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Abstract—With the increasing penetration of renewable energy, 

wind turbines based on doubly fed induction generators (DFIG) 

are becoming more and more important in the power system. The 

impedance reshaping control strategy based on the virtual 

impedance method can be utilized to solve the stability problem of 

DFIG-grid interconnected system under the weak grid. However, 

the stability issues caused by phase locked loop (PLL) is more 

complicated due to the frequency coupling characteristic. This 

paper presents an improved control strategy of DFIG system based 

on a symmetrical PLL, in which the frequency coupling 

characteristic can be avoided and the system can be simplified as a 

SISO system that facilitates the design of virtual impedance. The 

influence of symmetrical PLL on the operation of DFIG system is 

studied, and an improved impedance reshaping control strategy is 

proposed. Simulation and experimental results are conducted to 

verify the effectiveness of the proposed impedance reshaping 

control strategy. 

Index Terms— Doubly-fed induction generator, symmetrical 

phase locked loop, frequency coupling, impedance reshaping 

control strategy. 

I. INTRODUCTION 

Recently, with the increasing penetration of renewable energy, 

the installed capacity of wind power system continues to 

increase [1]. The wind power system based on doubly fed 

induction generator (DFIG) has been widely employed in 

practice, due to the advantages of small converter capacity, low 

cost and flexible power adjustment capability [2], [3]. 

Wind farms are usually built in remote areas such as offshore 

or in mountainous regions, indicating that the wind farm is 

always connected to the inductive weak grid with low short 

circuit ratio (SCR) [4]. The interaction between DFIG system 

and weak grid may cause some stability or resonance issues due 

to insufficient phase margin of the interconnected system 

[5]-[11]. Thus, there is great importance in analyzing stability 

issues of DFIG system connected to the weak grid for practical 

applications. 

An effective method to solve the stability problem is to 

establish an impedance model of DFIG system and add the 

virtual impedance in the DFIG control [12]-[15]. The virtual 

impedance is composed of two parts, one is the filter to select the 

frequency range for impedance reshaping, and the other is the 

phase compensation controller to improve the phase margin of 

the DFIG system by regulating the phase characteristics around 

the oscillation frequency [16], [17]. The problem of 

sub-synchronous resonance and high frequency resonance has 

been investigated based on virtual impedance method [18], [19]. 

In [18], the virtual impedance controller is designed in both 

rotor-side and grid-side converters to eliminate sub-synchronous 

resonance. In [19], the high frequency resonance damping 

control and harmonic current suppression can be achieved 

simultaneously based on the proposed impedance reshaping 

control strategy. 

In practice, the phase locked loop (PLL) is widely utilized to 

obtain the grid angle for implementing the grid synchronization. 

It has been reported that if the bandwidth of the PLL is too large, 

the PLL will influence phase characteristics of DFIG impedance 

within the bandwidth of the PLL, which bring a significant 

impact on the stability of DFIG-grid interconnected system 

especially under the weak grid conditions [5], [6]. However, 

reducing the bandwidth of the PLL will degrade the dynamic 

performance of the DFIG system, especially under asymmetric 

voltage faults [9]. Thus, it is significant to investigate the virtual 

impedance within the bandwidth of the PLL to reshape the phase 

characteristics, so that the dynamic performance of PLL cannot 

be affected. 

A virtual impedance to compensate the impedance phase at 

the desired frequency is proposed for grid-connected inverters 

within the control bandwidth of the PLL in [20]. However, the 

strategy proposed in [20] neglects the frequency coupling 

characteristic caused by the PLL. Due to that the traditional PLL 

will introduce frequency coupling characteristics [9]-[11], the 

DFIG system impedance will become a multiple-input 

multiple-output (MIMO) matrix, and the design of virtual 

impedance within the control bandwidth of the PLL will be more 

difficult. Therefore, in order to improve the stability of DFIG 

system and to achieve an impedance reshaping of DFIG system, 

it is necessary to design four elements of virtual impedance, 

which increases the complexity of impedance reshaping. 

To facilitate the analysis of the impedance model, some 

researchers have studied the mathematical methods to 

approximate the MIMO system to the single-input single-output 

(SISO) system [21], [22]. However, all mathematical methods 

transform the off-diagonal elements of the DFIG system to 

diagonal based on linear transformation, which does not really 

remove the frequency coupling characteristics. Aimed at this 

question, [23] proposed a symmetrical PLL, which controls both 

d-axis voltage and q-axis voltage. The frequency coupling 

characteristics can be eliminated so that the design of the 

impedance reshaping parameters can be simplified. 

In order to enhance the stability of DFIG system connected to 

weak grid, the improved control strategy of DFIG system based 

on symmetrical PLL is proposed in this paper. The simplified 

SISO impedance model of DFIG system based on the 

symmetrical PLL is established firstly, which can eliminate the 

frequency coupling caused by the traditional PLL. Then, the 

influence of symmetrical PLL on DFIG is studied, and an 
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improved impedance reshaping control strategy is proposed by 

improving the phase margin within the control bandwidth of the 

symmetrical PLL. It is also convenient to design the parameters 

of virtual impedance based on the simplified SISO impedance 

model.  

This paper is organized as follows. Section II describes the 

DFIG system configuration based on symmetrical PLL. The 

impedance model of DFIG based on symmetrical PLL is 

developed in Section III. Section IV validates and analyzes the 

proposed impedance model, then the impedance reshaping 

control strategy is introduced in Section V. Section VI gives the 

experiment results to verify the effectiveness of the proposed 

impedance reshaping control strategy. Section VII draws the 

conclusion. 

II. DFIG SYSTEM CONFIGURATION WITH SSMMETRICAL PLL 

Considering that the back-to-back converter of the DFIG 

system is composed of the rotor side converter (RSC) and grid 

side converter (GSC), the DFIG is always controlled by the RSC 

to achieve maximum power point tracking (MPPT), while the dc 

voltage is controlled to be constant by the GSC. Therefore, the 

overall output impedance of DFIG system is equivalent to the 

parallel connection of DFIG+RSC and GSC. Since the 

impedance amplitude of GSC is greater than the DFIG+RSC 

within the bandwidth of the PLL [11], it becomes widely 

accepted that GSC has less impact on impedance than 

DFIG+RSC within the bandwidth of the PLL. Thus, only the 

impedance of DFIG+RSC is analyzed in this paper. 
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Fig. 1. Topology of DFIG connected to three phase AC grid. 

The topology of DFIG+RSC can be seen as Fig. 1. The bold 

letters are used in this paper to denote complex space vectors or 

2×2 matrix. The dc-link voltage Vdc is assumed to be constant. Zg 

is the grid impedance. The stator voltage Us is sampled from 

point of common coupling (PCC). The rotor angular frequency 

ωr and rotor angle θr are obtained by an encoder. Grid angle θpll 

and drive signals are obtained by PLL and rotor current 

controller. 
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Fig. 2. Control block of symmetrical PLL. 

Fig. 2 shows the control block of a symmetrical PLL [23]. The 

subscripts α and β represent the component in the two-phase 

stationary coordinate system. The subscripts d and q represent 

the component in the synchronous rotating coordinate system, 

respectively. ω1 is the fundamental angular frequency of grid 

voltage. Hp(s)=Kpp+Kip/s is PI controller of the PLL, in which 

Kpp and Kip are the proportional and the integral gains of PLL. 

The conventional SRF-PLL only controls the q-axis voltage, 

which results in asymmetric dynamics to the d- and q-axis 

controller. Different from conventional SRF-PLL, symmetrical 

PLL controls both d-axis voltage and q-axis voltage, in which 

the nominal value Ub of grid voltage is taken as a reference for 

d-axis voltage control. The output grid angle of the symmetrical 

PLL is a complex vector, which includes both d-axis and q-axis 

components, i.e., θpll=θd+jθq. The grid vector angle θpll will be 

used for the coordinate transformation of voltage and current. 

III. IMPEDANCE MODELING OF DFIG BASED ON SYMMETRICAL 

PLL 

In order to study the stability of DFIG system based on the 

symmetrical PLL in the inductive weak grid, it is necessary to 

establish the dq-domain impedance model firstly. Through the 

transformation matrix between dq-domain and 

sequence-domain, the sequence impedance model of DFIG 

system based on symmetrical PLL can be obtained. 

A. Sequence-Domain Model of DFIG 

The voltage and flux linkages in stationary coordinate system 

can be expressed as, 

s s s s

r r r r r r

R s

R s j

 +


 + -

U I ψ

U I ψ ψ
                    (1) 

s s s m r

r m s r r

L L

L L

 +


 +

ψ I I

ψ I I
                                (2) 

where U, I and Ψ denote the voltage, current and the flux 

linkage, respectively. The subscripts s and r denote the stator 

and rotor parameters. Rs and Rr are stator and rotor resistances, 

Lm=1.5Lms, Ls=1.5Lms+Lls and Lr=1.5Lms+Llr are self-inductance 

of stator and rotor windings, Lls, Llr, Lms are stator and rotor 

leakage inductances and mutual inductance, respectively. 

Based on (2), the rotor flux linkage can be expressed in the 

terms of stator flux linkage and rotor current as, 

m

r s r r

s

L
L

L
 +ψ ψ I                            (3) 

where σ=1-L
2 

m/(LsLr). 

Submitting (3) into (1), the rotor voltage can be rewritten as, 

   + j m
r r r r r r s

s

L
R s j L s

L
   - + -  U I        (4) 

Ignoring the stator resistance and combining (1), (3), (4) to 

eliminate rotor current and stator flux linkage, the positive and 

negative sequence-domain equation of DFIG are expressed as, 

1 1 2 3 3

1sp sp rpm m

s s ssn sn rn

I U UL L

L L LI U U

      
 + -      
      

G G G G G   (5) 
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 (6) 

where subscripts p and n denote positive and negative sequence 

components. The positive and negative sequence subsystem are 

in opposite direction which differ by two times fundamental 

frequency 2ω1, and the slip behaves as ±ωr because of the 

reversed turns in the positive sequence and negative sequence. 

It can be found that the matrices G1, G2, and G3 are all 

diagonal matrices, so there is no frequency coupling 

characteristics of the DFIG when the RSC is not considered. 

B. Small-Signal Model of RSC in dq-Domain 

Compared with the symmetrical PLL in the grid-connected 

voltage-source converter in [23], the coordinate transformation 

of DFIG involves the rotor angle. Therefore, this paper will 

derive the small-signal model of the symmetrical PLL in DFIG. 

There are two coordinate frames in DFIG system, one is the 

system frame, which is defined by the real grid voltage, and the 

other is the controller frame, which is defined by the PLL [12]. 

The steady-state components of stator voltage are the same in 

the system frame and the controller frame when there is no 

disturbance, i.e., Usdq =U
c 

sdq=Usd1, in which superscript c denotes 

controller frame, subscript 1 denotes steady-state component. 

Usd1 is the steady-state stator voltage vector aligned to the d-axis, 

i.e., the steady-state stator voltage Usdq1=Usd1+j0. 

The grid angle θpll is obtained by PLL, which will be affected 

by the PCC voltage perturbations. The response of grid angle 

corresponding to the voltage perturbation can be expressed as, 

1pll pllt +                                    (7) 

And the grid angle θpll is involved in the following two 

transformation links, 
j( )pll rc

rdq re




- -
I I


       

j( )pll r c

r rdqe




-
U U


       (8) 

Given a perturbation on the PCC voltage in the dq frame, the 

small-signal component of stator voltage can be expressed as, 

 

  

j j

1 1

1 11 j j

pll pllc

sd sdq s sd sdq

c

sd sdq pll sdq sdq sd pll

U e U e

U U
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- - 
+    + 

 +  -      - 

U U U

U U U

 

 
(9) 

Then, according to the structure of the symmetrical PLL, the 

relationship between the grid angle variation and the stator 

voltage variation can be expressed as, 

1

( )
j

j

p c

pll sdq

H s

s 
  - 

-
U                          (10) 

1

1

( j )
( )=

j

pp ip

p

K s K
H s

s





- +

-
                       (11) 

Substituting (9) into (10), the small-signal model of 

symmetrical PLL can be derived as, 

1 1

( )
j ( ) j

( ) j

p

pll pll sdq sdq

sd p

H s
H s

U H s s 
  -   - 

+ -
U U  (12) 

Similar to (9), the effect of voltage perturbations on rotor 

current and rotor voltage should also be analyzed. The park 

transformation of rotor current can be expressed as, 

 j( ) j

1 1
pll r pllc

rdq rdq r rdq rdqe e




- - - 
+    + I I I I I

 
  (13) 

Thus, the influence of symmetrical PLL on rotor current can 

be expressed as, 

+c

rdq rdq dqi sdq   I I G U                         (14) 

1 1

1 1

( ) ( )

( ) ( )
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rq pll rd pll

I H s I H s
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Likewise, the influence of symmetrical PLL on rotor voltage 

can be expressed as, 

+c

rdq rdq dqu sdq   U U G U                       (16) 

1 1

1 1

( ) ( )

( ) ( )

rd pll rq pll

dqu
rq pll rd pll

U H s U H s

U H s U H s

- 
  
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C. Small-Signal Model of RSC in Sequence- Domain 

The sequence impedance has a clear physical meaning and it 

is easier to measure directly than the dq-domain impedance [14]. 

Therefore, in order to study the frequency characteristics of 

DFIG system based on symmetrical PLL more intuitively, this 

paper transforms the dq-domain small-signal model into the 

sequence-domain small-signal model. According to [13], the 

transformation matrix can be expressed as, 
1

1

=

=

pni z dqi z

pnu z dqu z

-

-



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G A G A

G A G A
                           (18) 

1 j1
=

1 j2
z

 
 

- 
A           -1

1 11
=

j j2
z

 
 
- 

A              (19) 

The stator voltage feedforward matrices due to the 

symmetrical PLL in the sequence-domain can be expressed as, 

1

1

( ) 0

0 ( )

rdq pll

pni
rdq pll

H s

H s

- 
  

- 

I
G

I
              (20) 

1

1

( ) 0

0 ( )

rdq pll

pnu
rdq pll

H s

H s

 
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 

U
G

U
               (21) 

where * denotes the conjugate operator. 

When the diagonal elements of matrix are the same and the 

off-diagonal elements are opposite to each other, this is defined 

as the symmetrical matrix [23], i.e., the matrices in (15) and (17). 

After performing a linear transformation according to (18), it 

can be equivalently transformed into a SISO matrix, which only 

has the diagonal components, i.e., the stator voltage feedforward 

matrices Gpni and Gpnu. 

Since the SRF-PLL only controls the q-axis voltage, the stator 

voltage feedforward matrix in the dq-domain is not a 

symmetrical matrix, which introduces the MIMO matrix in 

sequence-domain after linear transformation. As a result, the 
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frequency coupling characteristics is inevitable due to SRF-PLL, 

which makes the impedance analysis complicated. When 

designing the virtual impedance to improve the stability of DFIG 

system, it is necessary to design four elements in diagonal and 

off-diagonal, which increases the complexity of impedance 

reshaping. 

D. Impedance Model of DFIG System with Symmetrical PLL 

DFIG Model
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Fig. 3. DFIG impedance model based on symmetrical PLL. 

According to (5), (14) and (16), the DFIG impedance model 

based on symmetrical PLL can be depicted by Fig. 3. I
ref 

rpn is the 

reference value of rotor current, and the symbol “Δ” is omitted 

for simplicity. The stator current can be expressed as, 

DFIG

ref

spn spn rpn ref +I Y U I G                        (22) 

where YDFIG represents the DFIG system admittance based on 

the symmetrical PLL, and Gref describes the relationship 

between the rotor current and rotor current reference, that can be 

expressed as, 
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s

L
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-
-G I K G G K G G                 (24) 

where Km represents the system delay matrix, and the delay time 

is equal to 1.5 times the switching period Ts [11]. Gc is the rotor 

current controller matrix, Kpc and Kic are the proportional and the 

integral gain of current controller. Noted that Gc keeps 

unchanged after transformation, i.e., Gc=AzGcAz
-1, so the rotor 

current controller has the same form in dq-domain and 

sequence-domain. 
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All the matrices of DFIG system admittance are diagonal 

matrices, indicating that the DFIG system based on symmetrical 

PLL has no frequency coupling characteristics. 

IV. IMPEDANCE MODEL VERIFICATION AND ANALYSIS 

A. Impedance Model Verification 

In order to verify the correctness of DFIG system impedance 

model based on symmetrical PLL, a simulation model of DFIG 

system is established in Matlab/Simulink. Frequency sweeping 

test is a widely applied method to obtain the system impedance 

results by measuring the frequency responses within a certain 

frequency range. The measured results and the developed 

models are plotted to be compared in Bode diagrams. The 

parameters are shown in Table I. 

A comparison of DFIG system impedance model based on 

symmetrical PLL and simulation results as shown in Fig. 4. 

Noted that Fig. 4 depicts the Bode diagram of DFIG impedance 

rather than DFIG admittance to describe the impedance 

characteristics more intuitively. When the bandwidth of 

symmetrical PLL fbw_PLL is 140 Hz, the analytical models of 

DFIG based on symmetrical PLL match the simulations well, 

thus the accuracy of the analytical models can be validated. In 

addition, other working conditions of DFIG such as 

sub-synchronous conditions are also be validated which not 

appear in this paper due to the limited pages. 
TABLE I 

PARAMETER OF DFIG 

 

Symbol Parameter Value 

Us Rated voltage 690 V 

Ps Rated power  1.5 MW 

f1 Fundamental frequency 50 Hz 

fr Rotor frequency 60 Hz 

np Pole pairs  2 

Vdc Dc-link voltage  1050 V 

Lls Stator leakage 0.06 mH 

Llr Rotor leakage  0.083 mH 

Lms Mutual inductance  2.95 mH 

Rs Stator resistance  2.4 mΩ 

Rr Rotor resistance  2 mΩ 

Ke Turns ratio  0.33 

Ts Switching period  0.2 ms 

Kpp Proportional gain of PLL controller 1.6 

Kip Integral gain of PLL controller 16 

Kpc Proportional gain of current controller 0.38 

Kic Integral gain of current controller  38 

If the impedance magnitude of the off-diagonal elements is 

high, the positive-sequence and negative-sequence will not 

affect each other due to a strong damping. By comparing the 

diagonal elements Z11 and Z22 with the off-diagonal elements Z12 

and Z21, it can be seen that the magnitude of diagonal elements is 

much smaller than the off-diagonal elements, which means the 

frequency coupling characteristics can be neglected, simplifying 

the difficulty of impedance model analysis. 

A resonance frequency at almost 100 Hz will be observed in 

Z22. Because 100 Hz of negative sequence corresponds to 0 Hz 
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of positive sequence, and the DFIG system cannot work with 

large DC interference. It is noted that when there is no frequency 

coupling, the negative sequence impedance can be neglected 

and the stability of DFIG system can be analyzed based on the 

Bode diagram of positive sequence impedance [10]. On the one 

hand, the negative sequence impedance from 0 Hz to 100 Hz 

corresponds to positive sequence impedance from 100 Hz to 0 

Hz, which is redundancy in the impedance analysis. On the other 

hand, the phase of negative sequence impedance from 100 Hz to 

1000 Hz is between -20°and 100°  as shown in Fig 4. 

Therefore, the positive sequence impedance model is adopted in 

this paper. 

It can be found that below the fundamental frequency, the 

DFIG behaves as a negative resistance. This phenomenon can be 

explained by the induction generator effect (IGE) and 

sub-synchronous control interaction (SSCI) [24], [25]. Within 

the control bandwidth of the symmetrical PLL, the phase 

characteristics of DFIG changes from negative resistance to 

capacitance, and finally to resistance. Above the current control 

bandwidth, the phase of the positive sequence impedance tends 

to be inductive. Since the control effect of controllers can be 

ignored in the high frequency range, the characteristics of DFIG 

system is dominated by its passive components. 

The analytical model of Z11 and Z22 when fbw_PLL=80 Hz is also 

drawn in Fig. 4, the amplitude-frequency characteristic curves of 

DFIG and grid both intersect at 136 Hz when fbw_PLL is 80 Hz or 

140 Hz. DFIG behaves as a capacitance at 136 Hz and the phase 

margin is less than 0° when fbw_PLL=140 Hz, which means the 

DFIG-grid interconnected system is unstable. The resonance 

phenomenon of the DFIG is shown as Fig. 5, in which the 

DFIG-grid interconnected system becomes unstable when fbw_PLL 

changes from 80 Hz to 140 Hz at 2.5s. The resonant frequency 

of the active power at 136 Hz can be predicted accurately as 

shown in Fig. 6 and there is no other coupling frequency based 

on FFT analysis of stator voltage. It is essential to study the 

cause of resonance and the virtual impedance will be introduced 

to suppress the resonance. 
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Fig. 4. Validation of DFIG impedance models based on symmetrical PLL. 
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Fig. 5. Resonance phenomenon of DFIG based on symmetrical PLL (SCR=2). 
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Fig. 6. FFT analysis of stator voltage. 

B. Impedance Model Analysis 

Based on the SISO impedance model, the resonance issues of 

DFIG-grid interconnected system will occur as the bandwidth of 

the symmetrical PLL increases. According to Fig. 3, 

symmetrical PLL will introduce two stator voltage feedforward 

matrices Gpni and Gpnu, which will influence the impedance 

characteristics of DFIG system. To further analyze the influence 

factor and design the suitable virtual impedance, the impedance 

of DFIG needs to be decomposed into:  

 
1

DFIG 0= 1/ +1/ +1/pnu pni

-

Z Z Z Z                (27) 

where Z0 is DFIG impedance, which ignores the symmetrical 

PLL, Zpnu and Zpni are the parallel impedance based on the 

symmetrical PLL due to coordinate transformation of rotor 

voltage and rotor current. Fig. 7 shows the block diagram of 

DFIG impedance subsystem. 
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Fig. 7. Block diagram of DFIG impedance subsystem. 
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Fig. 8. Amplitude-frequency characteristic curves of impedance subsystem. 
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Fig. 9. Phase-frequency characteristic curves of DFIG impedance subsystem. 

Fig. 8 and Fig. 9 depicts the amplitude-frequency 

characteristic curves and phase-frequency characteristic curves 

of DFIG impedance subsystem. From Fig. 8 and Fig. 9, several 

conclusions can be reached as follows. 

Firstly, since the magnitude of parallel impedance Zpnu is 

greater than 17 dB within the whole frequency range, Zpnu can be 

neglected in the analysis of the DFIG impedance. 

Secondly, the amplitude-frequency characteristic curves of 

ZDFIG is approximated to Z0 above 500 Hz or less than 10 Hz, 

where the control effect of the controllers can be ignored. The 

phase of Z0 is always between 0° and 180°, therefore, the 

DFIG-grid interconnected system is always stable with the 

connection to the inductive weak grid when the effect of 

symmetrical PLL is ignored. 

Thirdly, the amplitude-frequency characteristic curves of 

ZDFIG is approximated to Zpni between 50 Hz and 200 Hz, thus 

Zpni dominates the impedance characteristics of DFIG within this 

frequency range. Zpni behaves as a negative resistance around the 

fundamental frequency, and becomes capacitive gradually as the 

frequency increases, which will cause a potential risk of 

resonance. 

In conclusion, the resonance reason for the DFIG system lies 

in the fact that the symmetrical PLL will introduce the parallel 

impedance Zpni when performing rotor current coordinate 

transformation. Therefore, it is necessary to derive the 

expression of Zpni.  

C. Impedance Analysis of Zpni 

Ignoring the system delay matrix Km which always influences 

the impedance characteristics of high frequency, and 

approximately considering Lm/Ls=1, the equivalent expression 

of Zʹpni can be expressed as, 

3 3

3

1+ 1/ +
=c c

pni

pni c pni c

G G G G
Z

G G G G G

   
 

    
                    (28) 

where the superscript ʹ denotes the first element in the first row 

of the matrix, which represents the transfer function between the 

positive sequence elements of stator voltage and stator current. 

The denominator of Zʹpni contains 1/Gʹ3 and Gʹc, 

 31/ = jr r rG R s L  + -                         (29) 

 1

1

j
=

j

pc ic

c

K s K
G

s





- +


-
                        (30) 

It should be noted that 1/Gʹ3 is much smaller than Gʹc near the 

fundamental frequency. Therefore, 1/Gʹ3 can be ignored and (28) 

can be expressed approximately as, 

 

 

2

1

1 1

j1 1
= 1

j
pni

pni rdq pp ip

s
Z

G K s K





 -
   - +

  - +
 

I
     (31) 

From (31), Zʹpni behaves as a negative resistance at the 

fundamental frequency i.e., Zʹpni=-1/Irdq1 and behaves as a 

capacitance when the frequency increases. Equation (31) 

simplify the impedance from 50 Hz to 200 Hz, and fully 

characterizes the impedance of DFIG within the bandwidth of 

the symmetrical PLL. In addition, (31) can be utilized to 

calculate the cut-off frequency of the filter based on impedance 

reshaping control strategy in Section V. 

V. IMPEDANCE RESHAPING CONTROL STRATEGY 

A. Design of the Phase Compensation Controller 

According to Section IV, the parallel impedance Zpni will 

cause the DFIG system to exhibit capacitance and resonance 

with the inductive grid. The basic idea is to introduce a virtual 

impedance to counteract the feedforward matrix Gpni as shown in 

the red path of Fig. 10. Since the parallel impedance Zpni 

dominates the impedance characteristic of DFIG within the 

bandwidth of the symmetrical PLL, Fig. 9 ignores the influence 

of Zpnu and Z0 when designing the virtual impedance. 
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Fig. 10. Block diagram of DFIG impedance based on the virtual impedance. 

It should be pointed that Uspn in Fig. 10 is the stator voltage in 

a system frame, which cannot be measured directly [23], it is 

more convenient to control the stator voltage in the controller 

frame. Therefore, Fig. 10 can be equivalently transformed into 

Fig. 11. 
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Fig. 11. Equivalent block diagram of DFIG impedance based on the virtual 

impedance. 

In Fig. 11, Gf  is the transfer matrix of filter which avoids to 

influence the DFIG impedance at 50 Hz, Gpns is the transfer 

matrix of stator voltage from controller frame to system frame, 

which can be written as, 

1

1

1 ( ) 0

0 1 ( )
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U H s
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- 
  
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G        (32) 

Therefore, the virtual impedance Zʹv can be written as, 
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(33) 

From (33), the phase compensation controller has three poles, 

which will influence the modulation output of the fundamental 

frequency, thus, a third-order high-pass filter should be 

introduced. Noted that the phase compensation controller in this 

paper can be equivalent to a low-pass filter because symmetrical 

PLL will lose the effect at high frequency, so the proposed 

virtual impedance will be a band-pass controller after adding a 

third-order high-pass filter. 

The virtual impedance in this paper is in parallel with the rotor 

current controller, and the transfer function Gref will remain 

unchanged after adding the paralleled virtual impedance [26]. 

Therefore, the proposed control strategy has no effect on the 

fundamental current, and rotor current control loop can achieve 

a zero steady for the rotor fundamental current. 

B. Design of the High-pass Filter 

The filter cut-off frequency can be obtained by (34), that is 

expressed based on the impedance expression (31) and the grid 

impedance expression sLg. It is worth noting that as the SCR 

decreases, the DFIG system becomes more susceptible to 

resonance with the inductive weak grid. This paper considers 

SCR of 1.2 as extreme case to design the cut-off frequency of 

high-pass filter. Therefore, it is not necessary to modify the 

parameters of the proposed impedance reshaping control 

strategy when the power operation point and some control 

parameters changes. 
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           (34) 

Submitting the parameters of DFIG system in Table I and 

SCR of 1.2 into (34), the frequency of the intersection can be 

solved to be 60 Hz. So the cut-off frequency of high-pass filter 

should be less than 10 Hz to ensure the phase margin at the 

resonant frequency. Therefore, this paper chooses a third-order 

Butterworth high-pass filter with a cut-off frequency of 5Hz 

(ωL=2π5). The transfer function of filter Gʹf can be expressed as, 
3

3 2 2 32 2
f

L L L

s
G

s s s  
 

+ + +
                   (35) 

Noted that although the impedance analysis in this paper is all 

in sequence-domain, the proposed virtual impedance can also be 

added in dq-domain like other controller based on the 

transformation matrix. The control diagram of the proposed 

impedance reshaping control strategy in dq-domain is shown as 

Fig.12. 
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Fig. 12. Control diagram of the proposed impedance reshaping control strategy 

in dq-domain. 

C. Analysis of the Virtual Impedance 

Based on the above analysis, the impedance bode diagram of 

DFIG system with or without virtual impedance can be shown as 

in Fig. 13. Several conclusions can be reached as follows. 

Firstly, the amplitude-frequency characteristic curve and 

phase-frequency characteristic curve within 47 Hz and 52 Hz are 

not changed after adding the virtual impedance because of the 

third-order high-pass filter. The phase of DFIG system starts to 

rise at 53 Hz, and the DFIG system behaves as a resistance from 

150 Hz to 400 Hz, indicating a sufficient phase margin to avoid 

the resonance with the inductive grid. When the frequency is 

greater than 600 Hz, the virtual impedance gradually loses its 

effect, and that will not influence the high frequency phase. 

Secondly, when the SCR of grid is 2, the intersection of 

amplitude-frequency characteristic curve moves from 136 Hz to 

145 Hz after adding the virtual impedance. The difference of 

phase decreases from 181° to 90°, which will eliminate the 

resonance problem due to the sufficient phase margin. 

Thirdly, when the SCR of the grid is 1.5 and 2.8, the 

amplitude-frequency characteristic curve of the DFIG system 

and the grid intersect at 106 Hz and 172 Hz before adding the 

virtual impedance, respectively. Even though the resonance 

frequency shifts due to the SCR changes, the DFIG system with 

impedance reshaping control strategy always has a large phase 

margin between 106 Hz and 172 Hz. It should be noted that the 

paralleling high-pass filter significantly reduces the magnitude 

of DFIG system at the cut-off frequency of 5 Hz. The 

amplitude-frequency characteristic curve of the DFIG system 

and the grid will intersect at 54 Hz and 58 Hz when the SCR=1.5. 

However, since the phase difference between these two 

intersections is always greater than 180° as shown in Fig. 13, 

they will not cause stability problems according to the Nyquist 

criterion [17], because the trajectory of Nyquist diagram just 

passes through the unit circle first, and then out of the unit circle, 

rather than surround (-1,0). The detailed analysis has been 

studied in [17], and will not explain this problem again due to 
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Fig. 13. Impedance Bode diagram of DFIG system with virtual impedance. 

D. Robustness against DFIG Parameter Deviations 

Practically, the parameters of DFIG are not constant due to 

the saturation, temperature change, and so on. And the DFIG 

system may switch to different operation conditions such as 

super synchronous conditions or sub synchronous conditions 

[27]. Therefore, it is necessary to analyse the robustness against 

DFIG parameter or operation conditions deviations.  

The stator resistance and rotor resistance of the DFIG in this 

paper are very small, so the change of the resistance has little 

effect on the impedance characteristics of the DFIG. Fig .14 and 

Fig. 15 show the impedance Bode diagram of DFIG system with 

leakage inductance and rotor frequency variations. It can be seen 

that when the leakage inductance increases, the amplitude of the 

DFIG impedance at the frequency greater than 400Hz and the 

phase of the DFIG impedance at the frequency greater than 

200Hz increases. When the rotor frequency decreases, the 

amplitude of the DFIG impedance at the frequency less than 30 

Hz increases, and the phase of the DFIG impedance at the 

frequency less than 40Hz decreases. However, the DFIG system 

with the proposed impedance reshaping control strategy still 

keeps a high phase margin after the DFIG parameters change. 

Therefore, the proposed control strategy has an excellent 

robustness for the changed DFIG parameters or operation 

conditions. 
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Fig. 14. Impedance Bode diagram of DFIG system with leakage inductance 

deviations. 
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Fig. 15. Impedance Bode diagram of DFIG system with rotor frequency 

deviations 

VI. EXPERIMENTAL RESULTS 

To futher verify the correctness of the proposed impedance 

reshaping method, the experiments based on 

Control-hardware-in-loop (CHIL) are carried out. The hardware 

platform of CHIL experiment is shown in Fig. 16. The model of 

DFIG is developed in Typhoon 602+ with the time step of 1 μs. 

Controllers of DFIG are implemented in a TMS320F28335 

DSP+FPGA control board and the sampling frequency is set at 5 

kHz. The parameters of DFIG are the same as the simulations, 

which are listed in Table I. 
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Fig. 16. Hardware platform of CHIL experiment. 

In order to verify the impact of bandwidth of the symmetrical 

PLL and validate the feasibility of the proposed impedance 

reshaping control strategy, Fig. 17 shows the experimental 

results of DFIG system with or without proposed control 

strategy when the SCR is 2. The rotor speed is fixed at 1800 

r/min. The reference output active and reactive power of DFIG 

system is 1.5 MW and 0 Var. The experimental results indicate 

that the DFIG system will be unstable after the bandwidth of the 

symmetrical PLL increases from 80 Hz to 140 Hz. The resonant 

frequency of the DFIG-grid interconnected system is 136 Hz 

which is the same as the analysis results in Fig. 6. The total 

harmonic distortion (THD) of the stator voltage Usabc and 

current Isabc are 6.3% and 5.4% according to FFT analysis. It 

also can be found that there is no other coupled resonant 

frequency, indicating that no frequency coupling characteristics 

in the DFIG system based symmetrical PLL. After enabling the 

proposed control strategy, the THD of stator voltage Usabc and 

current Isabc are reduced to 1.1% and 0.9%. The experimental 

results indicate that the proposed control strategy can improve 

the stability of the DFIG system when the bandwidth of the 

symmetrical PLL increases. 
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Fig. 17. Experimental results of DFIG system with proposed control strategy. 

In order to verify the adaptability of the proposed impedance 

reshaping control strategy for resonance frequency shifts due to 

the SCR changes, Fig. 18 shows the experimental results of the 

DFIG system under inductive weak grid with the proposed 

control strategy, in which the SCR decreases from 2 to 1.5. The 

slight oscillations due to transient flux will occur after SCR 

decreases to 1.5, and the oscillations decay eventually because 

of the system damping. The experimental results indicate that 

the proposed control strategy can ensure a stable operation of 

DFIG system during the process of regulation, and still has good 

stability after SCR changes. 
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Fig. 18. Experimental results of adaptability of the proposed control strategy for 

resonance frequency shifts due to the SCR changes. 

VII. CONCLUSIONS  

This paper has analyzed the impedance characteristics of 

DFIG system based on symmetrical PLL. According the SISO 

impedance model and the block diagram of DFIG impedance 

subsystem, the coordinate transformation of rotor current will 

introduce a parallel impedance, which dominates the DFIG 

impedance characteristics within the bandwidth of the 

symmetrical PLL. An improved impedance reshaping control 

strategy is proposed to eliminate the resonance of DFIG-grid 

interconnected system when the bandwidth of symmetrical PLL 

increases. With the proposed control strategy, the DFIG system 

has an enough phase margin in the large frequency range when 

the resonance frequency shifts due to the SCR changes, without 

affecting the fundamental frequency control performance. 
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Gc is the rotor current controller matrix in dq-domain, Kpc and Kic are the proportional and the integral gain of current controller. 

Noted that Gc keeps unchanged after transformation. The detailed derivation is shown as, 
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It can be found that Gc=AzGcAz
-1, so the rotor current controller has the same form in dq-domain and sequence-domain. In 

addition, if the 2x2 matrix has the same diagonal elements and off- diagonal elements are 0, this 2x2 matrix will keep the same after 

transformation. 

 

 

Author action: The control matrix in the dq domain has been shifted by 50 Hz in advance as shown in equation (10), (11), (12) in the 

manuscript. 

 

 

 

 

 

2. There is no frequency coupling through symmetrical PLL, then the impedance magnitude of the off-diagonal elements should be 

much smaller than the diagonal elements，which is different from the conclusion in Fig. 4. 

 

Author Response: Thanks for your comments. If the magnitude of the off-diagonal elements in Bode diagram of DFIG impedance 

is high, the frequency coupling characteristic can be ignored. 
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Fig. R1. DFIG impedance model based on symmetrical PLL. 

 

According to Fig. R1, the stator current and the DFIG system admittance based on the symmetrical PLL can be expressed as, 
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The Bode diagram of DFIG impedance can describe the impedance characteristics more intuitively, i.e., the DFIG behaves as an 

inductance when the DFIG phase is 90°, or the DFIG behaves as a capacitance when the DFIG phase is -90°. Therefore, this paper 

depicts the Bode diagram of DFIG impedance rather than DFIG admittance as shown in Fig. R2 (corresponds to Fig. 4 in this 

manuscript). 
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Fig. R2. Validation of DFIG impedance models based on symmetrical PLL. 

 

If the impedance magnitude of the off-diagonal elements is high, the positive-sequence and negative-sequence will not 

affect each other due to a strong damping. Therefore, by comparing the diagonal elements Z11 and Z22 with the off-diagonal 

elements Z12 and Z21, it can be seen that the magnitude of diagonal elements is much smaller than the off-diagonal elements, which 

means the frequency coupling characteristics can be neglected. 

 

 

Author action: The reason why depicts the Bode diagram of DFIG impedance rather than DFIG admittance is added in the Section 

IV. A. The reason why the frequency coupling characteristics can be neglected when the impedance magnitude of the off-diagonal 

elements is high is added in the Section IV. A. 
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