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ABSTRACT Based on the complex vector theory, a more comprehensive doubly-fed induction genera-
tor (DFIG) impedance model under series compensated network, taking both outer loops and phase-locked
loop (PLL) dynamic into consideration, is developed in stationary reference frame (αβ-frame). Then the
complex vector-based impedance model is combined with the equivalent RLC circuit to intuitively and
quantitatively explain the mechanism of sub-synchronous resonance (SSR) and its mitigation methods. The
impact of the RSC controllers and series compensation level on the equivalent impedance and the SSR
frequency of the DFIG system are analyzed. The mechanism of the two mitigating SSR methods, one
is damping control and the other is virtual inductance control, is revealed based on the complex vector
impedance model. Finally, the accuracy of the derived model and the theoretical analysis are verified by
simulation.

INDEX TERMS Complex vector, doubly-fed induction generator (DFIG), equivalent RLC circuit,
impedance modeling, sub-synchronous resonance (SSR).

I. INTRODUCTION
As a green renewable energy source, wind generation is play-
ing an important role in addressing the present issue of global
energy crisis. The doubly-fed induction generator (DFIG) has
been widely used as the wind generator. However, in recent
years, the interaction between the controllers of DFIG and
the series-compensated grid tends to cause a new type of
SSR, also named as sub-synchronous control interaction
(SSCI) [1]–[4].

The commonly used stability methods are the eigenvalue
analysis based on state-space modeling [5]–[8], and the
impedance-based method [9]–[12]. It should be noted that
these two methods are equivalent since the conversion can
be easily made between them [13]. Recently, the impedance-
based method is prevailing since it can be obtained through
either analytical modeling or measurement [14]. What’s
more, the concept of impedance is closely and physically
related to circuits, which may be easier for the interpretation
of dynamics. The impedance model can be developed in dq
domain by small signal linearization method [15], [16] or in
sequence domain by harmonic linearization [17]–[22]. Later,
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the mathematical relations between the impedance models
in the different domains are explicitly revealed base on the
complex vector theory [23], and a unified impedance model
is formulated [24]. Based on the unified complex vector
impedance model, it can not only predict the stability impact
of asymmetric dq-frame structures (e.g. the PLL and the outer
controllers), but also reveal the frequency coupling effect in
sequence domain [20], [21].

The establishment of a comprehensive and accurate model
of DFIG is the basis of investigating the mechanism of
SSR. A 20th order state-space model of the entire DFIG
system is developed in [6], and modal analysis is performed
in [7] to identify the four system modes. It is obvious that
the model is complicated with high order and eigenvalue
analysis is still a numerical method. It is difficult to reveal
the mechanism of DFIG system losing stability under series
compensated network compared with the impedance model.
However, most of the previous impedance models are usu-
ally associated with model reductions since the complexity
in deriving a detailed DFIG model [25]. e.g. [9] developed
a DFIG impedance model with the inner control loop of
rotor side controller (RSC) considered. Considering the influ-
ence of the PLL and the inner control loop of RSC, the
sequence-domain impedance model of the DFIG was derived
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in [10], [11]. Recently, it is found that the outer loops have
great influence on the SSR problem of grid-connected voltage
source converters thus cannot be ignored [12]. The equivalent
RLC impedance model of the DFIG system considering the
outer loops is developed in [26], however, only the numer-
ical result can be obtained due to the complexity of the
system.Therefore, regarding SSR studies, it is necessary to
establish an analytical DFIG impedance model with the RSC
and GSC (including its outer and inner control loop), and the
PLL dynamics considered.

Since the report of DFIG-related SSR event, plentiful
results have been achieved. At present, it becomes widely
accepted that DFIGs’ controllers have evident effects on the
SSR. The impact on SSR from wind speed, compensation
degree and current loop proportional gains of RSC is analyzed
in [9]. However, the Nyquist method can only provide quali-
tative results (i.e., stable or unstable) in a visual way. To facil-
itate intuitive and quantitative analysis of SSR, an aggregated
RLC circuit model is proposed in [26]. Moreover, numerous
SSR mitigation methods have been proposed by either uti-
lizing ancillary devices [27], [28] or improving the original
controls [29]–[35]. Since the RLC circuit is expressed in the
stationary frame, it will be convenient for the application of
the complex vector impedance model based on the stationary
frame. Therefore, the mechanism of SSR and its mitigation
methods can be intuitively analyzed by combining the com-
plex vector-based impedance model with the equivalent RLC
circuit.

Based on complex vector theory, a more accurate DFIG
impedancemodel considering both power outer loop and PLL
dynamic in αβ-frame is further deduced from the dq-frame
model. Since the impedance model in αβ-frame can be natu-
rally associated with the circuit, it is convenience to combine
the DFIG impedance model with the equivalent RLC circuit.
And it is beneficial to analyze the impact of controller param-
eters and series compensation level on the SSR frequency
and equivalent impedance. The impedance-frequency curve
reveals that the damping of the DFIG system decreases with
the increase of frequency. Thereby, two methods for SSR
mitigation is proposed based on the impedance-curves of the
DFIG system. One method is the damping control, which
is used to increase the system damping directly; the other
method is the virtual inductance control, which is used to
reduce the SSR frequency and increase the system damping
indirectly. Therefore, the mechanism of the twowaysmitigat-
ing SSR can be revealed intuitively and quantitatively based
on the complex vector impedance model.

The rest of the paper is organized as follows. In Section II,
based on the complex vector theory, the unified impedance
model of the DFIG system considering both the RSC and
the GSC in αβ-frame will be derived. In Section III ana-
lyzes the impact of controller parameters and grid parameters
on the SSR characteristics of the DFIG system based on
the equivalent RLC circuit. The mechanism of two ways
mitigating SSR-the damping control and virtual inductance
control-are revealed based on the complex vector impedance

model in Section IV. The correctness of theoretical analysis
is verified by simulation in Section V. Brief conclusions are
drawn in Section VI.

II. IMPEDANCE MODELING OF DFIG USING COMPLEX
VECTOR THEORY
The structure of the DFIG system investigated in this paper
is depicted in Fig. 1.The whole system consists of the induc-
tion machine, both the rotor side converter (RSC) and grid
side converter (GSC) as well as their inner and outer loop
controllers, and the phase-locked loop (PLL). The main task
of RSC is to control DFIG’s stator output active and reactive
power while the GSC controls the common dc bus voltage.
us(is), ur (ir ) represent the stator and rotor voltage (current),
ul, il represent the GSC voltage and current, udc is the dc bus
voltage, ig is the line current.

FIGURE 1. Structure diagram of the DFIG system.

A. COMPLEX VECTOR-BASED MODEL OF DFIG
IN DQ-FRAME
The RSC and GSC mathematical model of the DFIG can
be expressed by a two-by-two matrix in dq-frame [15], [16].
The representation of complex vector defined in dq-frame is
shown as follows, where x represents the variables, X repre-
sents steady value and1 represents small signal perturbation
of the system.

xdq = xd + jxq (1)

Add small-signal perturbation to (1), the physical variables
in the system can be expressed by the following form:

Xdq +1xdq = (Xd +1xd )+ j(Xq +1xq) (2)

According to the above definition, the DFIG impedance
model in complex vector form can be expressed as:{
1uss,dq = [Rs + (s+ jω)Ls]1iss,dq + (s+ jω)Lm1isr,dq
1usr,dq = [Rr + (s+ jω2)Lr ]1isr,dq + (s+ jω2)Lm1iss,dq

(3)

where Ls,Lr represent the stator and rotor inductance, Rs,Rr
represent the stator and rotor resistance, Lm represent the
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mutual inductance, ω,ω2 represent the synchronous and slip
angular frequency, and the superscripts s and c indicate that
the corresponding variable is in the system and controller
coordinate, respectively.

Cascading the RSC power loop with the current loop, and
then combining the small signal model of the stator active and
reactive power, the impedancemodel of the RSC current inner
loop and power outer loop in the form of complex vector is
shown as follows:

1ucr,dq = M (s)H (s)(U∗s,dq1i
c
s,dq + Is,dq1u

c∗
s,dq)

+ (−H (s)+ jω2Lr )1icr,dq + jω2Lm1ics,dq (4)

where −1Ps + j1Qs = U∗s,dq1i
c
s,dq + Is,dq1uc∗s,dq, H (s) =

kp,ir + ki,ir /s and M (s) = kp,pq + ki,pq/s represent the PI
controllers of RSC current and power loop. The symbol ∗
denotes the complex conjugate. If the RSC active and reactive
controllers are different, then the impedance model is differ-
ent from Equation (4), which will be shown in the Appendix.

The complex vectormodel of the PLL dynamic in dq-frame
can be expressed as [24](details are shown in the appendix):

1xcdq = 1x
s
dq − 0.5jF(s)X s

dq1u
s
sq

= 1xsdq − 0.5F(s)X s
dq(1u

s
s,dq −1u

s∗
s,dq) (5)

where F(s) represents the closed-loop transfer function of the
PLL, which can be expressed as:

F(s) =
kp,plls+ ki,pll

s2 + Usdkp,plls+ Usdki,pll
The complex vector model of the grid side filter and the

grid side controllers (cascade the GSC voltage and current
loop) are shown as follows:

1usl,dq = −(sL + Rl + jωL)1i
s
l,dq +1u

s
s,dq (6)

1ucl,dq = (−Hg(s)+ jωL)1icl,dq − N (s)Hg(s)1udc (7)

where 1udc = 1udc + j0,Hg(s) = kp,il + ki,il /s and N (s) =
kp,dc + ki,dc/s represent the PI controllers of the GSC current
and the dc voltage loop, respectively.

The complex vector model of the dc bus is expressed as:

sCUdc1udc = U∗l,dq1i
s
l,dq + U l,dq1is∗l,dq + I

∗
l,dq1u

s
l,dq

+ I l,dq1us∗l,dq − U
∗
r,dq1i

s
r,dq − Ur,dq1is∗r,dq

− I∗r,dq1u
s
r,dq − Ir,dq1u

s∗
r,dq (8)

B. COMPLEX VECTOR-BASED MODEL OF DFIG
IN αβ-FRAME
The mathematical relationship between the dq-frame and αβ-
frame impedance model can be revealed by complex transfer
function and complex space vector [23]. Considering fre-
quency translation, the dq-frame impedance model is trans-
formed into the αβ-frame by this way [24]. For the process of
frequency translation, specific explanations are given in [24],
and a brief introduction is given here. The coupled complex
vector impedance model in the dq-frame can be expressed as:[

1udq
1u∗dq

]
=

[
Zdq,pp(s) Zdq,pn(s)
Zdq,np(s) Zdq,nn(s)

] [
1idq
1i∗dq

]
(9)

The relation between the small signal physical variable in
dq-frame and αβ-frame is shown as follows:{

1xdq = e−jωt1xαβ
1x∗dq = ejωt1x∗αβ

(10)

where e−jωt , ejωt represent counterclockwise and clockwise
rotation of the vector, respectively. Substituting (10) into (9),
the coupled complex vector impedancemodel in the dq-frame
can be expressed as:[
1uαβ
ej2ωt1u∗αβ

]
=

[
ejωt 0
0 ejωt

] [
Zdq,pp(s) Zdq,pn(s)
Zdq,np(s) Zdq,nn(s)

] [
e−jωt1iαβ
ejωt1i∗αβ

]
=

[
Zdq,pp(s− jω) Zdq,pn(s− jω)
Zdq,np(s+ jω) Zdq,nn(s+ jω)

] [
1iαβ
ej2ωt1i∗αβ

]
(11)

For a given vector at the frequencyωp, a frequency-coupled
vector at the frequency 2ω−ωp is yielded from (11). Hence,
only when the frequency ωp is above 2ω, there is a coupling
between the positive-sequence and negative-sequence com-
ponents. Otherwise, only the positive-sequence components
at two different frequencies will be brought by the asymmet-
ric transfer matrix.

The coupling frequency of the voltage and current vector
in the αβ-frame changes after frequency translation. For the
convenience of expression, let s2 = j2ω − s, then complex
vector DFIG impedance model in αβ-frame is expressed as:[

1uss,αβ
1us∗s,αβ

]
=

[
Rs + sLs 0
0 Rs + s2Ls

]
︸ ︷︷ ︸

Gzs

[
1iss,αβ
1is∗s,αβ

]

+

[
sLm 0
0 s2Lm

]
︸ ︷︷ ︸

Gzms

[
1isr,αβ
1is∗r,αβ

]
(12)

[
1usr,αβ
1us∗r,αβ

]
=

[
Rr + (s− jωr )Lr 0
0 Rr + (s2 + jωr )Lr

]
︸ ︷︷ ︸

Gzr

[
1isr,αβ
1is∗r,αβ

]

+

[
(s− jωr )Lm 0
0 (s2 + jωr )Lm

]
︸ ︷︷ ︸

Gzmr

[
1iss,αβ
1is∗s,αβ

]
(13)

Similarly, the complex vector impedance model of the PLL
in the αβ-frame is expressed as:[
1xcyαβ
1xc∗yαβ

]
=

[
1xsyαβ
1xs∗yαβ

]
−

1
2

[
F(s− jω) 0
0 F(s2 + jω)

]
︸ ︷︷ ︸

F

×

[
Xyαβ − Xyαβ
X∗yαβ − X

∗
yαβ

]
︸ ︷︷ ︸

X

y
[
1uss,αβ
1us∗s,αβ

]
(14)

155862 VOLUME 7, 2019



X. Zhang et al.: Impedance Modeling and SSR Analysis of DFIG Using Complex Vector Theory

The complex vector impedance model of the RSC con-
troller in the αβ-frame is expressed as:[
1ucr,αβ
1uc∗r,αβ

]
=

[
−H (s− jω)+ jω2Lr 0
0 − H (s2 + jω)− jω2Lr

]
︸ ︷︷ ︸

Gcir

[
1icr,αβ
1ic∗r,αβ

]

+

[
0 H (s− jω)M (s− jω)Is,αβ
H (s2 + jω)M (s2 + jω)I∗s,αβ 0

]
︸ ︷︷ ︸

Gcus

[
1ucs,αβ
1uc∗s,αβ

]

+

[
H (s− jω)M (s− jω)U∗s,αβ + jω2Lm 0
0 H (s2 + jω)M (s2 + jω)Us,αβ − jω2Lm

]
︸ ︷︷ ︸

Gcis

×

[
1ics,αβ
1ic∗s,αβ

]
(15)

Similarly, the complex vector impedance model of the
grid side filter and GSC controller in the αβ-frame can be
expressed as:[

1ucl,αβ
1uc∗l,αβ

]
=

[
−Hg(s− jω)+ jωL 0
0 − Hg(s2 + jω)− jωL

]
︸ ︷︷ ︸

Gcig

[
1icl,αβ
1ic∗l,αβ

]

+

[
−Hg(s− jω)N (s− jω) 0
0 − Hg(s2 + jω)N (s2 + jω)

]
︸ ︷︷ ︸

Gcvg

×

[
1udc
1u∗dc

]
(16)[

1usl,αβ
1us∗l,αβ

]
=

[
Rl + sL 0
0 Rl + s2L

]
︸ ︷︷ ︸

Gzl

[
1isl,αβ
1is∗l,αβ

]
+

[
1uss,αβ
1us∗s,αβ

]

(17)

The complex vector impedancemodel of the dc busmodule
in the αβ-frame is expressed as:[

s− jω 0
0 s2 + jω

]
CUdc︸ ︷︷ ︸

Gpdc

[
1udc
1u∗dc

]

=

[
U∗l,αβU l,αβ

U∗l,αβU l,αβ

]
︸ ︷︷ ︸

Gpil

[
1isl,αβ
1is∗l,αβ

]
+

[
I∗l,αβI l,αβ
I∗l,αβI l,αβ

]
︸ ︷︷ ︸

Gpvl

×

[
1usl,αβ
1us∗l,αβ

]
−

[
U∗r,αβUr,αβ

U∗r,αβUr,αβ

]
︸ ︷︷ ︸

G

pir
[
1isr,αβ
1is∗r,αβ

]

−

[
I∗r,αβIr,αβ
I∗r,αβIr,αβ

]
︸ ︷︷ ︸

Gpvr

[
1usr,αβ
1us∗r,αβ

]
(18)

The RSC impedance model is the ratio of stator voltage
to stator current. Substituting PLL dynamic Equation (14)

into rotor control Equation (15) first, then combining stator
voltage Equation (12) and rotor voltage Equation (13), and
eliminating the vectors about rotor voltage and rotor current,
the RSC inductance model can be obtained.

Yrsc =
[
1iss,αβ
1is∗s,αβ

]
/
[
1uss,αβ
1us∗s,αβ

]
= B/A (19)

where

A = Gzmr − Gcis − (Gzr − Gcir)Gzs/Gzms

B = Gcus − F(GcirIr + GcusUs + GcisIs − Ur)/2

− (Gzr − Gcir)/Gzms

Combining Equation (12)-(13) and (19), the following
relationship can be acquired.

[
1usr,αβ
1us∗r,αβ

]
= ((A− BGzs)Gzr+ GzmsGzmrB)/(AGzms)︸ ︷︷ ︸

C

×

[
1uss,αβ
1us∗s,αβ

]
[
1isr,αβ
1is∗r,αβ

]
= (A− BGzs)/(AGzms)︸ ︷︷ ︸

D

[
1uss,αβ
1us∗s,αβ

]
(20)

TheGSC impedancemodel is the ratio to stator voltage and
grid side filter current. First substituting Equation (20) into
Equation (18) to eliminate the vectors about rotor voltage and
rotor current. Then substituting PLL dynamic Equation (14)
into GSC control Equation (16), then combining grid side
filter Equation (17) and dc bus Equation (18), the GSC induc-
tance model can be obtained.

Ygsc =
[
1isl,αβ
1is∗l,αβ

]
/
[
1uss,αβ
1us∗s,αβ

]
= (E + G)/(F − EGzl )

(21)

where

E = 1− GcvgGpvl /Gpdc

F = Gcig + GcvgGpil /Gpdc

G = F(GcigI l − U l )/2+ GcvgGpirD/Gpdc+ GcvgGpvrC /Gpdc

The DFIG system impedance consists of two parallel
branches: one is the induction generator and the RSC, and
the other is the GSC and the filter. Therefore, the whole DFIG
impedance can be obtained as follows:

Zdfig = (Yrsc + Ygsc)−1 =
[

Zpp Zcou_p
Zcou_n Znn

]
(22)

where, Zpp,Znn represent the complex vector of the positive
and negative sequence impedance, Zcou,p,Zcou,n represent the
coupling impedance introduced by the frequency coupling.

In order to verify the correctness of the impedance model
proposed in this paper, the frequency sweep method are
implemented for the DFIG system under sub/super syn-
chronous conditions. Principle of frequency sweep method
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has been specified in [11], [12], [20]. At the point of common
coupling (PCC), inject a small voltage perturbation signals
at specific frequency superposed on the operating condi-
tion. Then extract the perturbed small-signal current, and
apply FFT analysis on its α-axis and β-axis value under the
corresponding frequency. Changing the voltage perturbation
frequency and repeating the above steps, the DFIG system
impedance can be got at each frequency point. With the
parameters in Table 1 and Table 2 of the Appendix, the com-
parison of the theoretical calculation and simulation mea-
surement results of DFIG output impedance in αβ-frame are
shown in Fig. 2, red curve is the theoretical calculation results
and the blue circles are the simulation measurement results.
In the range of 5-1000Hz, the calculated results of the positive
and negative sequence impedance of the DFIG are basically
consistent with the measurement results, which means that
the accuracy of the DFIG frequency coupling models can be
validated. It can be seen in Fig. 2 that the amplitude of the
coupling impedance introduced by the frequency coupling
is about 20 dB smaller than the corresponding sequence
impedance in the whole frequency range. Therefore, the cou-
pling impedance can be ignored in the analysis. Especially at
the sub-synchronous frequency, the amplitude of the coupling
term is very small, it has little effect on the system impedance,
the influence of it is no longer considered in subsequent
studies.

FIGURE 2. The comparison of the theoretical calculation and simula-tion
measurement results of DFIG output impedance in αβ-frame.

III. SUB-SYNCHRONOUS RESONANCE ANALYSIS BASED
ON THE COMPLEX VECTOR IMPEDANCE MODEL
The DFIG-based wind power system can be equivalent
to a series RLC resonant circuit near the resonant fre-
quency. The SSR severity of the system can be determined
by the frequency characteristic curve of the DFIG input

impedance [26]. Based on the physical interpretation of the
complex vector impedance model, the equivalent RLC series
resonant circuits can be applied to analyze the impact of dif-
ferent phase sequence, controller parameters and grid param-
eters on SSR.

It should be noted that the magnitude of the impedance
in GSC is much larger than the RSC at the interested SSR
region, therefore the impedance of RSC is dominant [9]. The
effect of the GSC on the SSR damping and frequency is much
less than that of the RSC. In [36], it is pointed out that the
larger proportional and integral gains of the PLL, and the
more likely the SSR will occur. The analysis of this paper
is consistent with it. Therefore, the impact of the GSC and
the PLL will not be considered in the following studies.

A. SSR ANALYSIS BASED ON THE EQUIVALENT RLC
SERIES CIRCUIT
The equivalent circuit of the DFIG system under series com-
pensation is shown in Fig. 3. Lsum represents the equivalent
inductance of the whole DFIG system, Rsum represents the
equivalent resistance of the whole DFIG system; Cg repre-
sents the capacitance in the series compensated grid. Ugrid
represents the equivalent voltage source of the grid. Udfig
represents the equivalent voltage source of the DFIG.

FIGURE 3. Equivalent RLC circuits diagram of grid-connected DFIG system.

When the DFIG is connected to the series-compensated
grid, the equivalent inductance, resistance and SSR frequency
of the system are expressed as:

Lsum = Ldfig + Lg = Im(Zpp)+ Lg (23)

Rsum = Rdfig + Rg = Re(Zpp)+ Rg (24)

fSSR = 1/(2π
√
(Ldfig + Lg)Cg) (25)

where, Ldfig and Lg represent the equivalent inductance of the
DFIG and the grid respectively, Rdfig and Rg represent the
equivalent resistance of the DFIG and the grid respectively.
Im and Re represent the imaginary and real part of ZPP.

The positive and negative sequence equivalent impedance
of the series-compensated grid in the αβ-frame is expressed
as:

Zg,p = Zg,n = Rg + sLg +
1
sCg

(26)

Combining the impedance model of the DFIG and
the series-compensated grid in the αβ-frame, the equiv-
alent impedance curves of the grid-connected DFIG sys-
tem varying with frequency can be drawn in one diagram.
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The intersection frequency of the equivalent inductance and
capacitance is the SSR frequency of the grid-connected DFIG
system. If the equivalent resistance of the system under the
intersection frequency is positive, the SSR is stabilized; if
the equivalent resistance of the system under the intersection
frequency is negative, unstable SSR will occur.

B. ANALYSIS OF SSR IN DIFFERENT PHASE SEQUENCE
The reasons for the occurrence of SSR in the grid-connected
DFIG system are shown in this section. At the SSR frequency,
the rotor speed is less than the synchronous speed, thus the
rotor side resistance of DFIG Rrsc behaves like a negative
resistance viewed from the stator terminals. Once the negative
resistance exceeds the total resistances of the stator and the
network, the unstable SSR will occur [33].

In the case of positive sequence, the expression of the rotor
side resistance of DFIG viewed from the stator terminals at
the SSR frequency is expressed as:

Rr,eq =
Rrsc
σp
, σp =

ωssr − ωr

ωssr
(27)

where, σp represents the slip of the machine at frequencyωssr.
When σp(s) < 0, Rr,eq is negative, if the negative resistance
exceeds the total resistances of the stator and the network,
the whole system will exhibit negative resistance feature and
the unstable SSR will occur.

In the case of negative sequence, the expression of the rotor
side resistance of the DFIG system viewed from the stator
terminals at the SSR frequency is expressed as:

Rr,eq =
Rrsc
σn
, σn =

ωssr + ωr

ωssr
(28)

It is obvious that σn is always greater than zero. That is,
the rotor side equivalent resistance of negative sequence is
always positive at the SSR frequency, which means that the
probability of SSR is small.

With the parameters in Table 1 and Table 2 of the
Appendix, the positive and negative sequence equivalent
impedance (inductance, capacitance and resistance) of the
system changing with frequency are drawn in Fig. 4.
The intersection frequency of inductance and capacitance of
the DFIG system is fssr = 18Hz in positive sequence. The
system damping is negative at that frequency, so the system is
prone to divergent oscillation. Whereas, the system damping
in negative sequence is always positive, which means the
risk of negative sequence divergent oscillation is minimal.
Therefore, only the positive sequence impedance is analyzed
in the subsequent studies.

C. IMPACT OF CONTROLLERS AND GRID
PARAME-TERS ON SSR
Fig. 5 shows the system impedance-frequency curves when
the proportional gain of RSC current controller kp,ir changes.
With the increase of kp,ir , the equivalent resistance of the
system decreases in the SSR region, indicating that the system
is more prone to unstable SSR; the equivalent inductance of

FIGURE 4. System impedance-frequency curves.

FIGURE 5. System impedance-frequency curves when proportional gain
of RSC current controller kp,ir changes.

FIGURE 6. System impedance-frequency curves when proportional gain
of the RSC power controller kp,pq changes.

the system increases, indicating that the SSR frequency of the
system decreases.

The impact of the proportional gain of the RSC power
controller on the frequency and damping of SSR is shown
in Fig. 6. With the increase of kp,pq, the positive sequence
equivalent resistance decreases in the SSR region, indicating
that the system is more prone to unstable SSR; the equivalent
inductance of the system increases slightly, indicating that the
SSR frequency of the system decreases slightly.

Fig. 7 shows the system reactance-frequency curves when
the series compensation level Kc changes. With the increase
of Kc, the equivalent capacitance increases and the SSR
frequency increases. Since the equivalent resistance of the
system decreases with the frequency increases in the SSR
region, the system is more prone to unstable SSR.

IV. DAMPING OF SSR
It is clearly depicted in Fig. 4 that the equivalent resistance
of the DFIG system increases with the decrease of resonance
frequency in the SSR region. Hence, it is easy to think that the
SSR can be mitigated by increasing the equivalent resistance
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FIGURE 7. System reactance-frequency curves when the series
com-pensation level Kc changes.

or reducing the resonance frequency. Therefore, damping
control can be used to increase the system damping and
virtual inductance control can be used to reduce the resonance
frequency. Besides, these two methods can be combined with
RLC circuit to quantitatively analyze the effect of additional
control methods on system damping.

A. SSR DAMPING CONTROL
The auxiliary damping controller can increase the damping
of the DFIG system in the SSR region, which can effectively
improve the system’s stability. The RSC impedance is the
dominant feature of the entire impedance model. The system
damping can be improved by increasing the stator resistance,
which is equivalent to introducing the stator current signal
into RSC current controller, and it is easy to apply the aux-
iliary damping control. The RSC damping controllers are
shown in Fig. 8. The high-pass filter GHPF is used to filter
the stator current steady state components, which is beneficial
to eliminate the effect of additional damping control on the
operating point of the system. The first-order high-pass filter
is adopted in this paper, and the expression is shown in (29).
Considering the frequency range of the extracted resonant
signal, the time constant of the high-pass filter Th is set to 0.5.

GHPF =
Ths

Ths+ 1
(29)

where Kdamp represents the damping gain. Fig. 9 shows
system resistance-frequency curves when the damping gain
Kdamp changes. When the auxiliary damping control is intro-
duced into RSC, the positive sequence equivalent damping
of the DFIG system increases, indicating that the system’s
ability to suppress SSR is strengthened. However, at a higher
frequency range, the damping of the DFIG system decreases,
which is not conducive to the stability of the system. It is
due to the negative effects that Kdamp can’t be too large,
which limits the effect of the improved controllers to mitigate
the SSR.

B. VIRTUAL INDUCTANCE CONTROL
It can be found in Fig. 4 that the damping of the system
increases with the decreases of resonance frequency in the
SSR region. Therefore, it can be considered to improve the
system stability by reducing the resonance frequency.

FIGURE 8. Block diagram of RSC current loop with damping control.

FIGURE 9. System resistance-frequency curves when the damping gain
Kdamp changes.

FIGURE 10. Block diagram of RSC current loop with virtual inductance
control.

By increasing the equivalent inductance of the DFIG sys-
tem, the frequency of the SSR can be reduced. The equivalent
impedance of the DFIG is dominated by the RSC, therefore it
is simple and convenient to introduce virtual inductance into
the RSC. Fig. 10 shows the block diagram of RSC current
loop with virtual inductance control.

In Fig. 10, GLPF represents the low-pass filter trans-
fer function. Because the differential term is difficult to
be implemented in the controller, the first-order low-pass
filter is adopted with the cutoff frequency of 1000Hz.
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FIGURE 11. System resistance-frequency curves when the virtual
in-ductance gain Kvir changes.

FIGURE 12. System impedance-frequency curves when the virtual
in-ductance gain Kvir and the damping gain Kdamp changes.

Kvir represents the virtual inductance gain, and Fig. 11 shows
system reactance-frequency curves when virtual inductance
gain Kvir changes. With the increase of Kvir , the system
equivalent inductance increases, indicating that the resonance
frequency decreases. Subsequently the equivalent damping of
the system improved indirectly, which improves the system’s
stability.

C. DAMPING AND VIRTUAL INDUCTANCE CONTROL
Introducing both damping control and virtual inductance
control into the RSC simultaneously, there will be a bet-
ter effect on SSR mitigation. On one hand, the SSR fre-
quency is reduced; on the other hand, the DFIG system
equivalent resistance increases. Fig. 12 shows that the sys-
tem impedance-frequency curves when virtual inductance
gain Kvir and the damping gain Kdamp change. With the
virtual inductance control and damping control taking effect
simultaneously, the equivalent damping of the DFIG system
is improved, and the SSR frequency is effectively reduced,
which is equivalent to further increasing the damping of the
DFIG system. Therefore, the damping control and virtual
inductance control is better to apply simultaneously.

V. SIMULATION VERIFICATION
To validate the accuracy of the proposed impedance model
as well as the correctness of the theoretical analysis based on
the complex vector impedance model, a 1.5MW DFIG detail
model is built in MATLAB/Simulink. The parameters of the
DFIG system used in the simulation are listed in table 1 and
table 2 of the Appendix.

FIGURE 13. (a) Stator dq current waveform by increasing the
propor-tional gain of current controller kp,ir . (b) DFIG system
impedance-frequency curves.

FIGURE 14. (a) Stator dq current waveform by increasing the
propor-tional gain of the RSC power controller kp,pq.(b) DFIG system
impedance-frequency curves.

FIGURE 15. (a) Stator dq current waveform by increasing series
com-pensation level Kc (b) DFIG system impedance-frequency curves.

A. IMPACT OF CONTROLLERS AND GRID PARAME-TERS
Fig. 13 shows the stator current waveforms of DFIG at
ω = 0.7 and 20% compensation level. Proportional gain of
RSC current controller changes from 0.2 to 0.35 at 0.5s, and
the waveform of stator current deteriorate because of SSR.
The frequency of SSR is about 18Hz. The simulation result
accords with the analysis of the RLC impedance model.

Fig. 14 depicts the stator current waveforms atω = 0.7 and
20% compensation level. Proportional gain of RSC power
controller changes from 0.3 to 0.9 at 0.5s, and DFIG stator
current starts to oscillate at the frequency about 18.5Hz.
The simulation results accords with the analysis of the RLC
impedance model.

Fig. 15 presents the simulation results when the compen-
sation level changes from 20% to 40% at 0.5s. The stator
current begins to oscillate after 0.5s, and the frequency of SSR
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is about 25Hz. The simulation result proves that the higher
the compensation level, the more unstable the system will be.
The simulation result accords with the analysis of the RLC
impedance model.

B. PERFORMANCE OF DAMPING AND VIRTUAL
IN-DUCTANCE CONTROL
Under the condition that the compensation level is 40% and
the proportional gain of the RSC power controller is 0.3,
the proportional gain of the RSC current controller changes
from 0.1 to 0.25 at 0.5s. The stator current waveforms of
DFIG with and without the virtual inductance control are
shown in Fig. 16. After the introduction of virtual inductance
control, the frequency of SSR drops from 25Hz to 21Hz,
which indirectly increases the system’s equivalent damping
and slows down the divergence speed of the system.

Under the condition that the compensation level is 40% and
the proportional gain of the RSC power controller is 0.3, the
proportional gain of the RSC current controller changes from
0.1 to 0.3 at 0.5s. The simulation process is divided into four
segments: a) no mitigation strategy; b) with only the damping
control; c) with only the virtual inductance control; d) with
the combined damping and virtual inductance control. The
current waveform of phase A is shown in Fig. 17.

FIGURE 16. (a) Stator dq current waveform with/without virtual
induc-tance control by increasing kp,ir (b) DFIG system
impedance-frequency curves.

FIGURE 17. (a) A phase current waveform with different control modes
by increasing the proportional gain of RSC current controller kp,ir
(b) DFIG system impedance-frequency curves.

As can be seen from Fig. 17, when no mitigation strategy
is applied, the damping of the system is at point A, where
the resistance is negative, and the frequency of SSR is about
25Hz. With only the damping control, the system damping
is at point B, where the resistance increases but it’s still

negative, and the divergence speed of the system slows down.
With only the virtual inductance control, the system damping
is at point C, where the frequency of SSR drops from 25Hz
to 20Hz, which indirectly increases the system’s damping
and slows down the divergence speed of the system. With
the combined damping and virtual inductance control, the
damping of the system is at point D, where the new resis-
tance becomes positive, thereby successfully suppressing the
originally unstable SSR.

Under the condition that the compensation level is 40% and
the proportional gain of the RSC current controller is 0.1,
the proportional gain of the RSC power controller changes
from 0.3 to 0.9 at 0.5s. Fig. 18(a) shows the stator dq cur-
rent waveformwith/without coordinated improved control by
increasing the proportional gain of the RSC power controller
kp,pq, and Fig. 18(b) shows the DFIG impedance-frequency
curves. It can be seen in Fig. 18 that without the coordinated
improved control (damping and virtual inductance control),
the stator dq current divergences (blue curves in Fig. 18(a))
when kp,pq increases from 0.3 to 0.9, and the damping of the
system changes from point A to point B(from positive to neg-
ative). Then if the coordinated improved control is applied,
the stator dq axis current is stable (red curves in Fig. 18(a))
when kp,pq increases from 0.3 to 0.9, and the damping of
the system changes from point B to point C(from negative
to positive), the system returns to stable.

Under the condition that the proportional gain of the RSC
current controller is 0.2 and the proportional gain of the
RSC power controller is 0.3, the compensation level changes
from 20% to 40% at 0.5s. Fig. 19(a) shows the stator dq
current waveformwith/without coordinated improved control
by increasing series compensation level Kc and Fig. 19(b)
shows the DFIG impedance-frequency curves. It can be seen
in Fig. 19 that without the coordinated improved control,
the stator dq current divergences (blue curves in Fig. 19(a))
when the com-pensation level changes from 20% to 40%,
and the damping of the system changes from point A to
point B(from positive to negative). Then if the coordinated
improved control is applied, the stator dq current is stable (red
curves in Fig. 19(a)) when the compensation level changes
from 20% to 40%, and the damping of the system changes

FIGURE 18. (a) Stator dq current waveform with/without coordinated
improved control by increasing the proportional gain of the RSC power
controller kp,pq (b) DFIG system impedance-frequency curves.
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FIGURE 19. (a) Stator dq current waveform with/without coordinated
improved control by increasing series compensation level Kc (b) DFIG
system impedance-frequency curves.

from point B to point C (from negative to positive), the system
returns to stable.

Therefore, the damping control and virtual inductance con-
trol has the ability mitigate SSR, and the influence of the
two methods on system damping can be analyzed intuitively
by the equivalent RLC circuit based on the complex vector
impedance model proposed in this paper.

VI. CONCLUSION
The contribution of this paper is to establish the unified
impedance model of DFIG by using complex vector the-
ory, and to reveal the mechanism of SSR and its mitigation
methods combining with the equivalent RLC circuit. It has
following distinguished features:

i) Based on the mathematical relations between the
dq-frame and αβ-frame impedance model, a unified
impedance model of DFIG has further been deduced using
complex vector theory. It fully considers the outer loop
controls and PLL dynamics and thus can be used for the
accurate evaluation of SSR.

ii) Damping control can increase the damping of SSR
region, whereas the virtual inductance control has the poten-
tial to reduce the SSR frequency and indirectly increase the
system’s damping.

TABLE 1. Parameters of DFIG system and grid.

The unified impedance model not only helps the
analysis of the interaction between DFIG system and
series-compensated grid, but also has implications to the
analysis of oscillations of the DFIG system under other
circumstances.

APPENDIX
See Tables 1 and 2.

TABLE 2. Parameters of controllers.
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