw and PCC voltage, dependence of PWF on the RPL 
of wind farm is given by, 
{

PWF = a0 + a1QWF + a2Q2
WF

QWF,min < QWF < QWF,max
(40) 

Finally, the process to solve the RPL of wind farm and quantify the 
dependence is shown in Fig. 11.

4.4. Discussions

The RPL of wind farm is based on VPCC. For power flow or power 
dispatch, VPCC changes with the wind speed and system condition. To 
show the impact of VPCC on the RPL of the wind farm, there are two 
choices:

(a) Find the sensitivities of PWF, QWF,max, and QWF,min with respect to 
VPCC. Analytical sensitivity model is difficult, since PWF and QWF are 
solved with the alternative solution instead of simultaneous solution. 
The analytical Q-V sensitivity with the alternative solution to the DFIGs 

Fig. 9. PWT at the RPL of wind farm.

Fig. 10. Explanation to two solutions to PDFIG or PSG.
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and collectors is proposed in [6]. But the sensitivity here is more com
plex, since there are more alternative solutions. Thus the perturbation 
method may be used to find the sensitivity of the RPL of wind farm with 
respect to the PCC voltage.

For nonlinear curve y = f(x), the operation point is given by (x0, y0). 
If x increases by Δx, the corresponding change of y is Δy. If Δx is small 
enough, i.e. the tangent, of the curve at (x0, y0) is given by, 

ξ = lim
Δx→0

Δy
Δx

(41) 

The perturbation method is easy to use. It is accurate if Δx is small 
enough. For practical application, it has two drawbacks, (1) For actual 
calculation, Δx can not approach 0, and there is truncation error. (2) The 
perturbation method is suitable for one curve and one parameter, but 
troublesome for multiple curves with more than one parameter, i.e. y = f 
(x), where y = [y1, y2, …, yn]T, x = [x1, x2, …, xn]T, and the subscript T 
denotes the transpose.

(b) Add an outer iteration of system-side analysis with the interface 
of VPCC, as shown with the shadowy blocks in Fig. 11. Compared with 
the perturbation method, it is more accurate, but computationally more 
expensive.

The DFIG has several windings, their stator voltages are not fixed, 
and the collectors may have radial or loop structure, so it seems that the 
quadric curve is rough, and more points may be used for more exact PQ 
relation, but it is difficult. At points A or B, PWF strictly corresponds to 
QDFIG,max or QDFIG,min. With QDFIG,set and Qg,set of 0, point C yields a 
unique PWF and QWF, thus there is only a RPL curve for given υw and 
VPCC. But each QWF corresponds to different schemes of QDFIG,set, Qg,set, 
PWF, thus numerous RPL curves.

The proposed RPL model is based on alternative solution, suitable to 
other distributed generators, e.g. permanent-magnet SG, photovoltaic 
unit, energy storage [30,31], with the only difference of solution process 
to the equipment.

The RPL models of the SGs and the DFIGs are usually power flow or 
optimal power flow (economic dispatch) analysis. Compared with those 
the DFIG and the wind farm, the existing RPL model of the SG is easier 
and more simplified, since the mechanical power of the SG is decided by 
the prime mover and irrelevant to the rotor speed, and the excitation 
loop with the rectifier powered by the power system [32] is often 
ignored. When deriving the RPC of the DFIG and the wind farm in this 
paper, the relation of the captured power of the wind turbine and the 
power loss of the DFIG with the variable rotor speed and the wind speed 
is considered. The contribution of the slip power through the B2B con
verters to the RPL of the DFIG is also included. The only simplification 
may be that the power loss of the converters is ignored in solving the 
DFIG and the wind farm. But if necessary, the loss may be given by the 
product of the resistances multiplied by the square of the stator/rotor 
currents respectively, which may be easily incorporated in the proposed 
model.

5. Numerical analysis

The proposed RPL models of the DFIG and wind farm are realized by 
the Matlab software and run on the computer with Intel Core i7-8700. 
The DFIG’s parameters are given in Table 2 [6,14,15,27]. The current 
limits of the stator, the rotor, and the GSC are 1.1p.u., 1.1p.u., and 0.6p. 
u. respectively. Although the rotor speed is decided by the current limit 
of the converters, the latter in per unit is wider than the former, since the 
RSC and the GSC produce both active and reactive powers.

In this Section, the DFIG’s RPL considering the windings’ resistance 
and consistent with reactive power is derived at first. Then the RPL of 
wind farm considering the impact of the PCC voltage on the RPLs of the 
DFIGs is given. Finally, a quadric curve is fit to describe the relation of 
PQ dependence of the wind farm at its RPL.

5.1. RPL of the DFIG

With Vs = 1p.u., the DFIG is solved with QDFIG,set repeatedly replaced 
by QDFIG,max (or QDFIG,min). For different υw, after 4––5 iterations, the 
limits of the stator, the rotor, and the GSC are shown in Fig. 12, where 
the base power is the capacity of the DFIG. The limit of the rotor (red 
curve) is asymmetrical about the horizontal axis. The reason is that the 

Fig. 11. Quantifying dependence of PWF one the RPL of wind farm.

Table 2 
Parameters of the DFIG.

Rated voltage (V) 690 c3 0.58 Rs (p.u.) 0.0078

Rated capacity (MW) 2 c4 0.002 Xs (p.u.) 0.0794
Diameter of WT (m) 71 c5 2.14 Rr (p.u.) 0.025
Gear ratio 94 c6 13.2 Xr (p.u.) 0.4
Poles 2 c7 18.4 Xm (p.u.) 4.1039
c1 0.73 c8 –0.02 Rg (p.u.) 0.03
c2 151 c9 –0.003 Xg (p.u.) 0.05
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RPL of the operation region of the stator power constrained by the rotor 
current limit is not symmetrical, which is consistent with Fig. 3(a). At 
the upper/lower RPL, PDFIG is shown in Fig. 13(a), and the difference 
between them is shown in Fig. 13 (b) which is more obvious for lower 
υw.

Based on Fig. 12, the DFIG’s RPL is shown in Fig. 14. Compared with 
Fig. 3 (b), the RPL has exact correspondence to υw, s, and PDFIG. With the 
higher Vs, the same power needs less current, thus the RPL is wider. 
Hence due to power flow direction, the DFIG at the end of the string and 
far away from the PCC has higher stator voltage, and its RPL is wider. 
Since Vs changes with VPCC and outputs of other DFIGs, the DFIG RPL 
with a fixed Vs is of little value for the wind farm and the power system.

For υw = 10 m/s, solution process to the DFIG’s RPL is given in 
Table 3. It is found that the RPL is independent of QDFIG,set. PDFIG at 
QDFIG,max is less than that at QDFIG,min, with the error of 0.0063p.u., or 
1.29 %. Since the iterations converge quickly, 2––3 iterations are 
enough to find the RPL For practical use.

To verify the error of the existing RPL model, μ defined in (16) is 
given in Table 4. It is about –0.03p.u. at the upper RPL, and –0.02p.u. at 
the lower RPL. It is found that |μ/Pem| is more notable for lower υw. At 
the upper RPL with υw = 5 m/s, |μ/Pem| is 27.48 %. Thus the slip power 
ignoring the windings’ resistance is inaccurate for deriving the RPL of 
the DFIG.

5.2. RPL of wind farm and its PQ dependence

The wind farm in Fig. 15 has 4 strings, 38 DFIGs. The total capacity is 
76 MW [6]. Since the RPL is independent of the reactive power settings, 

QDFIG,set = 0.02p.u. and Qg,set = 0.01p.u. The impedance of the collectors 
is 0.05 + j0.12 Ω/km. The PCC voltage is 1.05p.u. The number of DFIGs, 
the impedance of the collectors, and the rated voltage at the PCC are 
chosen with the following considerations, 

1) The number of the DFIGs in one string is decided by not only the 
capacities of the cables and the step-up transformer, but also rise of 
the stator voltage of the DFIGs at the end of the strings. For example, 
# 21 DFIG is more vulnerable to overvoltage than # 10 DFIG. The 
number of strings in a wind farm is decided by the capacity of the 
step-up transformer at the PCC.

2) The higher rated PCC voltage may allow more and larger DFIGs in 
the wind farm, but there is no standard rule. Usually small wind farm 
has tens of WTGs, thus the PCC voltage is low, e.g. 10 kV. Large wind 
farms (i.e. wind power base) may have the capacity of GW, and may 
be stepped up to 110 kV, 220 kV, or higher-voltage grid.

3) The unit-length impedance of the collectors is decided by its rated 
voltage (35 kV). The lengths of the cables are decided by the location 
for the DFIG determined by wind resource, and also the power loss 
and voltage drop along the cables.

To solve the RPL of wind farm in complex scenario, υw are set 
different. Under the MPPT mode, wind farm with the DFIGs at their 
upper RPL is solved. Fig. 16(a) gives PWT of the DFIGs, with total value of 
∑

PWT = 40.2108 MW. It is found that the higher υw, the larger PWT, 
unless the DFIGs reach their power limit. Fig. 16 (b) shows the slips and 
the RSC voltage angles. Most DFIGs have high υw and oversynchronous 
speed, thus s is negative. For the #25, #27–29 DFIGs, υw are low, thus s 

Fig. 12. Limits of the windings of the DFIG.

Fig. 13. PDFIG at the upper and lower RPL.
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is positive. Based on the author’s experience, the sign of s helps to decide 
the initial value of θr to avoid divergence.

The stator voltages and the power outputs of the DFIGs are shown in 
Fig. 16(c) and (d). It is found that Vs is larger than VPCC with the DFIGs at 
the upper RPL limit. The reason is that active and reactive powers of 
DFIGs increase the voltage drop to the PCC, which is more obvious for 
the string 2 with more DFIGs. Hence the existing RPL model of the DFIG 
with fixed Vs is too ideal to be of any value. It is also found that QDFIG,max 
varies with PDFIG, especially when υw is large and PDFIG is near the rated 
value, which validates the necessity of exact solution to PDFIG as ignored 
by existing RPL model.

Similarly, the lower RPL of the wind farm with the DFIGs at the lower 
RPL is solved as shown in Fig. 17. Compared with Fig. 16, one distinct 
difference is that stator voltages are much lower. At the lower RPL, the 
reactive power is negative, i.e. flowing from PCC to the DFIG and 
counteracting the voltage drop caused by active power from the stator to 
the PCC, thus Vs is lower than VPCC. The asymmetrical of the RPL of the 
wind farm is due to not only the asymmetry of the RPLs of the DFIGs, but 
also the reactive power loss in the transformers and the collectors. Above 
asymmetry will yield not only error of the RPL of the DFIG or the wind 
farm, but also mismatch of the P-Q relation.

With the DFIGs at the upper or the lower RPL, the RPL of the wind 
farm is given in Table 5, which shows that at the upper RPL, conversion 
efficiency to active power of the DFIGs is about 91 %, and transmission 
efficiency of the collectors is about 86 %. At the lower RPL, the data are 
92 % and 80 % respectively. With reactive power absorbed instead of 
produced by the DFIGs, conversion efficiency of the DFIGs increases, but 
that of the collectors decreases.

With υw of the DFIGs do not change (but they are different, as shown 

Fig. 14. The RPL of the DFIG with different wind speeds and stator voltages.

Table 3 
Iterative solution to RPL of DFIG with consistence to QDFIG.

QDFIG,set 

(p.u.)
Iteration The upper RPL The lower RPL

QDFIG,max 

(p.u.)
PDFIG 

(p.u.)
QDFIG,min 

(p.u.)
PDFIG 

(p.u.)

0.2 or 
− 0.2

1 0.2 0.524853 − 0.2 0.527324
2 1.340598 0.488303 − 1.602095 0.494660
3 1.346261 0.488051 − 1.608630 0.494362
4 1.346292 0.488050 − 1.608678 0.494360

0.3 or 
− 0.3

1 0.3 0.522615 − 0.3 0.527557
2 1.340988 0.488287 − 1.602126 0.494657
3 1.346263 0.488051 − 1.608630 0.494362
4 1.346292 0.488050 − 1.608678 0.494360

Table 4 
Error of existing RPL model using the simplified slip power.

υw 

(m/ 
s)

s –Pr,m 

(p.u.)
Pem 

(p.u.)
μ 
(p.u.)

At the upper 
RPL

6 0.271187 − 0.073249 − 0.158546 − 0.030254
8 0.028040 − 0.038158 − 0.281799 − 0.030256
10 − 0.214480 0.064214 − 0.440481 − 0.030260
12 − 0.400000 0.233850 − 0.660288 − 0.030265

At the lower 
RPL

6 0.271187 − 0.062380 − 0.158546 − 0.019385
8 0.028040 − 0.027588 − 0.281799 − 0.019687
10 − 0.214480 0.074117 − 0.440481 − 0.020358
12 − 0.400000 0.242197 − 0.660288 − 0.021918

Fig. 15. Wind farm with DFIGs and collectors.

S. Li                                                                                                                                                                                                                                                International Journal of Electrical Power and Energy Systems 169 (2025) 110819 

10 



in Fig. 16(a)), the absolute value of the lower RPL (e.g. 129.8935 Mvar 
at VPCC = 1.05p.u.) of wind farm is obviously larger than that of the 
upper RPL (106.0935 Mvar), yielding 2 PWF (29.6835 MW and 31.5604 
MW respectively).

The sensitivity analysis may show more insight to the RPL modelling, 
thus discussed here, 

(1). Different configuration of the collector network changes the 
admittance matrix, but adds no difficulty to solve the Newton 
power flow in (29) and (30). It should be noted that the maximum 
strings in the wind farm is decided by the step-up transformer at 
the PCC, and the maximum number of the DFIGs in one string is 
decided by the capacity of the step-up transformer at the DFIG, 

Fig. 16. Wind farm solution with DFIGs at their upper RPL.

Fig. 17. Wind farm solution with DFIGs at their lower RPL.
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the capacity of the cable, and also overvoltage risk of the DFIG at 
the far end of the string, thus the string can not be very long. The 
location of the DFIGs and the topology of the collectors are 
decided by the wind resource. In other words, the configuration 
of the wind farm can not be deliberately set.

(2). Change of the wind speeds only affects (17)-(19), which is quite 
easy. Due to the terrain and wake effects, it is often not suitable to 
set the same wind speeds for all the DFIGs. As seen in Fig. 16(a), 
wind speeds of the DFIGs in the wind farm are different, which 
yields different parameters of the DFIGs. The sensitivity may be 
observed by comparing the parameters of the DFIGs with 
different wind speeds in Figs. 16 and 17.

(3). The slip is not an independent variable, but decided by the wind 
speed under the MPPT mode, and also decided by the power 
setting under the derated mode. Hence sensitivity analysis to it is 
not practical.

(4). The power loss of the converters is ignored in solving the DFIG 
and the wind farm. But if necessary, the loss may be given by the 
product of the resistances multiplied by the square of the stator/ 
rotor currents respectively, which may be easily incorporated in 
the proposed model.

(5). To quantify the dependence of the RPL on VPCC, the latter is set to 
1.02p.u. and 1p.u. respectively. With smaller VPCC, it is found 
from Table 5 that,

(a) 
∑

QDFIG and QWF decrease at the upper RPL and increase at the 
lower RPL, hence the operational ranges of the DFIGs and wind 
farm are narrower with lower VPCC. The sensitivity of QWF,max 
with respect to VPCC is about 95 Mvar/p.u., and the sensitivity of 
QWF,min with respect to VPCC is − 136 Mvar/p.u., i.e. the lower RPL 
of the wind farm is more sensitive to VPCC.

(b) 
∑

PDFIG and PWF decrease at both the upper and the low RPL. The 
sensitivity of PWF with respect to VPCC is about 1.8 MW/p.u. at the 
upper RPL, and 0.4 MW/p.u. at the lower RPL. Hence PWF at the 
upper RPL is more sensitive to VPCC.

5.3. Data fitting to active and reactive powers of wind farm

With QDFIG,set and Qg,set of all the DFIGs set to 0, point C in Fig. 9(b) is 
found, which together with points A and B at the RPL yields the indices 
ξ1 and ξ2 to evaluate the change of PWF due to different QWF. As seen in 
Table 6, within the feasible range of QWF, ξ1 is larger than 23.5 %, and at 

the upper/lower RPL, ξ2 is larger than 5.7 %. Considering that υw do not 
change, difference of PWF is obvious. It is also found that the higher VPCC, 
the larger ξ, thus the larger change of PWF due to QWF.

With the points A, B, and C, the coefficients a0, a1 and a2 are 
calculated using (39) as given in Table 7, from which the relation of PWF 
with QWF within the RPL of QWF is shown in Fig. 18. With the lower VPCC, 
the range of the RPL is narrower, and the curve is more nonlinear, i.e. 
PWF is more dependent on QWF. It should be noted that Fig. 18 seems to 
be similar to Fig. 4, but is completely different. In Fig. 4, the input of the 
DFIG, i.e. PWT, changes with different υw. But in Fig. 18, υw and PWT of 
the DFIGs do not change, and the change of PWF is caused by different 
QDFIG (or the resultant QWF) only.

To show the dependence of PWF on QWF with different υw, set VPCC =

1.05p.u., and υw of all the DFIGs are the same, e.g. υw = 5, …, or 12 m/s 
respectively. The relation of PWF on QWF within the RPL of the wind farm 
is shown in Fig. 19, and ξ are given in Table 8. With lower υw, PWF is 
smaller and more dependent on QWF, and ξ is larger, i.e. using the same 
PWF at the upper and the lower RPL of wind farm for the system-side 
analysis will yield more notable error.

6. Conclusions

In this paper, the reactive power limit model of the DFIG is improved 
and that of wind farm is proposed. The former avoids the error of the 
existing models, e.g. (a) ignoring the relation of wind speed, slip, and 
active power, (b) using simplified slip power ignoring windings’ resis
tance, (c) the reactive power limit inconsistent with initial reactive 
power of the DFIG. The latter solves the reactive power limit of the 
DFIGs and power flow of the collectors alternatively, with the PCC 
voltage instead of the stator voltage fixed. It is newly found that even 
though wind speeds and the PCC voltage do not change, the upper/lower 
reactive power limit of wind farm yield two active powers, i.e. PWF is 
dependent on the reactive power limit, as evaluated with two new 
indices, and described by a quadric function. Some conclusions are given 
as follows, 

(1). With PWT seen as PDFIG, the active power of the DFIG is over
estimated, and the reactive power limit is underestimated. The 
reactive power limit based on the simplified slip power ignoring 
the windings’ loss yields the error as quantified by the index μ of 
-0.03p.u. at the upper limit and -0.02p.u. at the lower limit.

(2). With different wind speeds and considering power flow of the 
collectors, the stator voltages of the DFIGs are far from the same, 
thus the reactive power limit of wind farm can not be derived 
from those of the DFIGs with fixed stator voltages.

(3). With wind farm at the lower instead of the upper reactive power 
limit, conversion efficiency of the DFIGs increases, while that of 
the collectors decreases. The range of the lower limit of wind farm 
is obviosuly larger than that of the upper limit, which yields 2 
acive power of wind farm without changing the wind speed or 
PCC voltage. Within the reactive power limit, the difference of 
PWF is larger than 20 %. At the upper/lower reactive power limit, 
the difference of PWF is larger than 5 %. Hence using the same PWF 
at the upper and the lower reactive power limit of the wind farm 
will yield notable error.

(4). With lower VPCC, the operational region of wind farm is narrower, 
and the lower limit is more sensitive to VPCC. PWF decreases at the 
upper and the low limit, PWF at the upper limit is more sensitive to 

Table 5 
Power output of wind farm at its RPL.

VPCC 

(p.u.)
Scheme

∑
PDFIG 

(MW)

∑
QDFIG 

(Mvar)
PWF 

(MW)
QWF 

(Mvar)

1.05 Upper RPL 36.6853 116.5807 31.5604 106.0935
Lower RPL 37.0766 − 114.7638 29.6835 − 129.8925

1.02 Upper RPL 36.6779 113.8550 31.5060 103.2717
Lower RPL 37.0492 − 110.7130 29.6696 − 125.8140

1.00 Upper RPL 36.6730 112.0135 31.4699 101.3664
Lower RPL 37.0307 − 108.0054 29.6609 − 123.0862

Table 6 
Evaluation to dependence of PWF on the RPL.

VPCC 

(p.u.)
Point PWF 

(MW)
QWF 

(Mvar)
ξ1 (%) ξ2 (%)

1.05 A 31.5604 106.0935 23.69 5.95
B 29.6835 − 129.8925
C 38.8983 − 1.4450

1.02 A 31.5060 103.2717 23.61 5.83
B 29.6696 − 125.8140
C 38.8383 − 1.5264

1.00 A 31.4699 101.3664 23.54 5.75
B 29.6609 − 123.0862
C 38.7951 − 1.5845

Table 7 
Coefficients to describe the PQ dependence.

VPCC (p.u.) a0 a1 a2

1.05 38.9129 9.24 × 10-3 − 6.20 × 10-4

1.05 38.8555 1.02 × 10-2 − 6.57 × 10-4

1.00 38.8142 1.19 × 10-2 − 6.83 × 10-4
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VPCC, and PWF is more dependent on QWF. With lower υw, PWF is 
smaller and more dependent on QWF.

The proposed reactive power limit model of wind farm may be 
applied to the system-side analysis, e.g. power flow or power dispatch, 
to fully utilize the reactive power, estimate the impact of the reactive 
power on the active power, and enhance the dispatchability of wind 
farm for the system purpose. It may also be applied to other power 
stations with many small distributed generators.
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