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Dynamic Coupling and Cooperative Control for 

Multi-paralleled Doubly Fed Induction Generator 

Wind Farms during Symmetrical Low Voltage 

Ride-through in a Weak Grid 

Lei Guan and Jun Yao 

Abstract—In multi-fed grid-connected systems, there 

are complex dynamic interactions between different 

pieces of equipment. Particularly in situations of 

weak-grid faults, the dynamic coupling between equip-

ment becomes more pronounced. This may cause the 

system to experience small-signal instability during the 

fault steady-state. In this paper, multi-paralleled doubly 

fed induction generator (DFIG)-based wind farms (WFs) 

are taken as an example to study the dynamic coupling 

within a multi-fed system during fault steady-state of 

symmetrical low voltage ride-through (LVRT) in a weak 

grid. The analysis reveals that the dynamic coupling be-

tween WFs will introduce a damping shift to each WF. 

This inevitably affects the system’s dynamic stability and 

brings the risk of small-signal instability during fault 

steady-state in LVRT scenarios. Increasing the distance to 

fault location and fault severity will exacerbate the dy-

namic coupling between WFs. Because of the dynamic 

coupling, adjusting the control state of one WF will affect 

the stability of the remaining WFs in the system. Hence, a 

cooperative control strategy for multi-paralleled DFIG 

WFs is proposed to improve dynamic stability during 

LVRT. The analysis and the effectiveness of the proposed 

control strategy are verified by modal analysis and simu-

lation. 

Index Terms—Doubly fed induction generator (DFIG), 

wind farms (WFs), dynamic stability, low voltage ride 

through (LVRT), weak grid, dynamic coupling. 
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r r,   Angle and angular frequency of rotor 
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PCCU  PCC voltage 

tZ  Impedance of transmission line between 

WF and PCC 

LZ  Impedance of transmission line between 

PCC and grid 

B. Subscripts 

d, q dq-axis components 

s, r, g Stator-, rotor-side and GSC-side quanti-

ties 

G Quantities of grid 

0 Initial value 

C. Superscripts 

pj Components in the jth PLL detected SRF 

Ⅰ.   INTRODUCTION 

ecause of the growing emphasis on protection of 

the environment and green energy, an increasing 

number of renewable energy generation systems (REGs) 

using doubly fed induction generator (DFIG)-based 

wind turbines (WTs) have been installed [1]. However, 

because of the uneven distribution of wind resources, 

wind farms (WFs) are usually installed far away from 

the electricity load. This leads to long distance and high 

impedance characteristics of the transmission line 

(weak grid characteristics) [2]. Consequently, an in-

creasing proportion of wind farms are integrated into 

the power system through weak grid connection. This 

brings significant challenges to the power system, in-

cluding stability issues when there are faults [3],[4]. 

Stability issues of wind farms during weak grid faults 

have received significant attention. From the timescale 
point of view, power system faults can be divided into 

two transient stages (fault initiation stage and fault 

clearance stage) as well as one steady-state stage (fault 

steady-state) [5]. Therefore, the stability issues include 
transient stability (large-signal stability) during fault 
transient stages, and dynamic stability (small-signal 

stability) during fault steady-state. The transient stabil-

ity during fault transient stages ensures that the 

grid-connected system has an equilibrium point in grid 

B 
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fault conditions, a point which can be reached smoothly 

[6], [7]. On the other hand, during the fault steady-state, 
the transient components in the system have completely 

attenuated, and the dynamic stability ensures that the 

grid-connected system can maintain normal operation at 

the equilibrium point during the fault steady-state until 

the fault is cleared [8], [9]. The dynamic stability of the 
wind farm during the fault steady-state is equally im-

portant, and it may also affect the success of the fault 

ride-through (FRT) operation. Some studies have veri-

fied that dynamic instability can indeed occur in 
grid-connected systems during the fault steady-state in a 

weak grid, and the fundamental causes for dynamic in-

stability during FRT have also been investigated [8][11]. 
In these studies, it is illustrated that grid-connected 

power-electronic-based renewable energy generation is 

more prone to induce small-signal instability during 

weak grid faults because of changes in the grid structure 

and control status caused by the faults. Studies [8][11] 

investigate the dynamic stability of an independent 
grid-connected system during a fault steady-state in a 

weak grid. In the context of multi-fed grid-connected 

systems, there exists dynamic interaction behavior due to 

the integration of various pieces of equipment into a 

unified system, resulting in new and complex effects. 
Therefore, conclusions drawn from an independent 

grid-connected system are not applicable to the dynamic 

stability analysis of multi-fed grid-connected systems 

(multiple WFs) during a fault steady-state. 

Different from the independent grid-connected sys-

tem, the dynamic interactions between WFs make the 

stability of multiple WFs during the fault steady-state in 

a weak grid fault more complex. [12][14] study the 

dynamic stability of grid-connected WFs and propose a 

dynamic aggregation method to aggregate a WF con-

taining multiple wind turbine generators (WTGs) into 

an equivalent single WTG system. In [15], multiple 

renewable energy generation plants (photovoltaic plants 

and wind farms) are made equivalent to a multi-fed 

power electronic grid-connected system by applying the 

dynamic aggregation modeling method. However, the 

above research only discusses the stability of the mul-

ti-fed grid-connected system under normal conditions, 

not under fault conditions. Also, the influence of dy-

namic interactions in a multi-fed grid-connected system 

on small-signal stability of the overall system has not 

been thoroughly explored. In [16], [17], it is pointed out 

that the coupling relationship between multi-paralleled 

WFs will affect transient stability. Even so, the dynamic 

stability of multiple WFs during a fault steady-state has 

not been not investigated.  

From the existing research on stability in normal 

weak grid operation conditions [12][15] and the tran-

sient stability under weak grid faults [16], [17], it can be 

seen that the dynamic coupling between WFs is im-

portant. Changes in the grid structure and control status 

caused by faults lead to changes in the dynamic cou-

pling relationship between WFs, and that affects system 

dynamic stability during the fault steady-state in weak 

grid faults [17][19]. This study focuses on these issues, 

and the main contributions of this paper are as follows: 

1) The dynamic coupling mechanism between DFIG 

WFs during fault steady-state in LVRT is studied. It re-

veals that it can bring new instability risk to the multi-WF 

system during LVRT, and can also reduce the effective-

ness of traditional stability improvement control. 

2) It points out that a more distant fault location or a 

more severe fault condition can intensify the dynamic 

coupling effect and decrease the small-signal stability. 

In addition, the causes of small-signal instability of 

multi-paralleled WFs during LVRT are revealed. 

3) Because of dynamic coupling, the integration of 

multiple WFs into a unified system means that modi-

fying the control state of one WF will affect the stability 

of the remaining WFs in the multi-fed system. A coop-

erative control strategy is thus proposed to improve the 

dynamic stability in the circumstances under study. 

The rest of the paper is organized as follows. Section 

Ⅱ develops the multi-WF system model considering 

dynamic coupling. In Section Ⅲ, the influence mecha-

nism of dynamic coupling between WFs and the dy-

namic stability of multi-paralleled WFs during LVRT 

are studied. The cooperative control strategy for im-

proving the dynamic stability of multi-paralleled WFs 

during LVRT is designed in Section Ⅳ, while simula-

tion verification is carried out in Section Ⅴ. Section Ⅵ 

gives the conclusions of the paper. 

Ⅱ.   MODELING CONSIDERING DYNAMIC COUPLING FOR 

MULTI-PARALLELED WIND FARMS DURING 

SYMMETRICAL LVRT 

Figure 1 shows the typical configuration and LVRT 

strategy of a DFIG-based wind energy conversion sys-

tem (WECS) [8][10]. During LVRT, the wind farm 

needs to inject corresponding reactive current into the 

grid according to the degree of voltage sag [20]. The 

expression of the injected reactive current is given as: 

gqref td1.5(0.9 )I U                           (1) 

The WECS will cut off the power control loop and 

only use the current control loop (CCL) for control dur-

ing LVRT. A typical PLL structure, as shown in Fig. 2, is 

used for synchronization between the WECS and grid.  

This paper primarily studies the dynamic stability of 

the fault steady-state, in which the transient fault com-

ponent has completely attenuated and the system oper-

ates at the stable operating point. The crowbar on the 

rotor side and/or the chopper on the DC side have been 
deactivated during the fault steady-state. Therefore, 

referring to the modeling methods on dynamic stability 

during faults in previous studies [8][11], the 

small-signal model can be obtained by linearizing the 
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mathematical model at the stable operating point of the 

fault steady-state. Since a wind farm generally contains 

the same types of WTs, it is assumed that their control 

parameters are set to the same values [12], [21]. 

 

Fig. 1.  Control structure diagram of DFIG-based WECS. 

 

Fig. 2.  Structure diagram of PLL.  

Compared with a strong grid, the short circuit ratio 
(SCR) of a weak grid is low, and the transmission line 

impedance G G GjZ R X  becomes significant. There-

fore, the WF’s terminal voltage tU  is affected not only 

by the fault point voltage fU , but also by the output 

current gI , i.e., t f g GU U I Z  . The terminal voltage 

dynamic tU  affects the PLL control performance, and 

thus the output current dynamic gI  also affects the 

PLL control performance pll . Hence, in the estab-

lished model in a weak grid, the impedance of the 
transmission line should be considered. 

Compared to the external transmission lines between 

the wind farm and the grid, the internal transmission 

lines in the wind farm can be neglected. Therefore, 

adopting the dynamic aggregation modeling method in 

[13] to aggregate WTGs in a wind farm, an individual 

WF can be considered as a controlled current source 

regulated by the PLL. From Kirchhoff’s law, there is:  

t f g G U U I Z                           (2) 

Because of the PLL dynamics, the dynamic rela-

tionship in the system can be expressed as: 
p

t t t0 pll

p

g g g0 pll

j

j





    

    

U U U

I I I
                  (3) 

where the superscript p indicates the quantity in the 

frame detected by the PLL. Substituting (3) into (2) and 

subsequently linearizing the resulting expression yield: 
p

tq G gd0 G gq0 pll td0 pll
p p

G gd G gq

( )U R I X I U

X I R I

       

  
     (4) 

Some studies have investigated the dynamic stability 

of single DFIG-based REGS during symmetric LVRT 

[8][10]. The results show that the damping of the PLL 

dominant mode of DFIG-based REGS in a symmetric 

LVRT will become weaker or even shift to a negative 

value, i.e., the PLL mode is the dominant mode of single 

DFIG-based REGS during symmetric faults in a weak 

grid. However, for a multi-fed power electronic 

grid-connected system composed of multiple DFIG 

WFs, the dynamic coupling behavior between WFs will 

bring in new influence on stability. In particular, the 

effect of this dynamic coupling may become more sig-

nificant during LVRT. 

The main circuit topology of n DFIG WFs in parallel 

connection is illustrated in Fig. 3. It is seen that the 

DFIG WFs are respectively connected to the point of 

common coupling (PCC) through n transmission lines 

t1Z  to tnZ , which are then connected to the fault loca-

tion fU and grid GU through the common transmission 

line LZ and gridZ . Thus, G G G t Lj ( )R X R R    Z  

t Lj( )X X , and from Kirchhoff’s law, there are: 

G g

=1

n

i

i

I I                                  (5) 

pcc f G L U U I Z                            (6) 

t pcc g ti i i U U I Z                          (7) 

 
Fig. 3.  Equivalent circuit of DFIG WFs in parallel connection. 

Since the n DFIG WFs are respectively synchronized 

with the grid by n independent PLL, there are n inde-

pendent dq-axis synchronous reference frames (SRF) in 

the system detected by the n PLL. The relationship 

between these n dq-axis SRF and the whole system’s 

unified reference XY frame (the orientation of fU is 

defined as the direction of X-axis) is shown in Fig. 4, 
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where the angle between the kth PLL-detected dq-axis 

SRF and the XY frame is represented by pllk .  

 

Fig. 4.  Relationship between n PLL-detected SRFs and the XY 

frame. 

Combining (5)(7), the q-axis terminal voltage dy-

namic of the kth DFIG WF can be obtained as: 
p p

tq t g 0 t g 0 pll t g t g

p p

L g 0 L g 0 pll L g L g

=1

Δ ( )

( )

k k kd k kq k k kd k kq

n

jd jq j jd jq

j

U R I X I X I R I

R I X I X I R I





      

        

(8) 

where p

gI  is the output current dynamic. From (8), it 

can be seen that the kth DFIG WF’s terminal voltage is 

dynamically coupled with the other n-1 paral-

leled-connected WFs during LVRT. This is because the 

output currents of the n WFs are integrated to the PCC 

and then are jointly delivered to the faulted grid through 

the common transmission line LZ . So the output cur-

rent dynamics of any WF will affect the PCC voltage 

PCCU  and other WFs’ terminal voltage tkU . Therefore, 

the respective control systems of the multi-paralleled 

WFs are dynamically coupled to each other during 

LVRT. 

Because of the dynamic coupling behavior of the 

multi-paralleled DFIG WFs during LVRT, the stability 

of the parallel-connected WFs is influenced by each WF. 

If one of the WFs is dynamically destabilized during 

LVRT, its destabilization current will cause fluctuation 

in the PCC voltage PCCU . Consequently, the oscillating 

PCCU  will result in oscillations of other WFs’ terminal 

voltage tkU  during LVRT. This in turn affects the dy-

namic performance and the output current dynamic of 

each WF. 

Here, the small-signal state-space equation of each 

individual DFIG WF during LVRT is obtained by the 

modeling method in [8]. The small-signal model of each 

individual DFIG WF is then combined by (5)(7) to 

obtain the entire dynamic model of the multi-paralleled 

WF system. 

From modal analysis, the primary poles of the mul-

ti-paralleled WFs during LVRT are still dominated by 

the PLL modal of each WF. However, the dynamic 

coupling between WFs during LVRT will influence the 

position of poles dominated by the PLL modal. 

Ⅲ.   DYNAMIC COUPLING ANALYSIS FOR 

MULTI-PARALLELED WIND FARMS 

From [8], it is evident that as the fault location moves 

farther away or when voltage dips become more severe, 

the damping of the PLL dominant modal of individual 

WFs decreases, leading to a less stable overall system. 

In the following, the effect of the fault location and fault 

severity on the dynamic coupling between WFs and the 

dynamic stability of multi-paralleled DFIG WFs is 

studied. 

A. Dynamic Coupling between WFs 

Figure 5 illustrates the multi-paralleled DFIG WFs 
consisting of the jth and kth WFs [19], [23]. In Fig. 5, 
superscript pj or pk indicates the quantity in the frame 

detected by the PLL of the jth WF or kth WF. p

t

j

jU  

indicates the jth WF’s terminal voltage dynamic in the 
frame detected by the PLL of the jth WF, whereas 

p

t

k

kU  indicates the kth WF’s terminal voltage dynamic 

in the frame detected by the PLL of the kth WF. 

 

Fig. 5.  Multi-paralleled DFIG WFs system consisting of only 

two WFs. 

We assume that the jth WF is farther way from the 

fault location than the kth WF, i.e., t tj k＞Z Z , while the 

remaining parameters of these two WFs are similar. 

Then, the small-signal state-space model of the two 

DFIG WFs under LVRT can be established using the 

modeling method in [8]. It should be noted that the 

dynamic coupling between the multi-paralleled DFIG 

WFs is considered in the established model. The influ-

ence of the dynamic coupling between WFs on the 

whole system dynamic stability can be studied by ad-

justing the coefficients associated with the coupling 

terms in the small-signal state-space matrix.  
Figure 6 compares the PLL dominant poles of the 

2-WF system with and without considering the dynamic 
coupling effect between WFs, while Table Ⅰ illustrates 

the detailed eigenvalue analysis, with f 0.3 p.u.U  . In 

Fig. 6, the red triangles indicate the eigenvalues when 

the dynamic coupling effects are considered ( cj and 

ck ), whereas the blue crosses indicate the eigenvalues 

without considering those effects ( ej and ek ). As the 

fault location becomes farther away ( LR and LX  grad-

ually become larger), the eigenvalues move in the di-
rections of the arrows. 
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Fig. 6.  Comparison of the eigenvalues trajectory of 2-WFs sys-

tem when fault location becomes farther away.  

TABLE Ⅰ  

EIGENVALUE ANALYSIS AS FAULT LOCATION BECOMES FARTHER 

AWAY 

LZ  
Considering 

dynamic 

coupling 
Eigenvalues 

Damping 

ratio ξ 

0.074 j0.35  

No e 1.5 j134.2j     0.0112 

Yes c 1.153 j117.6j     0.0098 

No e 1.875 j150k    0.0125 

Yes c 2.119 j159.4k    0.0133 

0.092 j0.434  

No e 1.355 j127.5j     0.0106 

Yes c 0.9661 j107.7j     0.009 

No e 1.73 j144.1k     0.012 

Yes c 2.211 j162.5k     0.0136 

From the above analysis, the dynamic coupling be-

tween the WFs will lead to the shift of the 

PLL-dominated poles of the two WFs. Specifically, it 

causes the PLL dominant poles of the jth and kth WFs to 

shift to the right and left, respectively. This suggests that 

the dynamic coupling effect between WFs introduces 

negative damping to the PLL-dominant modal of the 

WF located relatively far away from the fault location, 

while it adds positive damping to the PLL-dominant 

modal of the WF situated closer to the fault location. 

Moreover, as the fault location becomes farther away, 

the damping offset brought by the dynamic coupling 

effect to each WF’s PLL-dominant modal become 

greater. 

Figure 7 illustrates the motion trajectory of the 

PLL-dominant poles of the 2-WF system as the fault 

severity gradually increases, while Table Ⅱ illustrates 

the detailed eigenvalue analysis. As can be seen, the 

damping shift brought by dynamic coupling between 

WFs to each WF become more obvious as the fault 

severity increases. 

In simpler terms, when the farther fault location is 

farther away or the fault severity is greater, the dynamic 

coupling between WFs during LVRT is intensified. This 

heightened coupling also amplifies the damping offset 

that affects each WF. 

 

Fig. 7.  Comparison of the eigenvalues trajectory of 2-WFs sys-

tem when the fault severity increases.  

TABLE Ⅱ 

EIGENVALUE ANALYSIS AS THE FAULT SEVERITY INCREASES 

fU  
Considering 

dynamic 

coupling 

Eigenvalues 
Damping 

ratio ξ 

0.32 

p.u. 

No e 1.75 j150j     0.0117 

Yes c 1.185 j122.1j     0.0097 

No e 1.81 j144.4k     0.0125 

Yes c 2.218 j163.1k     0.0136 

0.11 
p.u. 

No e 1.435 j131.2j     0.0109 

Yes c 1.027 j111j     0.0093 

No e 1.5 j134.2k     0.0112 

Yes c 2.222 j163.3k    0.0136 

B. Influence Mechanism of Dynamic Coupling on 
Small-signal Stability of n Multi-paralleled WFs System 

In a system containing n multi-paralleled WFs, the dy-

namic coupling behavior within the system will be more 

complex during the LVRT. Figure 8 illustrates the dy-

namic interaction of n multi-paralleled WFs during LVRT. 
It can be seen that each WF is dynamically coupled to 

the remaining n-1 WFs. In reality, the output currents 
and the control parameters of the n WFs during LVRT 
may be different, and therefore analyzing the dynamic 
stability and effect of dynamic coupling between WFs 
during LVRT becomes even more complicated. As seen 

in Fig. 8, ( )n sG  is the transfer function of the nth WF’s 

terminal voltage dynamic p

tq

nU  to its own PLL dy-

namics pl ln . ( )jkG s  is the transfer function from the 

kth WF’s terminal voltage dynamic p

tq

kU  to the jth 

WF’s PLL dynamic pl l j . 

We assume that the PLL dominant poles of the in-

dependent jth DFIG WF is jjj jjd k  , while jkD  

represents the damping offset brought by the dynamic 
coupling between the jth and kth WFs on the PLL 
dominant poles of the jth WF. It can be seen that if the 
whole damping of the jth DFIG WF’s PLL dominant 
poles in the multi-paralleled DFIG WFs system has 

1,

0
n

jj jk

k jk

d D
 

  ＜ , this WF will experience small 

signal instability during LVRT.  
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Fig. 8.  Dynamic coupling relation of multi-paralleled WFs dur-

ing LVRT. 

In the following paragraphs, a system consisting of 

three DFIG WFs connected to the grid in parallel is used 

for analysis. 

Figure 9 illustrates the motion trajectory of the 

PLL-dominant poles of the system containing three 

paralleled WFs as the fault location becomes farther 

away ( LR and LX  become larger), when the dynamic 

coupling effect is not considered. The detailed eigen-

values analysis is given in Table Ⅲ, while the system 

parameters can be found in the Appendix A. 

 
Fig. 9.  Eigenvalue trajectory of the 3-WF system without con-

sidering dynamic coupling effects when the fault location be-

comes farther away. 

As can be seen from Fig. 9 and Table Ⅲ, without 

considering the dynamic coupling between WFs, the 

damping of each WF’s PLL-dominant modal will de-

crease as the distance between the fault location and 

PCC increases. However, all the PLL dominant poles 

remain in the left half-plane of the complex plane.  

TABLE Ⅲ 

 EIGENVALUE ANALYSIS OF THE 3-WF SYSTEM DURING LVRT 

WITHOUT CONSIDERING DYNAMIC COUPLING EFFECTS 

LZ  WF Eigenvalues 
Damping 

ratio ξ 

0.074 j0.35  

1 1.875 j150   0.0125 

2 1.5 j134.2   0.0112 

3 1.125 j116.2   0.0097 

0.083 j0.392  

1 1.782 j146.2   0.0122 

2 1.407 j130   0.0108 

3 1.033 j111.3   0.0093 

0.092 j0.434  

1 1.68 j142   0.0118 

2 1.305 j125.1   0.0104 

3 0.93 j105.6   0.0088 

Figure 10 and Table Ⅳ respectively illustrate the 

motion trajectory and detailed eigenvalue analysis of 

the PLL-dominant poles in the three paral-

leled-connected DFIG WFs when the dynamic coupling 

effects between WFs during LVRT are considered.  

 
Fig. 10.  Eigenvalue trajectory of the 3-WF system considering 

dynamic coupling effects when the fault location becomes farther 

away. 

TABLE Ⅳ 

EIGENVALUE ANALYSIS OF THE 3-WF SYSTEM DURING LVRT 

WITH CONSIDERING DYNAMIC COUPLING EFFECTS 

LZ  WF Eigenvalues 
Damping 

ratio ξ 

0.074 j0.35  

1 3.306 j174.7   0.0189 

2 1.66 j140   0.0119 

3 1.351 j100.6   0.0013 

0.083 j0.392  

1 3.367 j178.1   0.0188 

2 1.571 j15.9   0.0116 

3 0.02538 j95.48   0.0003 

0.092 j0.434  

1 3.432 j181.3   0.0187 

2 1.472 j131.2   0.0112 

3 0.1035 j89.4  -0.0012 

It can be seen that the dynamic coupling between 

WFs during LVRT leads to damping shifts in the 

PLL-dominant modals of the system. Also, because of 

the dynamic coupling effect, the damping of the third 

DFIG WF becomes negative as the distance between the 

fault location and PCC increases, resulting in 

small-signal instability during LVRT. 

Figure 11 and Table Ⅴ respectively illustrate the mo-

tion trajectory and detailed eigenvalue analysis of the 

PLL-dominant poles in the system without considering 

the dynamic coupling effect between WFs, as the fault 

severity increases. 

 
Fig. 11.  Eigenvalue trajectory of the 3-WF system without con-

sidering dynamic coupling effects when fault severity increases. 
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TABLE Ⅴ 

EIGENVALUE ANALYSIS OF THE 3-WF SYSTEM DURING LVRT 

WITHOUT CONSIDERING DYNAMIC COUPLING EFFECTS 

fU  WF Eigenvalues 
Damping 

ratio ξ 

0.32 p.u. 

1 1.845 j149.1   0.0124 

2 1.455 j129.5   0.0112 

3 1.089 j111.2   0.0097 

0.22 p.u. 

1 1.802 j147.1   0.0122 

2 1.427 j130.9   0.0109 

3 1.053 j112.4   0.0094 

0.11 p.u. 

1 1.72 j143.7   0.0120 

2 1.345 j127   0.0106 

3 0.97 j107.9   0.009 

Figure 12 and Table Ⅵ respectively illustrate the 

motion trajectory and detailed eigenvalue analysis when 

the dynamic coupling effects between WFs are consid-

ered, as the fault severity increases. 

 

Fig. 12.  Eigenvalue trajectory of the 3-WF system considering 

dynamic coupling effects when fault severity increases. 

It can be seen that considering the dynamic coupling 

between WFs, the damping of each WF’s 

PLL-dominant modal reduces as the fault severity in-

creases. The dynamic coupling effect between WFs also 

causes the third WF’s damping to become negative, 

resulting in small-signal instability during LVRT. 

TABLE Ⅵ 

EIGENVALUE ANALYSIS OF THE 3-WF SYSTEM DURING LVRT  

CONSIDERING DYNAMIC COUPLING EFFECTS 

fU  WF Eigenvalues 
Damping 

ratio ξ 

0.32 p.u. 

1 3.064 j155   0.0198 

2 1.618 j138.6   0.0117 

3 0.06434 j102.4   0.0006 

0.22 p.u. 

1 3.101 j156   0.0199 

2 1.598 j137.6   0.0116 

3 0.01824 j100.9   0.0002 

0.11 p.u. 

1 3.153 j157.4   0.02 

2 1.569 j136.3   0.0115 

3 0.04747 j98.75  -0.0005 

In summary, the increase of distance between the 

fault location and PCC or the increase of fault severity is 

detrimental to the dynamic stability of the 

PLL-dominated multi-paralleled DFIG WFs during 

LVRT. There are two reasons for this:  

1) The self-damping of the PLL dominant modal in 

each individual WF is reduced as the distance between 

the fault location and PCC increases or the fault severity 

becomes higher during LVRT. 

2) The increase of distance between the fault location 

and PCC or the fault severity will amplify the dynamic 

coupling effects between WFs, which brings negative 

damping effects to certain WFs during LVRT. 

Ⅳ.   COOPERATIVE CONTROL FOR MULTI-PARALLELED 

DFIG WIND FARMS  

The stability analysis reveals that the dynamic cou-

pling between the WFs during the LVRT integrates 

multi-paralleled DFIG WFs into a unified system. The 

dynamic instability of any WF during LVRT will affect 

the stability of the overall system. To improve the dy-

namic stability, the damping of each independent WF 

should be enhanced, especially for WF with 

1,

n

jj jk

k jk

d D
 

    being less than zero or close to zero. 

Here, an adaptive damping controller is designed for 
each ndividual WF, and its control structure is shown in 
Fig. 13. The adaptive damping controller directly feeds 

back the deviation between pll  and g  to the output of 

the q-axis GSC CCL through a PI controller, where cpk  

and cik  shown in Fig. 13 are the proportional and inte-

gral coefficients of the adaptive damping controller, 

respectively. In the case where pll  deviates from g  

during LVRT, the DFIG WF will automatically adjust 

its q-axis current component according to pll .  

 

Fig. 13.  Control structure of the adaptive damping controller. 

After applying the adaptive damping controller, the 

damping ratio of an independent DFIG WF’s PLL 

dominant mode changes from (9) to (10), as: 

p td0 G gd0 G gq0

i td0 G gd0 G gq0
2 ( )

k U R I X I

k U R I X I


 


 
                  (9) 

i
td0 G gd0 G gq0 G c G cp

p p*

i G p cp td0 G gd0 G gq0 G c
2 (1 )( )

i

i

k
U R I X I X K X K

k k

k X k K U R I X I X K


   


   

(10) 
It can be seen that the damping ratio of the inde-

pendent WF during LVRT is affected by the adaptive 



GUAN et al.: DYNAMIC COUPLING AND COOPERATIVE CONTROL FOR MULTI-PARALLELED DOUBLY FED… 119 

damping controller’s control coefficients, and Fig. 14 

shows its trend. As seen, the damping ratio *  of the 

system is increased with the increase of cpk  and cik  

after applying the adaptive damping controller, and 
hence the dynamic stability of the DFIG WF during 
LVRT can be enhanced. 

 

Fig. 14.  Change trend of *  with the change of cpk  and 
cik . 

However, the multi-paralleled DFIG WFs constitute a 

coupled MIMO system, with dynamic coupling be-

tween each independent WF. We assume that the 

damping ratio of the jth WF is increased to the target 

value by adjusting its adaptive damping controller pa-

rameters. However, when the coefficients of the re-

maining n1 WFs are subsequently adjusted, the 

changes of the states of the remaining n1 WFs will 

inevitably influence the damping of the jth  WF through 

dynamic coupling.  

The PLL dominant poles of the 3rd and 4th WF in a 

5-WF grid-connected system are given in Fig. 15. In the 

initial state of Fig. 15, the 3rd WF has been regulated to 

be dynamically stable but the 4th WF has not yet been 

regulated. Then, the adaptive damping controller is added 

to the 4th WF and is adjusted to make it dynamically 

stable during the LVRT. The poles move according to the 

orientations of the arrows as shown in Fig. 15. 

 

Fig. 15.  Eigenvalue trajectory of the 3rd and 4th WFs in a 5-WF 

system as adjusting adaptive damping controller in the 4th WF.  

It can be seen that the PLL dominant poles of the 4th 
WF are shifted to the left and the system tends to be 

dynamically stable. However, because of the dynamic 

coupling between the WFs, adjusting the 4th WF’s 

parameters also influences the 3rd WF. As a result, the 

PLL dominant poles of the 3rd WF shifts to the right, 

thus making the 3rd WF dynamically unstable. There-

fore, it is not feasible to independently adjust the pa-

rameters of the adaptive damping controller applied in 

each WF. 

In the proposed cooperative control strategy, each 

DFIG WF will adopt the adaptive damping controller in 

Fig. 13, while the adaptive damping controller’s coef-

ficients for each WF will be configured considering the 

state of the overall system during LVRT. Thus, the 

damping of each subsystem is changed to ensure overall 

system stability. The basic procedure of the cooperative 

control strategy is as follows: 

1) Combined with the actual system, establish the 

small-signal state space equations of the overall WF 

system under symmetric faults. Calculate the range of 

fault distance and fault severity which can lead to small 

signal instability during LVRT. 

2) Establish the time-domain simulation model of the 

n multi-paralleled DFIG WF grid-connected system, 

and simulate the typical symmetric voltage dip faults in 

the calculated range, combined with the actual situation 

(including different fault locations and fault severities). 

In the 3-WF system in Section Ⅲ, the calculated 

range of fault distance and fault severity which will lead 

to dynamic instability are: LZ is larger than 0.087 + 

j0.411p.u. , and fU  is lower than 0.2 p.u. So every 

0.001 j0.0047 p.u.  increase in LZ or every 0.01 p.u. 

decrease in fU  is a selected fault scenario in the system. 

3) When a fault occurs, calculate the PLL dominant 

poles in the system and the damping ratio *  of each WF. 

4) Judge whether the real parts of the n PLL dominant 

poles are all negative and the damping ratios satisfy the 

set target value. If all conditions are satisfied, go to step 

6. Otherwise, go to step 5. 

5) If the conditions of step (4) are unsatisfied, de-

termine the target-unsatisfied WF’s sequence and 

modify the parameters of its adopted adaptive damping 

controller according to (10) and Fig. 17. Subsequently, 

update the model parameters and go back to step (2). 

6) If the conditions of step (4) are all satisfied, the 

iteration will stop and the optimal solution will be gen-

erated. Enter the simulation model to verify. 

7) Store the fault data and control data in the cen-

tralized control system. Change the fault scenario and 

recalculate the new control data until all fault scenarios 

have been calculated. 

8) When a voltage dip is detected in the actual 

grid-connected system, the fault information will be 

obtained by the centralized control system [24]. A sim-

ilar fault scenario will be identified in the system, and 

the control data for this scenario will be issued to the 

corresponding WF. The whole process of the coopera-

tive control strategy is shown in Fig. 16. 
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The process in the blue part in Fig. 16 corresponds to 

steps (1) to (6). 

 
Fig. 16.  Process of the cooperative control strategy. 

These steps are actually carried out when the WFs are 

being installed, and the data are stored in the centralized 

control system [24]. When a voltage dip is detected in 

the actual grid-connected system, only the steps on the 

left part in Fig. 16 need to be performed. Since the 

communication technology represented by Ethernet 

communication is applied in the control of WFs [25], 

the command sending and receiving time can generally 

be controlled within 10 ms [26]. This meets the time 

requirements of fault ride-through operation. 

The motion trajectories of the PLL-dominated poles 

for different fault distance and fault severity in the mul-

ti-paralleled DFIG WFs after applying the cooperative 

control are given in Figs. 17 (a) and (b), respectively. 

 
Fig. 17.  Eigenvalue trajectory of the 3-WF system after applying 

the cooperative control. (a) When fault location becomes farther 

away. (b) When fault becomes more severe.  

As seen in Fig. 17, with the application of the coop-

erative control strategy, each WF can ensure dynamic 

stability during the LVRT, regardless of fault location 

or severity. 

Ⅴ.   SIMULATION VALIDATION 

To verify the correctness of the above analysis and the 

effectiveness of the proposed cooperative control 

strategy on dynamic stability improvement during 

LVRT, a multi-paralleled WF system model is estab-

lished in MATLAB/Simulink. This consists of three 

DFIG WFs as shown in Fig. 18. The parameters of the 

WFs and lines are referenced from a multi-paralleled 

WF system in the Baotou area of China. The DFIG WFs 

are connected to the PCC through step-up transformers, 

and then connected to the grid through the common 

transmission line LZ and additional step-up transform-

ers. Grid faults occur at the fault point on the 

high-voltage cable [27]. The detailed parameters of the 

system are given in the Appendix A. 

 

Fig. 18.  Structure of the simulation model of a multi-paralleled 

WF system.  

A. Simulation Validation for the Influence of Dynamic 

coupling between WFs 

Figure 19 shows the simulation results without ap-

plying the cooperative control strategy, when 

L 0.0875 0.413 p.u.j Z . As can be seen, the third 

WF experiences small signal instability during the 

LVRT. Because of the dynamic coupling between the 

WFs, the terminal dynamics of the WFs influence each 

other during the LVRT. 
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Fig. 19.  Simulation results when 

L 0.0875 j0.413 p.u.Z    (a) 

Three-phase voltage of fault point. (b) Three-phase current of PCC. 
(c1)(c3) The dq components of terminal voltages of the 3rd, 2nd 
and 1st WFs respectively. (d1)(d3) The dq components of ter-
minal currents of the 3rd, 2nd and 1st WFs  respectively. 

To verify the influence of dynamic coupling between 
WFs on the dynamic stability of the multi-paralleled 
WF system during LVRT, three independent wind 
farms are established, as shown in Fig. 20. These three 
WFs are connected to the grid independently. The rest 
of the parameters and control structures are the same as 

in the model of Fig. 18, with L1 L2 L3 LZ Z Z Z   , 

grid1 grid2 grid3 gridZ Z Z Z   , G1 G2 G3 GU U U U   . 

 
Fig. 20.  Structure of a three independent wind farm system. 

The simulation results for the three independent 
DFIG WFs during LVRT are given in Fig. 21.  

 
Fig. 21.  Simulation results without considering dynamic coupling 

during LVRT. (a1)(a3) The dq components of terminal voltages 

of 3rd, 2nd and 1st WFs respectively. (b1)(b3) The dq compo-
nents of terminal currents of 3rd, 2nd and 1st WFs respectively. 

It can be seen that the three independent WFs can all 

remain stable during LVRT when there is no dynamic 

coupling between them. Comparing Figs. 19 and 21, the 

analysis in Tables Ⅲ and Table Ⅳ can be verified, i.e., 

the dynamic coupling between WFs is the important 

cause of small-signal instability during LVRT of the 

multi-paralleled WF system. 

B. Simulation Validation for the Influence of Fault Lo-
cation and Fault Degree 

Figure 22 shows the simulation results without ap-

plying the cooperative control strategy, when the dis-

tance to fault location becomes farther away to 

L 0.092 j0.434 p.u.Z    

 
Fig. 22.  Simulation results when 

L 0.092 j0.434 p.u.Z    (a) 

Three-phase voltage of fault point. (b) Three-phase current of 

PCC. (c1)(c3). The dq components of terminal voltages of 3rd, 

2nd and 1st WFs respectively. (d1)(d3) The dq components of 

terminal currents of 3rd, 2nd and 1st WFs respectively. 

Comparing the simulation results in Figs. 19 and 22, 

as the distance to fault location becomes farther away, 

the multi-paralleled WF system becomes more unstable 

during LVRT and the small-signal instability phenom-

enon worsens. The THD of the phase-a terminal voltages 

of the 1st, 2nd and 3rd WFs rise from 4.11%, 4.54%, and 

19.98% to 15.5%, 21.11%, and 38%, respectively. The 

small signal instability in the third WF also leads to 

small signal instability in the other WFs because of the 

dynamic coupling between the WFs during LVRT. 

Figure 23 shows the simulation results without ap-

plying the cooperative control strategy, when the fault 

severity increases to f 0.1 p.u.U  .  

Comparing the simulation results in Figs. 19 and 23, 

as the fault severity increases, the THD of the phase-a 

terminal voltages of the 1st, 2nd and 3rd WFs rise to 
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9.82%, 17.67%, and 29.15%, respectively. In addition, 

the increase of the fault severity makes the system more 

unstable. 

 
Fig. 23.  Simulation results when 

f 0.1p.u.U   (a) Three-phase 

voltage of fault point. (b) Three-phase current of PCC. (c1)(c3)  

The dq components of terminal voltages and currents of 3rd, 2nd 

and 1st WFs respectively. (d1)(d3) The dq components of ter-

minal currents of 3rd, 2nd and 1st WFs respectively. 

The simulation results show that when the distance 

between the fault location and PCC becomes longer or 

the fault severity increases, the dynamic stability of the 

multi-paralleled DFIG WF system during LVRT grad-

ually deteriorates. Moreover, because of the dynamic 

coupling effect between WFs, a WF which incurs dy-

namic instability can induce small signal instability in 

other WFs during LVRT. This confirms the analysis in 

this paper. 

C. Simulation Validation for Effectiveness of the Pro-

posed Cooperative Control Strategy 

In Fig. 24, the cooperative control strategy is applied 

and L 0.092 j0.434 p.u. Z  It can be seen that the 

dynamic stability of the multi-paralleled WFs during 

the LVRT is improved and small-signal instability is 

avoided. 

 

 
Fig. 24.  Simulation results with applying cooperative control 

strategy and 
L 0.092 j0.434 p.u. Z  (a) Three-phase voltage of 

fault point. (b) Three-phase current of PCC. (c1)(c3) The dq 

components of terminal voltages of 3rd, 2nd and 1st WFs re-

spectively. (d1)(d3) The dq components of terminal currents of 

3rd, 2nd and 1st WFs respectively. 

Figure 25 shows the simulation results when the co-

operative control strategy is applied, with f 0.1 p.u.U   

As seen, after applying the cooperative control strategy, 

the dynamic stability of the system during LVRT is 

enhanced and small-signal instability is avoided.  

The simulation results in Figs. 24 and 25 verify the 

analysis in Fig. 17 that the proposed cooperative control 

strategy can ensure the stability of the whole system 

during LVRT. The simulation results after applying the 

proposed cooperative control strategy prove the effec-

tiveness of the proposed cooperative control strategy on 

the dynamic stability improvement of a multi-paralleled 

WF system during LVRT. 

 
Fig. 25.  Simulation results with applying cooperative control 

strategy and 
f 0.1p.u.U   (a) Three-phase voltage of fault point. 

(b) Three-phase current of PCC. (c1)(c3) The dq components of 

terminal voltages of 3rd, 2nd and 1st WFs respectively. (d1)(d3) 

The dq components of terminal currents of 3rd, 2nd and 1st WFs 

respectively. 
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VI.   CONCLUSION 

In this study, the mechanism and influence of dy-
namic coupling between multi-paralleled DFIG wind 
farms during fault steady-state of LVRT is investigated. 
Also, a cooperative control strategy is proposed to im-
prove the system’s dynamic stability during LVRT. The 
main conclusions are: 

1) During the fault steady-state of a symmetrical 
voltage dip, there is a dynamic coupling effect between 
multi-paralleled WFs, caused by the dynamic interaction 
between each WF’s output current and the PCC voltage. 
In addition, the dynamic coupling between WFs will 
bring a damping shift to each WF during LVRT, which 
in turn affects the small-signal stability of the system 
during the fault steady-state. 

2) The distance between the fault location and PCC 
becoming farther away or the increase in fault severity 
will exacerbate the dynamic coupling between WFs. 
Moreover, increased distance from fault location and 
fault severity will lead to a reduction in WF 
self-damping. When the sum of the certain WF’s 
self-damping and the damping offset caused by dynamic 
coupling is negative, the WF becomes dynamically un-
stable during LVRT.  

3) The dynamic coupling between the WFs during 
LVRT integrates multi-paralleled DFIG WFs into a 
unified system, and adjusting the control state of any WF 
will affect the stability of the remaining WFs in the 
multi-fed system. The proposed cooperative control 
strategy adjusts the damping of the entire system and 
thus improves the system’s dynamic stability during 
LVRT. The simulation verifies the effectiveness of the 
proposed strategy.  

Because there is currently a lack of an experimental 
platform for multi-WF grid-connected system, this paper 
uses modal computation and simulation to verify the 
developed control strategy. The parameters of the sim-
ulation system are set according to WFs in an actual 
project to ensure the accuracy of the verification process. 
We are presently developing the multi-fed 
grid-connected experimental platform, and consequently, 
the findings of this study will be subjected to validation 
on this experimental platform in the future. 

APPENDIX A 

A. Simulation Parameters 

TABLE A1 

PARAMETERS OF THE DFIG WIND FARMS  
Parameter Value Parameter Value 

Prated 200 MW 
ratedU  690 V 

f 50 Hz 
sR  0.02 p.u. 

sL  0.17 p.u. 
rR  0.017 p.u. 

rL  0.17 p.u. 
mL  2.8 p.u. 

t1R  0.029 p.u. 
t2R  0.037 p.u. 

t1X  0.141 p.u. 
t2X  0.189 p.u. 

t3R  0.044 p.u. 
t3X  0.239 p.u. 
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