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Abstract—Direct power control (DPC) can reduce the complexity
of a controller and enhance the dynamic response for doubly fed in-
duction generators (DFIG) system. The high-frequency resonance
(HFR) issues will be analyzed for the DFIG system based on DPC
under inductive weak grid in this article. Based on the simplified
high-frequency impedance model of the DFIG system based on
DPC and the Bode diagram of equivalent single-input single-output
impedance, it is found that a strong frequency coupling related
to the components of system delay in off-diagonal admittance will
cause the high-frequency phase to change periodically for the DFIG
system. Therefore, the DFIG system will show capacitive or even
negative resistance to introduce potential risk of HFR at high fre-
quency. The stability of a DFIG system will be further deteriorated
as the system delay increases. An impedance reshaping control
strategy is proposed to reduce the degree of frequency coupling at
high frequency for eliminating the negative effects of system delay,
so that HFR can be suppressed. The experimental results validate
the availability of the proposed reshaping control strategy.

Index Terms—Direct power control (DPC), doubly fed induction
generator (DFIG), frequency coupling, high-frequency resonance
(HFR), virtual impedance.

I. INTRODUCTION

W ITH the gradually increasing number of renewable en-
ergy generation systems in the power grid, the doubly

fed induction generator (DFIG) has been widely utilized in
practice for the small converter rating, low cost, and competitive
durability [1], [2]. The installation capacity of a DFIG system
continues to grow as the penetration of renewable energy in-
creases [3].

The DFIG-based wind energy conversion systems are usually
operated in the offshore or mountainous regions, indicating
that the DFIG system is always connected to the weak power
grid with low short circuit ratio (SCR) [4]–[7]. There are some
resonance issues under weak grid for a DFIG system, which can
be categorized into sub- and supersynchronous resonance (SSR)
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and high-frequency resonance (HFR) [8]–[10]. The impedance-
based methods can be carried out to analyze these resonance
issues under weak grid [11]–[13].

It has been reported that the SSR is closely related to the con-
trol strategy of a DFIG system. For example, the phase-locked
loop (PLL) will introduce the negative resistance around the
fundamental frequency when the bandwidth of the PLL is too
large, which will deteriorate the stability of DFIG system under
inductive weak grid and cause the SSR [14], [15]. In addition,
SSR will also exist in the DFIG system with series-compensated
power networks, due to the subsynchronous control interaction
(SSCI) [16].

Compared with the SSR, the HFR is mainly related to the pas-
sive impedance characteristics mismatch of a DFIG system and
weak grid, since the effect of controllers can be ignored at high
frequency [17]. One of the HFR is that the DFIG system always
behaves as an inductance at high frequency, and has insufficient
phase margin when connected to the parallel-compensated grid,
which is capacitive at high frequency [17]. Another scenario of
HFR occurs in the voltage source converter based high-voltage
direct current transmission whose phase is below –90° in some
region at high frequency [18], [19], thereby mismatching the
inductive characteristic of a DFIG system.

It should be noted that in the analysis on the above-mentioned
HFR issues, DFIG always employs the conventional vector
control that contains the inner-loop current regulator and outer-
loop power regulator [10]. Various direct power control (DPC)
methods for DFIG systems are proposed to avoid the current
regulator, such as the sliding mode control (SMC) DPC [20],
model predictive control (MPC) DPC [21], and grid voltage
modulated (GVM) DPC [22], [23]. However, since the fast
dynamic power tracking ability of DPC may affect the high-
frequency characteristics, it is important to analyze whether the
DPC strategy will influence the stability of a DFIG system at
high frequency to cause HFR. The similarity of these three
types of DPC is that the active power and reactive power can
be directly controlled to reduce the complexity of controller and
enhance the dynamic response [24]. This article first selected
the proportional integral (PI) DPC for analysis that can output
the reference power based on PLL and the PI controller, because
this type of DPC is very representative. The PI-DPC appearing
in the remaining article will be replaced by DPC for simplicity.

Hu et al. [25] established the impedance model of DFIG
system based on DPC to analyze the impedance characteristics
under inductive weak grid. It can be found that there is a strong
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frequency coupling characteristic in the developed impedance
model, indicating that the impedance model of a DFIG system
based on DPC is a multiple-input multiple-output (MIMO)
model with coupled positive and negative sequence impedance
[26]. The frequency coupling characteristic will complicate the
impedance analysis, and there will be an additional resonance
component that differs by 100 Hz when the DFIG-grid inter-
connected system oscillates [27]. It still needs to investigate that
whether this strong frequency coupling will cause some potential
risk of HFR at high frequency.

Furthermore, the research works in [9] and [17] proposed
a damping method and a virtual impedance to suppress the
HFR and enhance the stability of a DFIG system connected
with parallel compensation grid. However, the existing high-
frequency impedance reshaping control strategies all ignore
the frequency coupling since the impedance characteristic of
DFIG system based on conventional vector control strategy is a
single-input single-output (SISO) model at high frequency [15].
It is of importance to propose an improved impedance reshaping
control strategy when the HFR occurs in a MIMO system, such
as a DFIG system based on DPC. Moreover, the system delay
cannot be neglected at high frequency when the large bandwidth
of a power controller is employed [17], it should pay more
attention whether the system delay will affect the impedance
characteristics of a DFIG system based on DPC to degrade the
system stability.

This article establishes a simplified impedance model of a
DFIG system with DPC at high frequency. Based on the equiv-
alent SISO impedance model, the high-frequency impedance
characteristics are analyzed and it can be seen that the system
delay will deteriorate the phase margin at high frequency for the
DFIG system. Considering the limitation of the existing system
delay compensation strategy, this article studies the impedance
subsystem that considers the frequency coupling to further
analyze the high-frequency impedance characteristics, then an
improved impedance reshaping control strategy is designed in
this article.

The rest of this article is organized as follows. Section II
describes the DFIG system configuration and discovers the
resonance issues based on DPC. The simplified high-frequency
impedance model is developed in Section III. Section IV vali-
dates the proposed impedance model, then studies the equivalent
SISO impedance model and the existing system delay compen-
sation strategy. Further analysis of high-frequency characteris-
tics and reshaping control strategy are proposed in Section V.
Section VI gives the experiment results to verify the correctness
of the proposed reshaping control strategy. Finally, Section VII
summarizes the conclusion.

II. DFIG SYSTEM CONFIGURATION AND RESONANCE ISSUES

BASED ON DPC

The DFIG system can achieve the maximum power point
tracking and the stable dc voltage by employing the rotor side
converter (RSC) and the grid side converter (GSC), respectively.
The overall impedance of a DFIG system can be regarded as the
parallel connection of DFIG+RSC and GSC. Since the GSC

Fig. 1. Topology and control diagram of DFIG+RSC based on DPC.

has less effect on impedance characteristics due to limited slip
power, this article only considers the impedance of DFIG+RSC
at high frequency. The detailed control equation of DPC can be
written as [24]

U rdq = Erdq − 2U sdq

U2
s

(
RsLr +RrLs

3Lm
+

σLsLr

Lm

d

dt

)
Ss

(1)

Erdq =
Lr

Lm

[
U sdq +

(
Rr

Lr
− jωr

)
ψsdq−

2jωgσLsU sdqSs

3U2
s

]
(2)

where the bold letters are used in this article to denote complex
space vectors or 2 × 2 matrix. U, I, Ψ, P, and Q denote the
voltage, current, flux linkage, active power, and reactive power,
respectively. The subscripts s and r denote the stator and rotor
parameters. The subscripts d and q denote the d- and q-axis
components in the rotating reference frame. Erdq denotes the
decoupling voltage component. ωg and ωr are the grid angular
frequency and the rotor angular frequency. Ss = Ps−jQs is the
complex power. Rs and Rr are the stator and rotor resistances.
Ls = Lm + Lls and Lr = Lm + Llr are the self-inductances of
stator and rotor windings. Lls, Llr, and Lm are the stator and
rotor leakage inductances and mutual inductance, and σ = 1−
L2
m/(Ls · Lr).
According to (1) and (2), the topology and control diagram

of DFIG+RSC based on DPC can be shown in Fig. 1. The
superscript ref denotes the reference value. The dc-link voltage
Vdc is assumed to be constant. Zg is the grid impedance. The
stator voltage Us and stator current Is are sampled from the
point of common coupling. The grid angle θg and grid angular
frequency ωg are obtained by PLL. The rotor angular frequency
ωr and rotor angle θr are obtained by the encoder.

Since the control effect of controllers and its delay time always
can be ignored above the control bandwidth for conventional
vector control, the impedance characteristics of the DFIG system
based on vector control are dominated by its passive compo-
nents, in which the DFIG system will behave as an inductance
and have enough phase margin under inductive weak grid at high
frequency [15].
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Fig. 2. Resonance phenomenon of DFIG based on DPC.

However, if DPC is employed in DFIG control, it can be found
that, when the system delay time Td increases from 0.15 to 0.3 ms
at 2.1 s according to Fig. 2, the DFIG-grid interconnected system
has some resonance issues at high frequency. Therefore, the sys-
tem delay may influence the stability of the DFIG system based
on DPC, to cause the DFIG system not always an inductance at
high frequency.

III. IMPEDANCE MODELING OF DFIG BASED ON DPC AT

HIGH FREQUENCY

Based on impedance-based method, the small-signal models
of DFIG and RSC are established, then the simplified impedance
model of a DFIG system based on DPC at high frequency can
be obtained in Section III-C. The HFR issues for a DFIG system
with DPC under inductive weak grid can be analyzed by the
developed impedance model.

A. Small-Signal Model of DFIG

The voltage and flux linkages in the stationary coordinate
system can be shown as{

U s = RsIs + sψs

U r = RrIr + sψr − jωrψr
(3)

{
ψs = LsIs + LmIr
ψr = LmIs + LrIr.

(4)

The rotor voltage can be rewritten according to (3) and (4)

U r = [Rr+(s− jωr)Lrσ] Ir + (s− jωr)
Lm

Ls
ψs. (5)

After combining (3)–(5) to eliminate the rotor current and
stator flux linkage, the positive and negative sequence-domain
equations of DFIG, which ignores the stator resistance, are
expressed as[

Isp
Isn

]
=

(
1

Ls
G1 +

Lm

Ls
G1G2G3

)[
Usp

Usn

]

− Lm

Ls
G3

[
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]
(6)
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[
1
s 0

0 1
s−2jωg

]
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Lm

Ls

[
s− jωr 0

0 s+ jωr − 2jωg

]

G3 =

[
1

Rr+(s−jωr)Lrσ
0

0 1
Rr+(s+jωr−2jωg)Lrσ

]
(7)

where subscripts p and n denote the positive and negative se-
quence components. The negative sequence equation is obtained
by moving twice grid angular frequency 2ωg from positive
sequence equation and reversing rotor angular frequencyωr. The
positive and negative sequence are two independent subsystems
when the RSC is not considered since the matrices G1, G2, and
G3 are all diagonal matrices.

B. Small-Signal Model of RSC

The influence of PLL can be ignored at high frequency due
to the limited control bandwidth [17]. The active power and
reactive power can be controlled directly by DPC, and the power
calculation can be expressed as{

Ps = 1.5(IsdUsd + IsqUsq)

Qs = 1.5(−IsdUsq + IsqUsd).
(8)

Since Usdq is aligned to the d-axis when employing the PLL,
there is no steady-state stator voltage in the q-axis, i.e., Usdq1

= Usd1 + j0, in which subscript 1 denotes the steady-state
component. According to (8) and the transformation matrix
between dq domain and sequence domain [12], the small-signal
equation of rotor voltage in sequence domain can be expressed as[

ΔUrp

ΔUrn

]
≈ GPQ

(
Gpnu

[
ΔIsp
ΔIsn

]
+Gpni

[
ΔUsp

ΔUsn

])
(9)

Gpnu =

[
1.5Usd1 0

0 1.5Usd1

]
Gpni =

[
0 1.5Is1

1.5I∗s1 0

]
(10)

GPQ =

[
Hpi(s) 0

0 Hpi(s)

]

=

[
Kp(s−jωg)+Ki

s−jωg
0

0
Kp(s−jωg)+Ki

s−jωg

]
(11)

where Δ denotes the small-signal component. ∗ denotes
the conjugate operator. The steady-state stator current Is1
= Isd1 + jIsq1. Gpnu and Gpni are the parameter matrix of
stator voltage and stator current, respectively. Kp and Ki are,
respectively the proportional gain and integral gain of the power
controller. Note that this article focuses on the stability of a
DFIG system under the inductive weak grid, thus the decoupling
voltage component Er in (1), which can enhance the dynamic
performance of the DPC under asymmetric voltage faults, will
not be considered in the impedance modeling.

C. Impedance Model of a DFIG System at High Frequency

According to Sections III-A and III-B, Fig. 3 depicts the
impedance model of DFIG based on DPC. The symbol “Δ”
is omitted for simplicity.

In Fig. 3, Km represents the system delay matrix, in which the
delay time Td is always equal to 1.5 times the switching period
1/fs [15]

Km =

[
e−sTd 0

0 e−(s−2jωg)Td

]
. (12)
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Fig. 3. DFIG impedance model based on DPC.

TABLE I
PARAMETERS OF DFIG

According to Fig. 3, Lm can be approximated to Ls. The PI
controller of power loop will degenerate into a proportional
controller above the fundamental frequency, i.e., Hpi(s)≈Kp,
and the DFIG parameter matrices can be simplified at high
frequency, i.e., G1/Ls≈0 and G3�G2≈1/Lrσ. Therefore, the
admittance of the DFIG system based on DPC at high frequency
can be simplified as

Y DFIG =
Ispn
U spn

=

[
Y11 Y12

Y21 Y22

]
≈ (I +G3KmGPQGpnu)

−1

(
−G3KmGPQGpni+

1

Lrσ
G1

)
(13)

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Y11 = (s−jωr)/s

(s−jωr)Lrσ+1.5Usd1Kpe
−sTd

Y12 =
−1.5KpIs1e

−sTd

(s−jωr)Lrσ+1.5Usd1Kpe
−sTd

Y21 =
−1.5KpI

∗
s1e

−(s−2jωg)Td

(s+jωr−2jωg)Lrσ+1.5Usd1Kpe
−(s−2jωg)Td

Y22 =
(s+jωr−2jωg)/(s−2jωg)

(s+jωr−2jωg)Lrσ+1.5Usd1Kpe
−(s−2jωg)Td

.

(14)

IV. IMPEDANCE MODEL VERIFICATION AND ANALYSIS

A. Impedance Model Verification

The simulation model of a DFIG system based on DPC under
inductive weak grid is developed in MATLAB/Simulink and
the parameters are shown in Table I. The analytical models
of DFIG based on DPC match the simulation results well as
shown in Fig. 4, which validates the correctness of the proposed
impedance model. Also, this impedance model has less parame-
ter dependence, which is also accurately with DFIG parameters
variations.

Fig. 4. Validation of DFIG impedance models based on DPC.

Since the bandwidth of inner-loop current controller is much
greater than the bandwidth of outer-loop power controller for
conventional vector control, the influence of the impedance
characteristic for outer-loop power controller can be ignored
compared with that of the inner-loop current controller. How-
ever, the power controller for DPC may dominate the impedance
characteristic due to the lack of the inner-loop current controller
and the large bandwidth of power controller. Therefore, the
impedance characteristic of the DFIG system based on DPC
is different from conventional vector control.

The amplitude–frequency characteristic curves of conven-
tional vector control are also depicted in Fig. 4. The proportional
gain Kp and the integral gain Ki for the current controller of
conventional vector control and the power controller of DPC are
the same. It should be noted that the frequency coupling charac-
teristic around the fundamental frequency always exists due to
the asymmetrical structure of PLL [15], whereas the DFIG sys-
tem with conventional vector control can ignore the frequency
coupling characteristic at high frequency, since the influence of
PLL is weaken above the control bandwidth. Nevertheless, as for
the DPC, it can be found that the value of amplitude–frequency
characteristic curves in off-diagonal elements Y12 and Y21 is
not smaller than diagonal elements Y11 and Y22 above 100 Hz,
indicating that the DFIG impedance is also a MIMO model at
high frequency with strong frequency coupling characteristics,
which may increase the complexity of impedance analysis due
to coupled positive and negative sequence impedances [26].

According to [28], to reduce the influence of harmonic dis-
tortion on the control effect, a bandpass filter is adopted in
GVM-DPC. The harmonic components in the voltage input are
filtered, thus the voltage input can be approximated as a dc
value, which means the off-diagonal matrix Gpni will not be
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Fig. 5. Equivalent SISO impedance of a DFIG system.

considered at high frequency and there is no frequency coupling
in GVM-DPC.

B. Equivalent SISO Impedance Model Analysis

It is difficult to describe the impedance characteristic and ana-
lyze the potential instability risks for a MIMO impedance model.
Zhang et al. [27] proposed an equivalent SISO impedance model
by loop decomposition method, which can facilitate the analysis
of the impedance model as shown in Fig. 5. According to Fig. 5,
the equivalent SISO impedance ZSISO can be decomposed into
the impedance subsystems Z0 and Zcou which is shown as
follows:

ZSISO = (1/Z0+1/Zcou)
−1 (15){

Z0= 1/Y11

Zcou = −(1 + Y22Zgn)/(Y12ZgnY21)
(16)

where Z0 is the DFIG impedance subsystem that ignores the
frequency coupling characteristic, and Zcou is the impedance
subsystem introduced by frequency coupling characteristics that
contains DFIG system admittance and negative sequence grid
impedance Zgn = (s-2jωg)Lg, in which Lg denotes the grid
inductance.

The stability margin of the DFIG system can be obtained by
the Bode diagram with the positive sequence impedance of grid
Zgp = sLg and the equivalent SISO impedance for DFIG. Fig. 6
depicts the Bode diagram of equivalent SISO impedance for
DFIG based on DPC. It can be seen that when the delay time Td is
0.3, 0.15, and 0.075 ms, the amplitude–frequency characteristic
curves of the equivalent SISO impedance for DFIG and the
grid impedance intersect at 275, 382, and 562 Hz, respectively.
The phase of the intersections is significantly reduced, in which
the DFIG will be more capacitive as the switching frequency
decreases. When the delay time Td = 0.3 ms, the DFIG system
will oscillate due to insufficient phase margin, indicating that
the DFIG-grid interconnected system will have some resonance
issues at 275 Hz.

The equivalent SISO impedance of the DFIG system that
defines the system delay matrix Km as an identity matrix to
ignore the system delay is also drawn in Fig. 6. There is no inter-
action between the amplitude–frequency characteristic curve of
equivalent SISO impedance for DFIG and the grid impedance
(SCR = 2). The phase of the DFIG system is 0° at 100 Hz,
and the phase–frequency characteristic curve of equivalent SISO
impedance for DFIG continues to rise as the frequency increases,
which means that the DFIG-grid interconnected system keeps

Fig. 6. Bode diagram of equivalent SISO impedance for DFIG based on DPC
with system delay variations (SCR = 2).

sufficient phase margin at high frequency. Therefore, the DFIG
system based on DPC is stable under inductive weak grid at high
frequency when the system delay is ignored.

The type of HFR in this article is different from those in [9]
and [17]. The scenario of HFR occurs in [9] and [17] is that the
DFIG system has insufficient phase margin when connected to
the parallel-compensated grid, since the DFIG system behaves as
an inductance at high frequency while the parallel-compensated
grid will behave as a capacitance. However, this article analyzes
the HFR of DFIG system under the inductive weak grid rather
than parallel-compensated grid. It is interesting to analyze the
mechanism of this HFR, and the reason why the DFIG is not
inductive at high frequency while employing the DPC.

C. Existing System Delay Compensation Strategy

According to Section IV-B, the system delay will influence
the impedance characteristics of DFIG system at high frequency,
which will introduce some stability problem. Therefore, com-
pared with the DFIG system based on conventional vector
control, it is more necessary to compensate the system delay
for the DFIG system based on DPC. An existing system delay
compensation strategy by adding a leading phase compensator
to counteract the system delay matrix Km within a specific
frequency range is proposed in [29], which is shown as follows:

Gcom =

[
ejnωgTd 0

0 e(jnωg−2jωg)Td

]
. (17)

The Bode diagram of equivalent SISO impedance for DFIG
with the existing system delay compensation strategy is shown
in Fig. 7. The compensation frequency band can be adjusted by
changing compensation factor n. As the compensation factor n
increases from 3 to 12, it can be found that the intersection of the
amplitude–frequency characteristic curve will move to higher
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Fig. 7. Bode diagram of equivalent SISO impedance for DFIG with the
existing system delay compensation strategy (SCR = 2).

Fig. 8. Resonance phenomenon after employing the existing system delay
compensation strategy.

frequencies from 334 to 705 Hz. Nevertheless, the DFIG system
still has a strong capacitance or even a negative resistance at the
frequency of intersections. The simulation results after enabling
the existing system delay compensation strategy (compensation
factor n = 6) is shown in Fig. 8. It can be found that the resonant
frequency is shifted to 344 and 444 Hz, whereas the resonance
problem has not been solved. Therefore, the resonance issues
cannot be eliminated after employing the existing system delay
compensation strategy. It is of importance to further analyze
the mechanism of the HFR and propose an improved reshaping
control strategy.

V. FURTHER ANALYSIS OF HIGH-FREQUENCY

CHARACTERISTICS AND RESHAPING CONTROL STRATEGY

A. Further Discussion for the High-Frequency Impedance

In order to further analyze the cause of HFR to compensate
for the resonance issues, Fig. 9 depicts the equivalent SISO
impedance for the DFIG system from 100 to 5000 Hz. Actu-
ally, the impedance characteristics between 2500 and 5000 Hz
will be affected by modulation, so that we cannot accurately
predict the resonance frequency above 2500 Hz. However, the
Bode diagram of equivalent SISO impedance above 2500 Hz
can also qualitatively reflect the changing trend of impedance
characteristics to further study the mechanism of HFR.

Fig. 9. Further analysis of equivalent SISO impedance at high frequency.

Fig. 10. Bode diagram of impedance subsystems Z0 and Zcou.

It can be noticed that, as the frequency continues to increase,
the amplitude–frequency characteristic curves of the DFIG sys-
tem and grid impedance will intersect multiple times at high
frequency. The DFIG system behaves as a negative resistance
periodically, which will deteriorate the stability of the DFIG
system at high frequency for DPC.

When the frequency exceeds 1000 Hz, the amplitude of s is
much greater than ωr and 2ωg. Therefore, (13) can be further
simplified as

Y DFIG =

[
Y11 Y12

Y21 Y22

]

≈
⎡
⎣ 1

sLrσ+1.5Kpe
−sTd

−1.5KpIs1e
−sTd/Usd1

sLrσ+1.5Kpe
−sTd

−1.5KpI
∗
s1e

−sTd/Usd1

sLrσ+1.5Kpe
−sTd

1
sLrσ+1.5Kpe

−sTd

⎤
⎦ .

(18)

According to (18), several conclusions can be reached as
follows.

First, it can be found that Y11 ≈ Y22 and Y12 ≈ Y21 above
1000 Hz. These four elements of DFIG admittance have the
same denominator and all contain the components of system
delay e−sTd. Note that e−sTd is an element whose amplitude is
constant at 1 while the phase will change periodically. Compared
with sLrσ, the components of system delay e−sTd can be ignored
at high frequency due to the limited amplitude. Fig. 10 depicts
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the Bode diagram of the impedance subsystem Z0 = 1/Y11 that
does not consider the frequency coupling characteristic. The
phase of Z0 is 90° with slight fluctuations and the high-frequency
characteristic is similar to the DFIG system based on conven-
tional vector control, which is inductive above the bandwidth of
controller.

Second, by comparison with Y11 and Y22, the off-diagonal
elements Y12 and Y21 also contain the components of system
delay e−sTd in numerator, which may cause the phase to change
periodically at high frequency. Due to the fact that the impedance
subsystem Zcou introduced by frequency coupling characteristic
will be affected by Y12 and Y21, the Bode diagram of Zcou is also
drawn in Fig. 10. From Fig. 10, it is verified that the phase of
Zcou will change periodically and Zcou behaves as a negative
resistance at high frequency. In addition, the amplitude of the
amplitude–frequency characteristic curve of Z0 is approximated
to Zcou above 1000 Hz, thus the frequency characteristics of the
DFIG system based on DPC is decided by Z0 and Zcou together.

In conclusion, a strong frequency coupling related to the com-
ponents of system delay e−sTd will influence the high-frequency
characteristics of the DFIG system, and the periodic change of
phase introduced by the system delay will cause some resonance
issues for the DFIG system with DPC at high frequency.

Due to the limited bandwidth of existing system delay com-
pensation strategy, it cannot compensate the system delay in the
whole high-frequency range, thus the negative resistance will
still exist as shown in Fig. 7. Since the negative effects of system
delay are mainly in the off-diagonal elements Y12 and Y21, it is
possible to suppress the periodic change of phase by canceling
the frequency coupling characteristic at high frequency, thereby
eliminating resonance.

In addition, since e−sTd is multiplied by the proportional gain
Kp according to (18), the negative impact of system delay will
be more significant with larger Kp.

The conclusions of PI-DPC in this article are also appli-
cable to GVM-DPC, since the GVM-DPC also employs the
PI controller in a two-phase stationary reference, whose high-
frequency impedance characteristics is similar to the PI-DPC.
However, the conclusions obtained by PI-DPC cannot be fully
applied to SMC-DPC and MPC-DPC, because the SMC-DPC
and MPC-DPC, respectively, employ the sliding mode controller
and the cost function rather than PI controller to track the
reference output power. Nevertheless, according to this article,
there is a tradeoff between the fast dynamic response and the
potential risk of high-frequency instability after employing the
PI-DPC, which may have the certain reference significance for
the subsequent SMC-DPC and MPC-DPC analyses.

B. Design of the Impedance Reshaping Control Strategy

According to (13), the matrices in the admittance of the DFIG
system based on DPC at high frequency are all diagonal matrices
except Gpni. The off-diagonal Gpni introduced by power calcu-
lation will cause the positive and negative sequence impedances
no longer decoupled, which may bring strong frequency cou-
pling characteristics. The basic idea to suppress the frequency
coupling characteristic is introducing a virtual impedance Zv to
counteract Gpni at high frequency, which is shown in Fig. 11,

Fig. 11. Impedance reshaping control strategy based on virtual impedance.

Fig. 12. Amplitude–frequency characteristic curves of off-diagonal elements
in the DFIG impedance model with virtual impedance.

According to Fig. 11, the proposed virtual impedance Zv is
composed of the phase compensation controller GpniGPQ and
the high-pass filter Gf. The cutoff frequency of filter Gf is fixed
at 200 Hz (ωL = 2π�200) to avoid affecting the fundamental
frequency. The virtual impedance in this article is different from
those in [9] and [17]. The virtual impedance in [9] and [17] only
has the diagonal elements, whose purpose is to reduce the phase
difference between the DFIG and the parallel-compensated grid
at the intersection of amplitude–frequency characteristic curves.
However, the virtual impedance in this article contains the off-
diagonal elements, which can reduce the degree of frequency
coupling at high frequency to suppress the periodic negative
resistance introduced by system delay

Zv =

[
0

1.5Is1Hpi(s)s
s+ωL

1.5I∗
s1Hpi(s)s
s+ωL

0

]
. (19)

The amplitude–frequency characteristic curves of off-
diagonal elements Y12 and Y21 are depicted in Fig. 12, and the
degree of frequency coupling is reduced after employing the
proposed impedance reshaping control strategy, which simpli-
fies the impedance model of the DFIG system based on DPC at
high frequency.

Fig. 13 depicts the Bode diagram of equivalent SISO
impedance for DFIG after adding the virtual impedance. The
amplitude–frequency characteristic curve of the equivalent SISO
impedance for DFIG and the grid impedance intersect at 185 Hz
after reshaping according to Fig. 13. The difference of phase
decreases from 182° to 128°, indicating that the resonance
issues are eliminated due to the sufficient phase margin. In
addition, there is no interaction of the amplitude–characteristic
curve any more between the equivalent SISO impedance for
DFIG and the grid as the frequency continues to increase. The
DFIG system behaves as an inductance rather than a periodically
changing negative resistance, which can cancel the potential risk
of instability.

Fig. 14 shows the Bode diagram of equivalent SISO
impedance after reshaping when SCR is 2.6, 2, and 1.6, and
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Fig. 13. Bode diagram of equivalent SISO impedance for DFIG with virtual
impedance (SCR = 2).

Fig. 14. Bode diagram of equivalent SISO impedance for DFIG after employ-
ing the proposed reshaping control strategy with SCR deviations.

it can be found that the amplitude–frequency characteristic
curves of the equivalent SISO impedance for DFIG and the grid
impedance intersect at 206, 185, and 169 Hz, respectively. The
DFIG-grid interconnected system has a sufficient phase margin
with different SCR, which validates the robustness against SCR
deviations of the proposed impedance reshaping control strategy.
Note that there is a slight difference in the DFIG impedance
when SCR changes. The reason lies in the fact that the reshaping
control strategy does not completely eliminate the frequency
coupling characteristics, so the equivalent SISO impedance of
the DFIG system will still be related to negative sequence grid
impedance according to Fig. 5.

VI. EXPERIMENTAL RESULTS

If the real plant for experimental evaluation based on the
small-scaled laboratory setup of kW class DFIG is carried out, it
is difficult to simulate the impedance characteristics of megawatt
DFIG-based wind energy conversion systems, since the DFIG
parameters are reduced correspondingly with the power level.
To further verify the effectiveness of the proposed impedance
reshaping control strategy, the hardware platform is established
based on control-hardware-in-loop (CHIL) as shown in Fig. 15.

Fig. 15. Hardware platform of CHIL experiment.

Fig. 16. Experimental results of HFR with different system delay and the
validation of proposed reshaping control strategy.

The model of DFIG system is developed in Typhoon 602+ with
the time step of 1 μs. The controllers of DFIG are implemented
in a TMS320F28335/Spartan6 XC6SLX16 DSP+FPGA control
board. Applying the CHIL to analyze the stability of megawatt
DFIG-grid interconnected system has also been proposed in [8]
and [10].

The reference output active and reactive powers of the DFIG
system are 1.5 MW and 0 Var. The other parameters of DFIG
are the same as the simulations, which are listed in Table I.
Fig. 16 depicts the experimental results of HFR with different
system delay and the validation of proposed reshaping control
strategy. The DFIG system based on DPC has some resonance
issues when the system delay Td changes from 0.15 to 0.3 ms
by adding some extra delay link before modulation. According
to fast Fourier transform (FFT) analysis as shown in Fig. 17,
the DFIG-grid interconnected system will oscillate at 275 and
175 Hz, which is the same as the analysis results in Fig. 6. The
total harmonic distortion (THD) of the stator voltage Us and
current Is are 19.88% and 13.33%. The THD of stator voltage
Us and current Is are reduced to 1.02% and 1.06% after enabling
the proposed reshaping control strategy, which indicate that the
proposed reshaping control strategy can improve the stability
of the DFIG system based on DPC when the system delay
increases.

The proposed impedance reshaping control strategy has little
impact on the dynamic power tracking ability of DPC as shown
in Fig. 18 due to the high-pass filter in the virtual impedance.
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Fig. 17. FFT analysis of stator current.

Fig. 18. Dynamic power tracking ability of the DFIG system after enabling
the proposed impedance reshaping control strategy.

Fig. 19. Experimental results with SCR deviations.

The reference of stator active power Ps and reactive power
Qs decreases from 1.5 to 1.2 MW and increases from 0 to
0.3 MVar, respectively, after enabling the proposed reshaping
control strategy, and the DFIG system still has the fast dynamic
power tracking ability to take a short response time of around
10 ms.

The experiment results in Fig. 19 also show that after the SCR
is changed from 2 to 1.6, the DFIG system will be stable after a
slight oscillation.

Note that there is a coupling between Ps and Qs according to
Figs. 18 and 19. It can further analyze whether this reshaping
controller can be applied to other improved types of DPC, such
as GVM-DPC, which can achieve the fast dynamic response
capability and sufficient high-frequency phase margin at the
same time.

VII. CONCLUSION

This article analyzes the impedance characteristics of a DFIG
system based on DPC under inductive weak grid. The specific
contribution of this article can be concluded as follows.

1) The off-diagonal Gpni introduced by power calcula-
tion will cause the positive and negative sequence
impedances no longer decoupled. Therefore, the estab-
lished impedance model is a MIMO model with a strong
frequency coupling at high frequency, which complicates
the stability analysis.

2) The system delay will influence the numerator in off-
diagonal admittance, and the DFIG system will behave as
a capacitance or negative resistance periodically. As the
system delay increases, DFIG-grid interconnected system
will not have sufficient phase margin, resulting in HFR
issues.

3) An impedance reshaping control strategy that counteracts
the off-diagonal matrix Gpni is proposed to reduce the
degree of frequency coupling at high frequency, for elim-
inating the negative effects of system delay and suppress-
ing the HFR. The proposed impedance reshaping control
strategy has the robustness against SCR deviations, and
will not affect the fast dynamic power tracking ability of
DPC.
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