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Abstract—Replacing grid-following wind turbine generators
(GFL WTGs) with grid-forming (GFM) WTGs can improve
stability when integrating into weak power grids, but an excessive
replacement is not reasonable with the issues such as equipment
damage, ride-through failure and interactions of GFM WTGs.
The existing allocation methods for GFM WTGs mainly focus on
small signal stability, while ignoring the potential capacity
exceeding problem caused by AC voltage support, which may
result in inaccurate allocation results. Therefore, this paper
proposes an allocation method considering the WTG capacity
limits and small-signal stability. To determine whether the
capacity limits of WTGs are met, the output power calculation
method is adopted to determine the existence of steady-state
operation points of all WTGs. Moreover, based on the small-
signal stability analysis, the shift of system dominant modes are
monitored to assess system adaptability as the grid strength
changes. Combining the above two factors, an optimal GFM
WTGs allocation method is developed. On this basis, the
influence factors such as active power variation, locations of
GFM WTGs, Q-V droop control, and grid connection distance
are analyzed. Finally, the proposed optimal allocation method for
GFM WTGs is verified under various operation scenarios.

Index Terms—Grid forming control, wind farm, capacity limit,
small-signal stability, allocation method.

I. INTRODUCTION

Wind energy is the most widely distributed and fastest-
growing source of renewable energy. By the end of 2024,
global onshore wind power installations will exceed 100 GW
for the first time [1]. As the penetration of renewable energy
increases, traditional power systems show characteristics of
low short-circuit ratio (SCR) and weak inertia. To ensure the
stable operation of the power system, WTGs should have
active grid support capabilities [2]-[3].

Currently, most WTGs employ GFL control, relying on the
phase-locked loop (PLL) to synchronize with the AC grid. The
interaction among PLLs, current inner loops, and grid
structure affects power transmission capabilities of the
converters, undermining the stable operation performance of
GFL control in weak grid conditions.

The GFM control can achieve autonomous grid
synchronization without PLL, effectively addressing stability
issues in traditional GFL WTGs under weak grid conditions
[4]. Reference [5] suggests that introducing GFM converters
can enhance the equivalent grid strength, thus improving the
small-signal stability of GFL converters. Reference [6] finds
that GFM converters exhibit characteristics like positive
impedance, which can mitigate the negative damping
characteristics of GFL converters. In practice, Scottish Power
retrofitted all 23 GFL WTGs into GFM WTGs at the 69 MW
Dersalloch wind farm, demonstrating the active support,
islanding operation, and black-start capabilities of GFM
WTGs [7]. General Electric (GE) and the National Renewable
Energy Laboratory (NREL) have operated WTGs in GFM
control mode, discovering that GFM WTGs can provide a
critical capability to enhance grid stability [8]. Therefore,
employing GFM WTGs can significantly improve the stability
of WFs under weak grid conditions.

Reference [9] suggests that GFM control faces instability
risks in strong grid conditions. Meanwhile, when the grid
strength fluctuates significantly, using GFM or GFL control
modes alone cannot maintain system stability [10]-[11].
Therefore, it is necessary to adopt
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The above references only study the allocation of GFM
WTGs from the perspective of small-signal stability
constraints, without considering the constraints of the WTG
capacity limits. Reference [22] uses P-V curves to reveal that
the WTG capacity limits are safety constraints for maintaining
system voltage stability. Nevertheless, the allocation of GFM
WTGs in the WFs is not solved. Reference [23] explores the
proportion limits of GFL WTGs from the perspective of the
power limit, considering factors such as frequency, voltage
drop slope, and filter time constants, which can also be
applicable to the GFM WTGs.

In summary, to overcome the limits of existing GFM WTG
allocation methods, a novel allocation principle for GFM
WTGs is proposed. The main contributions of this paper are
listed below:
 A stability analysis method that considers both output

power limit and small-signal stability is developed.
Compared to methods only based on small signal stability
[16]-[21], the power characteristics of each WTG are
investigated to determine the existence of the safe
operation points, allocating GFM WTGs more securely
and appropriately.

 A stability evaluation method is devised to quantify the
stable operation stability of the system as grid strength
changes. By measuring the system dominant mode
variations, the principles of optimal allocation for GFM
WTGs can be revealed by considering various influencing
factors.

The organization of this paper is as follows. Section II
introduces the limitations of existing allocation methods for
GFM WTGs. Section III proposes an optimal allocation
method for GFM WTGs. Section IV verifies the applicability
of the proposed method under a typical condition. Section V
further reveals the impact of multiple factors on the allocation.
Finally, Section VI draws the conclusions.

II. LIMITATIONS OF EXISTING ALLOCATION METHODS FOR

GFM WTGS

Existing allocation methods of the GFM WTGs are mainly
based on small-signal stability analysis. Under weak grids, the
minimum allocation of the GFM WTGs that ensures the
system modes are located in the left half of the complex plane
is defined as the optimal allocation. However, the small-signal
model is based on linear differential equations, while the
capacity limit of WTGs, as a nonlinear factor, cannot be
considered. Therefore, the allocations of the GFM WTG that
satisfy small signal stability may result in an abnormal
operation condition. Taking a single WTG with either
GFM/GFL control mode as an example, this section analyzes
the limitations of the small signal stability-based allocation
method.

The single WTG grid-connected system is depicted in Fig. 1.
The WTG system contains a mechanical side converter (MSC)
and grid side converter (GSC).

In Fig. 1, Pg and Qg are the active power and reactive power
of the WTG, respectively, and Xs is the equivalent reactance of

the grid. Ug and Us are the PCC voltage and the equivalent
internal potential of the grid, respectively. δ denotes the power
angle, which is the phase angle difference between Ug and Us.

Fig. 1 Equivalent circuit of the single WTG grid connected system.

Considering the GSC, Fig. 2 shows the WTG control under
GFM/GFL mode. In the GFM mode, the power
synchronization loop (PSL) is employed. A Q-V droop control
loop is added to voltage control [2]. In the GFL mode, DC
voltage control is implemented, adding a V-Q droop control
loop to the outer loop of q-axis current control [24].
Parameters of WTG are provided in Table A I and Table A II.

(a) GFM control of WTG GSC

(b) GFL control of WTG GSC
Fig. 2 Control strategy of the Direct-Drive WF Grid Connection System.

A. Small Signal Stability Analysis of the WTG
According to Fig. 2, the small signal models of the GFL and

GFM WTGs are built. Since most literature on the GFL WTG
considers the WTG works under the unit power factor without
V-Q droop control [20], the GFL WTG without voltage
support is also compared, and the control parameters remain
the same as that with voltage support. To analyze the stability
under weak grid conditions, SCR is defined as the ratio of the
short-circuit capacity Sg of the AC grid to the rated capacity Sw

of the WTG. The small-signal stability analysis results are
shown in Fig. 3.

As shown in Fig. 3(a), for the GFL control without voltage
support, when SCR < 2.1, the dominant mode of the system
enters the right-half plane, and the system loses stability.
Therefore, the critical SCR under the small-signal stability
analysis (CSCRss) is 2.1.

Considering the GFL WTG with voltage support, the
CSCRss is 1.1, as shown in Fig. 3 (b). Fig. 3 (c) depicts the root
locus of the GFM WTG when SCR changes from 2 to 1. It can
be seen that the CSCRss of the GFM WTG is also 1.1.

In summary, by introducing the reactive power-voltage
support capacity, the adaptability of the GFL WTG to weak
grids can be improved from the small-signal stability aspect
and it has the same CSCRss as the GFM WTG [15].
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(a) Root locus of GFL WTG without voltage support

(b) Root locus of GFL WTG with voltage support

(c) Root locus of GFM WTG
Fig. 3 Results of the small signal stability analysis of the different WTGs.

B. Capacity Limits of the WTG

Capacity limits of WTG are the critical factor when
determining whether there is a safe operation point. Therefore,
the power characteristics of the WTG grid-connected system
are considered. According to the equivalent circuit in Fig. 1,
the WTG output power Pg and Qg can be expressed as:
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1) GFL WTG without voltage support: let Qg=0 in (1) ,
eliminate PCC voltage Ug, the expression of Pg about δ and
SCR can be obtained as follows：
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According to (3), the power-angle characteristic of the GFL
WTG without voltage support under different SCRs can be
obtained, as shown in Fig. 4. Considering the maximum
output active power (Pg=12MW), the steady-state operation
points under different SCRs are illustrated in the red curve in
Fig. 4. When SCR<2, the WTG output active power exceeds
its limit, so there is no intersection point between the WTG
output active power and the power angle curve. In this case,
the system has no steady-state operation point. Hence,
considering the active power limit, the critical SCR (CSCRlimp)
of the GFL WTG without voltage support is 2. There is no
reactive power limit since the WTG does not provide voltage

support.

Fig. 4 Power angle curves of GFL WTGs without support under various SCRs.

2) GFL WTG with voltage support: Regarding the GFL
WTG in Fig. 2, according to the V-Q droop loop, the output
reactive power can be expressed as:
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where kq is the droop coefficient and Us is the voltage of the
grid-connected system, as well as the system reference voltage.

Combining (1) and (4) , the expressions of Pg and Qg with
respect to δ and Xs can be obtained:
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According to (5) and (6), the power-angle curve of the GFL
WTG with voltage support under different SCRs can be
obtained, as shown in Fig. 5. Compared to Fig. 4, it can be
seen that the active power curves under different SCRs are
increased. According to the red curve in Fig. 5(a), the
CSCRlimp=1.1 when considering the active power limit.

(a) Active power angle curves (b) Reactive power angle curves
Fig. 5 Power angle curves of GFL WTG with voltage support.

According to active power operation points in Fig. 5(a), the
corresponding reactive power operation points can be
illustrated in the red curve in Fig. 5(b). Considering reactive
power limits of ±0.312p.u.(3.744MVar) required by Grid Code
[24], the critical SCR (CSCRlimq) can be determined as 1.4.
Combining active power and reactive power limits, the
CSCRlim is 1.4.

3) GFM WTG: Regarding the GFM control in Fig. 2, the
equation (4) is also satisfied. According to Fig. 5, both the
GFL WTG with voltage support and the GFM WTG improve
the active power limit due to providing reactive power to
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maintain voltage stable. Thus, they have the same CSCRlim of
1.4.

C. Limitations of Existing Allocation Methods

As analyzed above, the CSCRs of different control modes
considering both small-signal stability and capacity limits are
concluded in Table I. For the GFL WTG without voltage
support, CSCRss is larger than CSCRlim due to the influence of
control parameters. Thus, the CSCR of the WTG mainly
depends on small-signal stability. While the CSCRss of the
GFL WTG with voltage support or the GFM WTG is less than
CSCRlim due to the reactive power limit.

To sum up, considering only the small-signal stability, the
reactive power of the WTGs may exceed its limit. Therefore,
the capacity limits should also be included to determine a
more accurate allocation of GFM WTGs.

TABLE I
CSCR CONSIDERING SMALL-SIGNAL STABILITY AND CAPACITY LIMITS.

Critical
SCR

Without voltage support With voltage support

GFL WTG without V-Q droop GFL WTG with
V-Q droop GFM WTG

CSCRss 2.1 1.1 1.1
CSCRlim 2.0 1.4 1.4

III. OPTIMAL ALLOCATION METHOD OF GFM WTGS

Regarding the limitations pointed out in Section II, an
optimal allocation method of the GFM WTG considering both
small-signal stability and capacity limits is proposed in this
section.

A. Output Power Calculation of the WF

As analyzed in Section II.B, the output power of each WTG
must not exceed its capacity limits to ensure the existence of
steady-state operation points. Thus, the output power
calculation of the WF is needed.

Most studies regard a WTG as a negative impedance with
negative resistance and negative reactance connected in
parallel. The active power and relationship between reactive
power and voltage at each node are known. Based on the
reference phase of the grid voltage (zero phase), the equivalent
impedance can be expressed as:

2

g, g, g,/ ( )i i i iZ U P jQ   (7)

where the subscript i denotes the ith WTG in the WF.
Similarly, according to (4), the reactive power Qg,i of the ith

WTG depends on the AC voltage Ug,i. Therefore, the WTGs
can also be equivalent to a current source, and the expression
is:

g, g, g,( ) / ( 3 )i i i iI P jQ U  (8)
Applying equivalent negative impedance, the equivalent

circuit of the WF with 20% GFM WTG is shown in Fig. 6.
Then, the system consists of 26 nodes, and the voltage
equations can be written:

(9)

where the admittance matrix Y depends on system parameters.

Fig. 6 Equivalent power flow calculation model of the WF.

Take the WF with the specific grid strength and GFM WTG
allocation as an example. Combining (4) , (7) and (9) , given
the active power of each WTG (e.g., Pg,i=12MW), the power
flow in the WF can be calculated. If the power flow is solved
successfully, it means that there are intersections between
WTG output power and the power curve in Fig. 5 and all
WTGs will not exceed the active power limit. Further
checking whether the reactive power meets its limit for each
WTG. If so, the system satisfies the capacity limits.

B. Small-Signal Stability Analysis of the WF

The state-space model of the system in Fig. 2 is built based
on differential algebraic equations. Then, the linear state-space
model is extracted around an operation point using the
linearization toolbox in Matlab/Simulink. The output of
linearization is the state-space form of the system’s linearized
model, given by:

(10)
where Δx, A, Δu and B are the state vector, the state space
matrix, the input vector and the input matrix, respectively.

Combining the small-signal stability analysis, this paper
mainly considers two aspects to measure the adaptability of
the WF to grid strength changes:
1) The first is the distance of the dominant mode from the

imaginary axis. This distance affects the variation trend
of system gain and phase margins. The further the
dominant mode is away from the imaginary axis, the
larger the phase and amplitude margins, thus the lower
the risk of system instability, will become.

2) The second is the dispersion degree of the dominant
mode with the grid strength changes. The slighter the
dominant mode fluctuation, the stronger the adaptability
of the system to grid strength variation.

Regarding 1), the mean value μ of the dominant eigenvalue
real parts is used to reflect the distance from the dominant
mode to the imaginary axis, that is:

1
Re( ) /

n

j
j
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

  (11)

where yj is the dominant eigenvalue at the jth step of grid
strength. n denotes the total steps of grid strength changes.
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Based on the second aspect, to measure the dispersion
degree of the dominant mode during grid strength changes, the
standard deviation σ of dominant eigenvalue real parts is
calculated [25]:
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As GFM WTG numbers increase, system state variables
change, causing switches in dominant modes. Since each
dominant mode may have different positions and
characteristics, directly using the standard deviation (σ) to
compare their dispersion under grid strength changes would
result in an unfair evaluation. To solve this, combining (11)
and (12) , the ratio of standard deviation to mean (Cv) is
introduced, normalizing the results and allowing for consistent
comparisons across different dominant modes, given by [26]-
[27]:

vC 


 (13)

As can be seen, the smaller the Cv, the smaller the relative
dispersion degree of the dominant mode, and the stronger the
WF’s ability to maintain stability when grid strength changes.

Finally, by comparing the Cv under different GFM WTG
allocations, the optimal allocation with minimum Cv can be
determined.

C. Overview of the Proposed Optimal Allocation Method

The flowchart of the proposed optimal allocation method
under different grid strengths is shown in Fig. 7, where both
the capacity limit and small signal stability are considered.
Firstly, the capacity limits of the WF are checked using the
power flow calculation method. Upon the reaching of capacity
limits, a system state-space model is built to test the small-
signal stability. If the system meets the small-signal stability,
the stability margin is analyzed based on the dominant mode
eigenvalues. Considering all the allocations of GFM WTGs, a
dispersion coefficient Cv is designed to evaluate the system’s
adaptability to the grid strength changes. Based on the
evaluation results, the optimal allocation of GFM WTGs is
determined.

Fig. 7 Flowchart of the proposed optimal allocation method.

IV. VERIFICATIONS OF THE OPTIMAL ALLOCATION METHOD

UNDER THE TYPICAL CONDITION

The WF studied in this paper consists of 5 strings,
comprising 25 WTGs (GFL and GFM WTGs), each with a
capacity of 12MW. The topology is shown in Fig. 8. The
parameters of the WTGs and AC system are listed in Table A
I and Table A II. All WTGs are connected via cables, gathered
on the point of common coupling (PCC), and then connected
to the AC grid through transformers.

Assume that the GFM WTGs operate at rated power and
concentrate as a string, as shown in Fig. 8 (the GFM WTGs
are located at the same string as much as possible). Meanwhile,
the allocation of GFM WTGs is set to increase from 0% to
100% with the step of 4%.

To measure the strength of the WF connecting to AC grid,
the equivalent short-circuit ratio (ESCR) is defined as the ratio
of the short-circuit capacity Sg of AC grid to the rated capacity
Pwf of the WF [28]. Considering the extreme condition that
WTGs operate under the rated power, that is:

g wf/ESCR S P (14)
Based on (14), the power grid strength is changed from

2.1 to 1.1 with the step of -0.2.
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Fig. 8 GFM WTGs centralized at a string.

A. Output Power Calculation

According to Fig. 7, the correctness of the proposed power
flow calculation method is verified. Taking the GFM WTGs
allocations as 20% and 40% as examples, the reactive power
calculation and electromagnetic transient (EMT) results under
ESCR=1.3 are given in Table II. The distribution of reactive
power flow is shown in Fig. 9. Since the power flow
calculation can be solved successfully under both allocation
scenarios, the active power of all WTGs does not exceed its
capacity limit, and the system has stable operation points.

TABLE II
REACTIVE POWER UNDER DIFFERENT GFM WTGS ALLOCATIONS.

Node Allocation of 20% Allocation of 40%
Calculated Q/p.u. EMT Q/p.u. Calculated Q/p.u. EMT Q/p.u.

1 0.2436 0.2436 0.2436 0.2437
2 0.2481 0.2482 0.2481 0.2482
3 0.2570 0.2570 0.2570 0.2569
4 0.2706 0.2707 0.2706 0.2707
5 0.2890 0.2892 0.2890 0.2892

……
21 0.2436 0.2436 0.2436 0.2437
22 0.2481 0.2482 0.2481 0.2482
23 0.2570 0.2570 0.2570 0.2569
24 0.2706 0.2707 0.2706 0.2707
25 0.2890 0.2892 0.2890 0.2892

5
Fig. 9 Distribution map of reactive power under the 20% GFM WTGs.

According to Table II and Fig. 9, the calculated reactive
power results are consistent with the EMT results, verifying
the correctness of the power flow calculation method.
Meanwhile, the reactive power of all the WTGs is less than
0.312p.u., within the reactive power limit. Moreover, it can be
seen that the reactive power distribution is not related to the
allocation of GFM WTG, but only to the electrical parameters.
The WTGs near the PCC provide more reactive power, as
shown in Fig. 9.

Based on the above power flow calculation method, the
small signal stability analysis for different GFM WTG
allocations and ESCRs can be carried out when the capacity

limit is met.

B. Optimal Allocation of the GFM WTGs

Two GFM WTG allocations of 4% and 30% are taken as
examples. The root locus as ESCR changes from 2.1 to 1.1 is
shown in Fig. 10.

(a) 4% GFM WTGs

(b) 30% GFM WTGs
Fig. 10 Root locus of the system under different allocations of GFM WTGs.

As shown in Fig. 10 (a), when the GFM WTG allocation is
4%, system dominant mode is conjugate poles (dominant
mode 1). When the allocation of GFM WTG increases to 30%,
the system dominant mode is the real axis pole (dominant
mode 2). Analyzing the participation factors of different state
variables under the two modes, Fig. 11 can be obtained.

Under mode 1, the control loops of GFL WTGs, e.g., PLL
and power outer loop, have higher participation and greater
influence on system stability. Under mode 2, the control loops
of GFM WTGs, e.g., PSL and voltage control, show a greater
impact on system stability. Therefore, as the allocation of
GFM WTGs increases, the system dominant mode changes,
and the influence of the GFL WTG control on the stability is
gradually weakened while GFM WTG control is enhanced.

Fig. 11 Results of the participation factors analysis.
Furthermore, the dominant mode real parts of different

allocations of GFM WTGs under ESCR changes can be
illustrated in Fig. 12. For a more intuitive display, the negative
numbers for these real parts are taken for analysis. As shown
in Fig. 12, the system dominant mode shifts from mode 1 to
mode 2 when the GFM WTG allocation reaches 28%. In the
range of mode 1, when the allocations of GFM WTGs are
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small and the grid strength is low, the dominant mode real
parts are small, and the system stability margin is low.
However, the stability margin increases significantly with the
rise of the GFM WTGs allocations and the increase of the grid
strength. In the range of mode 2, the grid strength change and
the GFM WTGs allocations have no significant effect on the
dominant mode real parts. Hence, the ability of the system to
maintain stable operation is strong. Since GFM WTG can be
regarded as a stiff voltage source, multiple parallel GFM
WTGs will fight for PCC voltage control, leading to adverse
system interactions. Therefore, with the increasing allocation
of GFM WTGs, the dispersion of the dominant mode as ESCR
changes increases gradually.

Fig. 12 Dominant mode real parts under various ESCRs and GFM allocations.
Based on (13) , the Cv of different allocations of GFM

WTGs can be obtained, as shown in Fig. 13. As can be seen,
Cv reaches a minimum value of 0.032 when the allocation of
GFM WTGs is 28%. At this time, the WF has the strongest
adaptability to ESCRs. Therefore, when GFM WTGs adopt
centralized distribution and the WF operates at rated power,
the allocation of the GFM WTGs can be set to 28%.

Fig. 13 The Cv under different GFM WTG allocations.

V. IMPACT FACTOR ANALYSIS ON GFM WTG ALLOCATION

To optimize the allocation of GFM WTGs, this section
analyzes the impact of some factors, such as the WF active
power changes, locations of GFM WTGs, Q-V droop
coefficient, and grid connection distance.

A. Active Power Changes of WF

Based on the power flow calculation, the range of wind
power output Pg that satisfies the capacity limit can be
obtained. As analyzed in Section IV.A, the allocation of GFM
WTGs does not affect the power flow distribution
characteristics. Therefore, only the impact of grid strength is
considered. Table III presents stable ranges of Pg under
different ESCRs when considering the capacity limit. It can be
seen that the WF has steady-state operation points at all active
power outputs.

TABLE III
STABLE RANGE OF THE POWER OUTPUT UNDER DIFFERENT ESCRS
ESCR 2.1 1.9 1.7 1.5 1.3 1.1

Range of Pg 0p.u.-1.0p.u.

Considering small-signal stability, the impact of Pg on the
GFM WTGs allocation can be analyzed. Assuming the GFM
WTGs adopt centralized distribution in Fig. 8. Taking Pg=0.5
p.u. and Pg=0.25 p.u. as examples, the system dominant mode
real parts under different ESCRs and the GFM WTG
allocations are illustrated in Fig. 14.

(a) Pg=0.5p.u.

(b) Pg=0.25p.u.
Fig. 14 Dominant mode real parts under different WF power output.

As can be seen, the allocations of GFM WTGs
corresponding to the mode change are 12% and 4%,
respectively. Compared to Pg=1p.u. shown in Fig. 12, as the
WTG active power decreases, the allocation corresponding to
the modal change decreases. Meanwhile, regardless of mode 1
and mode 2, changes in ESCR and GFM WTG allocation have
little effect on eigenvalue real parts. The system maintains a
strong ability to operate stably.

Then, for Pg=0.5p.u. and Pg=0.25p.u., the Cv under various
GFM WTGs allocations can be calculated, as shown in Fig. 15.
When the active power is Pg=0.5p.u., the minimum value of
Cv is 0.002, with the allocation of GFM WTGs being 16%.
When Pg=0.25p.u., the minimum value of Cv is about 0, with
the allocation being 8%. Compared to Pg=1p.u. shown in Fig.
13, the higher the WTGs power output, the weaker the
system’s stability under grid strength changes, and the more
GFM WTGs are required. Therefore, it is necessary to
consider the situation of WTGs being at full power output
when determining the allocation of GFM WTGs.

(a) Pg=0.5p.u.
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(b) Pg=0.25p.u.
Fig. 15 The Cv under different WTG power outputs.

B. Locations of the GFM WTGs

Further consider various locations of GFM WTGs, such as
at the beginning or end of a string, as shown in Fig. 16.

(a) Beginning of the string (b) End of the string
Fig. 16 Different position distribution methods of GFM WTGs.

As analyzed above, the allocation of GFM WTGs does not
affect the power flow characteristics of the system. Therefore,
the stable operation capability of the system under both
headend and tail distribution methods is the same as that under
the centralized distribution in Section III.C.

Furthermore, assuming the WF operates at Pg=1.0p.u., the
dominant mode real parts under the beginning and the end of
the string are presented in Fig. 17. By comparing Fig. 17 and
Fig. 12, it is evident that under all three locations, the
dominant mode real parts exhibit the same variation trend
when ESCR and GFM WTG allocation change.

(a) Beginning of the string

(b) End of the string
Fig. 17 Dominant mode real parts under different locations.

Then, the Cv under different locations can be obtained, as
shown in Fig. 18. To compare with the centralized distribution,
the Cv in Fig. 13 is also shown in Fig. 18.

When GFM WTGs are located at the string head, the
minimum value of Cv is 0.015, corresponding to an optimal
allocation of GFM WTGs of 20%. When wind turbines are
located at the end, the minimum value of Cv is 0.011, also
corresponding to an optimal allocation of 20%. Comparing the
three locations, the Cv of the end location is the smallest, and
the optimal allocation of GFM WTGs is also the smallest.

Therefore, to enhance system adaptability to ESCR changes
and reduce the allocation of GFM WTGs, the GFM WTGs
should be located at the end of a string.

(a) Beginning of the string

(b) End of the string
Fig. 18 The Cv under different locations.

C. Q-V Droop Control Coefficient of the WTGs

In multi-WTG systems, the Q-V droop coefficient kq is
crucial in balancing the reactive power between different
WTGs. Firstly, based on the output power calculation method,
we can obtain the stable range of kq that satisfies the capacity
limit, as shown in Table IV.

TABLE IV
STABLE RANGE OF DROOP COEFFICIENT kq UNDER DIFFERENT ESCRS

ESCR 2.1 1.9 1.7 1.5 1.3 1.1
kq range 0.01-12.2 0.011-8.4 0.011-4.2 0.012-2.1 0.012-0.7 0.013-0.17
Common

range 0.013-0.17

Table IV shows that the stable range of kq gradually
narrows with decreasing ESCR. As ESCR decreases, the
system requires more reactive power to maintain voltage
stability. Too small a droop coefficient will cause WTGs
reactive power to exceed the power limit. Meanwhile, too
large kq will limit the ability of the WTGs to provide reactive
power, causing voltage drops of the WTGs until instability.

Selecting the end location method, two droop coefficients of
kq=0.05 and kq=0.15 are chosen to explore the influence of kq

on the dominant modes. The results are shown in Fig. 19.
Compared to kq=0.1 shown in Fig. 17(b), it can be observed

that as kq increases, the system stability margin gradually
decreases. When kq=0.15, instability occurs at low ESCR and
GFM WTG allocation. Additionally, under different kq, the
allocation of GFM WTGs corresponding to the mode change
is the same.

The Cv under kq=0.05 and kq=0.15 are shown in Fig. 20.
Meanwhile, the Cv under kq=0.1 in Fig. 18(b) is also presented
in Fig. 20 for better comparison.

It can be seen from Fig. 20 that when kq=0.05, the minimum
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value of Cv is 0.013, corresponding to an optimal allocation of
GFM WTGs of 40%. When kq=0.15, the minimum Cv is 0.063,
with an optimal allocation of 24%. The optimal GFM WTG
allocations under kq=0.05 and 0.15 are higher than kq =0.1.
However, when kq=0.05, the Cv is generally smaller, and the
differences in the Cv with GFM WTG allocation changes are
relatively small.

(a) kq=0.05

(b) kq=0.15
Fig. 19 Dominant mode real parts under different Q-V droop coefficients.

(a) kq=0.05

(b) kq=0.15
Fig. 20 The Cv under different Q-V droop coefficients.

In summary, a smaller kq should be selected within the
stable range determined by the capacity limit. This can ensure
that the WF provides sufficient reactive power to support
voltage stability under weak grid conditions, thereby reducing
the required allocation of GFM WTGs.

D. Grid Connection Distance of the WF

Using the aforementioned output power calculation method,
the stable range of grid connection distances satisfying the
capacity limit is calculated for different ESCRs, as shown in
Table V. It can be observed that as the ESCR decreases, both
the lower and upper limits of the stable range increase. There
are two reasons: a) Insufficient grid connection distance
reduces the reactive power provided by cable capacitors,
leading to WTG output reactive power exceeding the capacity

limit. b) Excessive grid connection distance will result in
surplus reactive power, causing the WTGs to absorb too much
reactive power and exceed the limits.

TABLE V
STABLE RANGE OF GRID CONNECTION DISTANCE UNDER DIFFERENT ESCRS

ESCR 2.1 1.9 1.7 1.5 1.3 1.1
L/km 1.2-44 1.5-47 2.1-51 2.7-56 3.4-63 4.0-76

Common range 4-44 km

According to Table V, within the common range of L, two
grid connection distances L=5km and L=40km are taken as
examples. Assume the GFM WTGs are located at the end of a
string. The dominant mode real parts under various grid
connection distances are presented in Fig. 21.

(a) L=5km

(b) L=40km
Fig. 21 Dominant mode real parts under different grid connection distances

Compared to the results of L=10km shown in Fig. 17(b), it
can be seen that the system stability margin gradually
decreases as the distance L decreases. When L=5km,
instability occurs when both the ESCR and the GFM WTGs
allocation are low. Meanwhile, variations in grid connection
distance do not affect the allocation corresponding to the
dominant mode change.

Furthermore, the Cv under L=5km and L=40km is calculated,
as shown in Fig. 22. Meanwhile, the Cv under L=10km in Fig.
18(b) is also presented in Fig. 22 for comparison.

As shown in Fig. 22, when L=5km, the minimum Cv is
0.016, corresponding to the optimal GFM WTGs allocation of
20%. When L=40km, the minimum Cv is 0.011 and it
corresponds to the optimal allocation of 20%, which is the
same as L=10km. Therefore, the optimal GFM WTG
allocation remains unchanged as L varies. Meanwhile, the Cv

under L=40km is the smallest among the three scenarios,
showing the best adaptability to ESCR changes.

In summary, within the stable range obtained by the
capacity limit, it is appropriate to choose a longer grid
connection distance. In this way, the AC cables can provide
sufficient reactive power to the system when grid strength
changes, thereby stabilizing the system voltage and reducing
the required allocation of GFM WTGs.
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