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Fast Voltage Recovery Control of Wind Farm With
Energy Storage Considering Coupling of Active
Power and Voltage in Weak Grids

Qihang Zong, Wei Yao, Senior Member, IEEE, Hongyu Zhou, Jun Liang, Fellow, IEEE,
Yongxin Xiong, Member, IEEE, Jinyu Wen, Senior Member, IEEE

Abstract—The weak grids containing wind power face a serious
challenge: voltage recovery after faults is slow. Active power and
voltage coupling (APVC) is one reason, but it has not yet been
considered. Hence, this paper proposes a fast voltage recovery
(FVR) control scheme for the wind farm with energy storage
system (ESS). The coordination of the wind farm and ESS
resolves APVC to obtain fast voltage recovery. Firstly, the APVC
of the wind farm is quantitatively analyzed. As a key finding, the
increase of active power output of wind farms during recovery
has a negative coupling effect on voltage recovery. Moreover,
the APVC is more significant in weak grids and low-voltage
scenarios. Secondly, the FVR control based on preset curves
is proposed, benefiting from the coupling analysis. In the early
recovery stage with strong coupling, the ESS is coordinated to
absorb active power. It transforms the negative effect of the
coupling into a positive one to support voltage in priority. In the
later recovery stage with weak coupling, the wind farm recovers
active power with minimal effect on voltage. Finally, the results
in two IEEE systems and real-time experimental platform verify
the effectiveness of the proposed FVR control scheme.

Index Terms—Wind farm, voltage recovery, active power and
voltage coupling, energy storage, coordinated control

I. INTRODUCTION

IND power capacity continues to expand steadily in
Wpower systems worldwide [1], [2]. Meanwhile, the co-
integration of the centralized energy storage system (ESS)
with the wind farm has become commonplace [3]. Since 2021,
the ESS allocation with 10% to 20% of the capacity of the
wind farm is strongly recommended in China [4]. However,
the voltage regulation capability of wind farms is significantly
weaker than that of synchronous generators due to the power
electronic converters for grid integration. Moreover, the near
area of wind farms presents a low grid strength and the
synchronous power supply is weak to support it [5]. As a
result, the integration system with wind power faces severe
voltage stability problems.
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Fault-induced delayed voltage recovery is particularly
prominent [6], [7], which is a critical type of short-term
voltage stability problem. The voltage recovery problem is
characterized by a slow recovery of the voltage from the
low value to the normal level after the fault clearance, typ-
ically taking several seconds. Studies indicate that insufficient
support from renewable energy stations exacerbates voltage
stability issues and extends the voltage recovery time [8].
This will lead to off-grid operation as the wind farm voltage
does not meet the ride-through requirements of grid codes.
Furthermore, the slow voltage recovery can cause significant
damage to power equipment and grid collapse. Consequently,
enhancing the active voltage support capabilities of wind farms
has become an urgent need.

To address this issue, current research primarily focuses
on the reactive power regulation capability of wind turbine
generators (WTGs) [9]. WTGs can release reactive power
through flexible converters [10]. The voltage at the point
of common coupling (PCC) of a wind farm is the main
monitoring index and control target for station-level voltage
regulation. The droop control of dynamic reactive current
(DRC) is most commonly implemented in practical wind
farm engineering. Specifically, WTGs inject reactive current
that is linearly proportional to voltage deviation to support
voltage. DRC has been explicitly mandated in the grid codes
of several countries [11], [12]. Some studies further design
Q-V droop control to enhance voltage support performance
[13], as the control directly uses reactive power as the control
increment. Ref. [14] builds upon the Q-V droop method by
designing detailed data transmission and allocation schemes
based on phasor measurement units. It improves the feasibility
of voltage control applications. In addition, Refs. [15] and [16]
propose adaptive Q-V droop methods utilizing data-driven.
They aim to enhance closed-loop stability and coordination
among multiple WTGs. The aforementioned methods are ap-
plicable throughout the entire low-voltage ride-through process
and can improve voltage recovery dynamics to a certain extent.
However, the reactive power capability of WTGs alone is often
insufficient to meet the strong voltage support requirements in
scenarios with deep voltage dips and power near limits [17].

As the other important type, coordinated voltage support
controls involving auxiliary devices such as ESS alongside
WTGs have been investigated. In [18], a voltage support
logic for WTGs and ESS according to reactive power support
requirements is studied. The core concept is utilizing the con-



verter of the ESS to supplement the reactive power when the
reactive power capability of WTGs is insufficient. Moreover,
Ref. [19] proposes an adaptive voltage control for combining
WTGs and ESS (WEC control). The reactive power droop
release of ESS is specially designed, in which ESS and WTGs
are coordinated adaptively according to the severity of voltage
sags. Similar to ESS, the reactive power coordination between
WTGs and devices such as STATCOMs and SVGs has been
explored for voltage support enhancement [12], [20], [21].
However, most of these coordination strategies simply regard
ESS as an extension of the reactive power resources of WTGs
[22], thereby failing to fully exploit the unique advantages
of ESS. Consequently, the effectiveness of such coordination
remains limited.

Notably, the above two types of methods generally use
reactive power as the only object of analysis and control
for voltage support. Nevertheless, the impact of active power
dynamics on voltage recovery is largely overlooked. Only a
few studies have attempted to account for this effect. Ref. [23]
examines active power impacts on voltage under wind speed
fluctuations in steady-state conditions. However, its impact
is significantly different in the post-fault voltage recovery
period. Because the voltage situation during recovery is worse.
Moreover, the huge increase in the active power of WTGs
from ride-through values to normal values needs to be realized
within a short duration. Therefore, the impact of active power
on voltage is a critical potential factor for voltage recovery but
lacks analysis.

In this paper, a fast voltage recovery (FVR) control scheme
for the wind farm is proposed, explicitly considering active
power and voltage coupling (APVC). Specifically, the cou-
pling characteristics are analytically derived and quantitatively
analyzed to elucidate the impact of active power dynamics
on voltage recovery. For better voltage recovery, a novel
idea of utilizing active power regulation to support voltage
is employed in the control. This scheme fully exploits the
obtained characteristics of APVC. Furthermore, a complete
coordinated control procedure is developed for WTGs and
ESS. The main contributions of this paper are as follows.

o This paper proposes an FVR control of the wind farm
with ESS considering the coupling of active power and
voltage to support voltage recovery in weak grids. It
transforms the coupling negative effect into a positive
effect in the early recovery stage with strong coupling
by coordinating the ESS to absorb active power. Subse-
quently, the active power of the wind farm is recovered
during the later recovery stage with weak coupling.
Therefore, this coordinated control significantly improves
the voltage recovery performance compared to existing
methods without considering APVC.

+ APVC of the wind farm is quantitatively analyzed. Three
important characteristics of APVC are further revealed.
In conclusion, active power increase has a negative effect
on voltage recovery, which is more significant in weak
grid and low voltage scenarios. Furthermore, we discuss
the comparison of the contribution to voltage by utilizing
reversed APVC vs. conventional supply of reactive power.
The superiority of absorbing active power to support

voltage in weak grids is verified.

o A Logistic function-based reactive power release method
for WTGs is designed to support voltage in addition
to utilizing APVC. It leads to an inverse sigmoidal
dependency between the voltage deviation and released
reactive power. Compared with the linear and quadratic
dependencies of traditional droop controls, this function
enhances the reactive power release over a wide voltage
deviation range to support voltage recovery. Moreover,
the release allocation scheme among different WTGs is
designed due to the wake effect.

The rest of the paper is organized as follows. The APVC
during the recovery of the wind farm in weak grids is analyzed
in Section II. Section III presents the proposed FVR control
scheme for the wind farm with ESS considering the APVC.
Case studies in two power systems are carried out in Section
IV. Section V discusses the contribution of active and reactive
power to voltage regulation. Section VI concludes the paper.

II. ACTIVE POWER AND VOLTAGE COUPLING ANALYSIS
OF THE RECOVERY OF WIND FARMS IN WEAK GRIDS
A. Slow Recovery of Wind Farm Voltage

Dynamic loads dominated by induction motors (IMs) are
the core cause of fault-induced delayed voltage recovery. IMs
account for about 40% of the load in the actual grid according
to engineering research in western and northern provinces of
China. Therefore, adequate consideration of IMs is necessary.

o During the fault duration period, the low voltage causes
a reduction in electromagnetic power, the IM loses speed
and the slip rate increases.

o After the fault clearance, the IM is at a low-speed
condition in the early period. It has low power factor
and absorbs large amount of reactive power. This period
results in severe reactive power shortage in the system
and delayed voltage recovery. In severe cases, this will
lead to voltage instability of the continuous low voltage.

Slow voltage recovery is detrimental to loads and power
electronics. As one of the results, slow voltage recovery leads
to the PCC voltage of the wind farm triggering the safety
boundary of the ride-through in grid codes. This threatens the
safety of devices in the wind farm. And the forced off-grid of
the wind farm will worsen the economics and stability of the
system. This situation is becoming more obvious in weak grid
scenarios. It further leads to a slower voltage recovery due to
the weak ability of the grid side to provide reactive power.

B. Analysis of APVC of the Wind Farm

The wind farm enters recovery from ride-through mode after
the fault clearance. It is necessary to recover the active power
to the normal output value during the voltage recovery process.
The role of APVC requires to be analyzed.

A long-distance transmission line links the wind farm to
the grid, as shown in Fig. 1. Z; is the impedance of the
transmission line, which can also be expressed as Ry + jX.
The short-circuit capacity Sacwp and the short-circuit ratio
(SCR) can be calculated.
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Fig. 1. Structure of wind farm connected to the power system with ESS.
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where Upccy is the rated voltage of the PCC. S,wr is
the rated capacity of the wind farm. E, and X, are the
electrical voltage and reactance of the grid-side equivalent by
Davignan’s theorem, respectively. A is the ratio X;/(X;+X,),
and satisfies 0 < A < 1.
The voltage at the wind farm PCC is established:

Upcc = U+ 1kZ;, 3)

SCR =

2

where Uy, represents the voltage at the grid connection point
of the transmission line. J; is the current of the transmission
line.
Refine the calculation of current and impedance in Eq. (3)
to further obtain:
. Upce — (PweRL+ OwrX1) — j(PweX. — OwrRL)
Upcc = U
k
“)

where Up is the conjugate complex of the PCC voltage pha-
sor. Pyr and Qwr are the total active power and reactive power
output from the wind farm to the main grid, respectively.
Combining Eqs. (1)-(4), a general expression for the PCC
voltage is obtained as Eq. (5).
Define the APVC of the wind farm as {p_y. It is a form of
sensitivity that can be obtained by taking partial derivatives.

Cpv = 9Upcc
a JdPwr
o » aU? SCR +27L(—PWF+pra)]
~ 2Upcc SCR M,
(6)
My =[SCR2U} +4 SCR U A (0tPyr + Owr) — 4A%(Pe -

— 2PwrQwr + Qfypa®)] :

where « is the ratio of resistance and inductance for the
transmission line, which can be expressed as R;/X.

For the wind power transmission system, the voltage level
of the transmission line is above 110 kV. Therefore, the ratio
a can be approximated as 0. The simplification is discussed in
Section V. The coupling after simplified approximation {3_;,
is expressed as:

A2Pyr

s e —
CP_U N Upcc SCR M,

®)

2SCR

(&)

My = \[/SCR2U} + 4SCRUPA.Qw — 432B  (9)

Eq. (8) establishes a quantitative relationship between
APVC and three key parameters: the SCR, PCC voltage, and
wind farm output power. Notably, the coupling is found to be
negative ({3_,, < 0). This means that a marginal increase in
the active power output of the wind farm will cause a drop
in the PCC voltage. Thus, APVC is a contribution of active
power to voltage, which is further discussed in Section V.
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Fig. 2. Coupling of active power-voltage for wind farms with different SCR
and Upcc. (a) 3D view. (b) Side view.

Conclusively, several characteristics are obtained by Eq. (8):

1) Characteristic 1: The increase of active power output
of the wind farm during recovery has a negative effect on
voltage recovery. The larger absolute value of the coupling
|§ 3 U‘ implies a more severe voltage worsening effect caused
by the increase of active power.

2) Characteristic II: The weaker the grid strength SCR,
the more severe the APVC. Especially, the negative effect of
APVC is significant in very weak grids with SCR < 2.

3) Characteristic III: The lower voltage at the point of
common coupling Upcc, the more severe the APVC.

The coupling with varying SCR and Upcc under typical
parameters is shown in Fig. 2, which clearly verifies the above
characteristics.



C. APVC for Voltage Recovery Period

The above characteristics I and II are easy to comprehend,
which corroborates the specificity of the voltage recovery
problem faced in weak grids. Hence, the time-series properties
of the voltage recovery process are elaborated with character-
istic III. To elaborate more clearly, the APVC analysis using
phasor diagrams is shown in Fig. 3.
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Fig. 3. APVC analysis during voltage recovery process using phasor dia-
grams. (a) PCC voltage dynamics. (b) Original phasor diagram in the early
recovery stage. (c) Phasor diagram with a minor active power increase in the
early recovery stage. (d) Original phasor diagram in the later recovery stage.
(e) Phasor diagram with a minor active power increase in the later recovery
stage.

1) Early recovery stage: This stage is from the fault
clearance until the PCC voltage returns to the normal range for
the first time. During the early recovery stage, the voltage level
Upcc is low while the APVC is strong. It will cause a large
voltage drop if the wind farm increases a minor active power
AP (i.e., active power recovery), as shown in the comparison of
Fig.3 (b) and (c). Although voltage has a tendency to recover
with the gradual lack of system reactive power shortage, active
power recovery will significantly delay voltage recovery. The
weak grid is prone to voltage drop and breakdown during the
recovery process.

2) Later recovery stage: This stage is from the time PCC
voltage returns to the normal range until the voltage levels off
to a steady-state value. During the later recovery stage, the
voltage level Upcc is high while APVC is weak. The effect
of increasing the same active power AP by the wind farm on
the voltage magnitude is weak, as shown in the comparison
of Fig. 3 (d) and (e). This is due to the fact that the voltage
phase change by the increase in active power is much smaller
in this case compared to the previous case.

In summary, the negative effect of APVC is strong in the
early stage of voltage recovery. By contrast, the negative effect
of coupling is weak in the later stage of voltage recovery.

III. PROPOSED FVR CONTROL FOR WTGS WITH ESS
CONSIDERING ACTIVE POWER AND VOLTAGE COUPLING

A. Core Idea on Active power and voltage Coupling

As discussed in Section I, there is strong APVC in the weak
grid during the early recovery stage. But conventional voltage
controls rapidly increase the active power in this period. It
leads to voltage worsening. Table I compares the differences
in characteristics between these two recovery stages.

TABLE I
COMPARISON OF THE CHARACTERISTICS OF THE EARLY AND LATER
RECOVERY STAGES

Differences in typical characteristics Difference of

Stages of core concern
recovery | Voltage | Degree of | Impact of active Impact of active
level coupling power recovery power absorption

Early Large voltage Large voltage

stage Low Strong drop (Negative) rise (Positive)

Later . Minor voltage Minor voltage

stage High Weak drop (Negative) rise (Positive)

Benefiting from the obtained characteristics, the core idea
of the proposed FVR control scheme for the APVC problem
is shown as follows and in Fig. 4.

o Early stage of recovery with strong coupling: Utilizing
the centralized ESS within the wind farm to absorb
active power. As shown in the last column of Table I,
such a reverse active power shift transforms the coupling
negative effect of characteristic I into a positive effect. Its
purpose is to support the voltage preferentially.

Py =—Chy >0 (10)

where Cﬁf y 18 the APVC of the wind farm in terms of
absorbing active power.

o Later stage of recovery with weak coupling: The wind
farm increases the active power. WTGs recover active
power but have only a minor negative effect on voltage.

Conventional method

Upcd No recovery in active power
Proposed method ha AP Negative
Vo /Safe Region coupling
| effect
|
|
|
| -
‘ \Conventional method _ _ _|
.-
It e t A Upcc
e e —— > Proposed method i
@ Early stage @ Later stage

Absorb active power A Upce Recover active power

AP

Uy Py >

Positive
coupling effect

Weak negative — A Upc
coupling effect

Fig. 4. The core idea of the proposed FVR control on the effect of APVC.

The particularity of absorbing active power rather than
releasing reactive power by ESS in the early stage is discussed
in Section V. Besides faster voltage recovery, the energy stored
in the ESS can reduce wind energy abandonment.
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Fig. 5. Framework and timing actions of the proposed FVR control of WTGs coordinated with ESS.

B. Specific Modules of FVR Control for the Wind farm

The proposed FVR control is presented in Fig. 5. The logic
modules for activation, switching, and exit of the support
are undertaken by the central controller of the wind farm.
Moreover, it sends power reference values to the WTGs
and ESS. The converters of the WTGs and ESS adopt the
traditional double closed-loop control structures and do not
require modification.

1) Activation module of FVR: The voltage recovery con-
trol is required to be activated quickly after fault clearance.
The activation module monitors the PCC voltage Upcc. The
activation criterion for FVR is defined as: Upcc is below the
voltage threshold U,y and the surge value AUpcc is greater
than the threshold value AU, within 10 ms. According to IEEE
Std 1547a-2020 and GB/T 19963.1-2021, Uy and AU, are
selected as 0.9 p.u and 0.1 p.u., respectively. 10 ms is the
sampling interval of phasor measurement units (PMUs) used.
When the activation criterion is satisfied, the logic switch Sy is
set to 1 and FVR control is enabled. It is intended to utilize the
local data of the PCC to obtain the status of fault clearance.
As a result, it reduces the communication requirements and
shortens the start-up time.

2) Stage switching module of FVR: With the voltage gradu-
ally recovering due to the support, the absolute value of APVC
decreases. The requirements for switching are low coupling
and high voltage values. The specific switching criterion is
that the absolute value |{}_,;| of the wind farm is less than the
coupling threshold oy (0.1p.u.) as well as the voltage Upcc
is greater than the voltage threshold U; (0.97p.u.) within a
continuous period of 300ms. The values of the threshold and
time window are based on GB/T 19963.1-2021 and the grid
code from E.ON.

The APVC is monitored in real time {3 _,; by Egs. (8)-(9)
and (11). Specifically, X;, is required as a known parameter.
For the real-time measurement, Pyr, Owr, and Upcc are easily
measured via the PMU. From Eq. (2), SCR is available if
X1+X, is obtained in real-time. According to the impedance
identification algorithm [24], [25], the required reactance of
X;+X, can be obtained by injecting a harmonic voltage and
detecting the response harmonic current. Since both the nu-
merator and denominator of X;/(X;+X,) have been obtained,
A can be further calculated.

OweXL > | PReX?
o)t (1n

pCC PCC

3) Support exit module of FVR: When the recovery of
the active power and voltage of the wind farm is completed,
the support control shall smoothly exit and transition to the
normal state. The recovery completion condition is recognized
by monitoring the voltage. The designed voltage recovery
completion criteria is: the voltage Upcc is neither lower than
Uy (0.97p.u.) nor higher than U, (1.07p.u.) within 2s. This
time window is appropriately extended compared to the Tennet
TSO requirements. The criterion requires that the PCC voltage
has not only recovered to the normal range, but has gradually
leveled off to the steady state. Such a design contributes to
the smoothness of the exit.
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Fig. 6. Specific modules for the proposed FVR control.

4) Power output of WIGs: The power output of the WTGs
follows the preset curves elaborated in subsection III-C. In
particular, the reactive power output is specially designed. As
presented in Fig. 7, the voltage supports of conventional grid
code and typical Q-V droop are able to adaptively provide
reactive power output according to the voltage deviation. How-
ever, they behave as quadratic and linear functions in reactive
power characteristics, respectively. This leads to insufficient



utilization of reactive power resources at non-maximum devi-
ations, especially in the deadband range of voltage deviation
of £0.1p.u.. In contrast, the designed reactive power output of
the whole WTGs is modeled as a Logistic function. This Q-
Logistic method has the advantage of smoothly and optimally
releasing reactive power over a wide voltage deviation range.
Hence, it further supports the voltage recovery faster.

. Ko[ea(UPCC_Uref) —1]
QWF -

e®(Upcc—Uref) 4 | (2)

where, Ky, o are the boundary and droop coefficients, respec-
tively. Ul is the reference of PCC voltage. Q3. is the reactive
power expected to be released by the wind farm.
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Fig. 7. Proposed Q-Logistic reactive power release method for WTGs.

The wake effect causes the real-time power of each WTG to
be different. It results in different available capacities of WTGs
to support the voltage. An average distribution of reactive
power release will cause some of the units with low available
capacities to exceed their power limits. To fully utilize the
available capacities of WTGs, the power distribution among
multiple WTGs is coordinated in the proposed FVR control, as
illustrated in Fig. 8. Specifically, the green bar is the real-time
available capacity of each WTG for support. And the available
capacity ratio 7; is calculated for each WTG.

> >
Smax —\/ Pwrci T Qwrai

Smax - Smin

Yi= (13)
where Smax and Spin are the maximum and minimum capac-
ities of each WTG, respectively. Pyrg; and Qwrg; are the
active and reactive powers of the i-th WTG.
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-~ Eq(l4
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Fig. 8. Coordinated distribution of reactive power release among WTGs.

Further, the expected reactive power of the Q-logistic
method in Eq. (12) is distributed among the multiple WTGs
according to the available capacity ratios, as shown in Fig.8. Its

advantage is to ensure the exhaustive utilization of the different
WTG capacities under safety requirements.

OWrGirer = <1 Oivr (14)

Ly

i=

where Owragirer 1S the reactive power reference of the i-th
WTG. N is the total number of WTGs.

5) Power output of centralized ESS: The designed FVR
control mainly focuses on the coordination of the active power
of the ESS. The active power output of the ESS also follows
the preset curve in subsection III-C. Active power is absorbed
and released according to the slope kgss.

C. Complete FVR Control Scheme Based on Preset Curves

The preset curves of active power and reactive power of the
WTGs and ESS are shown in Fig. 9, respectively. O~ is the
normal operation period, 7~ is the fault duration period, and
t. is the fault clearing moment. For clearer presentation, the
flowchart of the proposed FVR control is illustrated in Fig.
10. The detailed FVR support process is further elaborated.
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Fig. 9. Designed active power and reactive power output of WTGs and ESS
based on preset curves.

1) Early stage of recovery: Due to the strong APVC in the
early recovery period, the ESS provides support to the voltage
by absorbing active power during this period. The yellow
area in Fig. 9 represents the stored energy from active power
absorption by the ESS. Meanwhile, the WTGs provide reactive
power rapidly by the proposed Q-Logistic release method, as
shown by the green line.

o Early recovery stage I (t.~t;): The activation module of
FVR monitors the satisfaction of the activation criterion
(Sa=1) soon after 7., and the FVR control is activated.
The startup takes about 10~20 ms. The support enters the
early stage of recovery. The WTGs employ the reactive
power control of the Q-Logistic function to increase
reactive power, and the active power remains at the ride-
through value. Meanwhile, ESS absorbs the active power
by climbing gradually with the slope kgss.

o Early recovery stage II (t;~t;): As the ESS increases the
active power absorption continuously, the active power
value reaches the maximum value at #;. Thereafter, the
ESS maintains the maximum power value for continuous



active power absorption. At the same time, the WTGs
continue to release reactive power as above.

2) Later stage of recovery: Due to the weak APVC in the
later recovery period, WTGs perform active power recovery
(red region). The ESS exits the active power absorption state.

o Later recovery stage I (ty~t3): When the FVR stage
switching module recognizes that the switching criterion
is satisfied (Sp=1), the switching FVR control enters
the later stage of recovery. The switching moment is
tp, and the switching action takes 10 ms. Currently,
the ESS gradually reduces the absorbed active power in
accordance with the slope kgss until 0.

o Later recovery stage II (t3~t4): Since the ESS completely
exits the active power absorption state (#3), the active
powers of the WTGs start to recover to the normal value
by the slope. And the reactive powers decrease to normal
values gradually in a similar manner.

o Later recovery stage III (t4~ts): The active power of each
WTG is raised to the MPPT value at t4. Thereafter, the
WTGs maintain normal active and reactive power output.
Moreover, the ESS maintains the power output at 0. It
ensures that the power values are equal to those of the
normal state, further contributing to the smooth exit.

o FVR control exit (ts): The wind farm officially exits the
voltage recovery state and enters the normal operation
state when the exit module is activated (Sc=1).

Activation
of FVR N
Is.the fault cleared?

le (Sa=1?)
Early stage Y

Later stage

o

ESS: reduces the absorbed active
power by slope kgss

Is ESS out of power
absorption? (Pgss= 0?

WTGs: release reactive power
following Q-Logistic support
ESS: absorbs active power by kgss

‘WTGs: recover active power by
slope kp and exit reactive power
release

Does active power
absorbed by ESS reach the
maximum value?

Do WTGs complete
active power recovery?
WrGs = Pmppr?

WTGs: support as above
ESS: maintains maximum power
absorption of active power

WTGs: active power of WTGs
maintains the output of the MPPT
+ | ESS: maintains power exchange at 0

Voltage recovery N 4

1 Stage satisfied? (Sp=1? complete? (Sc=1?) . 15
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Switching Exit

Fig. 10. Flowchart of the actual application of the proposed FVR control.

IV. CASE STUDIES

The IEEE two-area system with a wind farm is established
on the MATLAB/Simulink using the MatPSST toolbox [27],
as presented in Fig. 11. For the WTGs, the type-4 model
of WTG from the International Electrotechnical Commission
(IEC) is used for simulation [28]. This model is composed of a
permanent magnet synchronous generator and full-scale back-
to-back power electronic converters. The wind farm consists
of 15 equivalent WTGs. Each equivalent WTG is aggregated
from 10 turbines with a rated capacity of 3.33 MW. The
capacity penetration of wind power is 24.3%. The parameters
of the wind farm are from the project located in the Bazhou
region of southern Xinjiang province, China. For the ESS,
the model consists of two components: the module of the
battery device and the power conversion system. To account
for battery polarity and avoid complexity, the typical first-
order Thevenin model of the battery is employed. The ESS
capacity is 10% of the total capacity of the WTGs, equating to
50MW. For the power system, the model of Fig. 11 replaces
one synchronous generator in the standard two-area system
of Kundur [29] with a wind farm. The real power of the
other generators is 555 MW, 600 MW, and 650 MW. The
base capacity is 100 MVA, and the rated frequency is 50 Hz.
On no particular note, the SCR is 1.2 and the IM load share
is 40%. The third-order model of IM is used as [30]. Other
parameters are available in the Appendix. Table II lists the
control schemes compared in this section.

The simulation horizon is set to 9 s. This is because the
fault and recovery period is typically within 5 s. The set-
ting clearly simulates the complete process. The variable-step
solver odelS5s is configured with a maximum time step of 0.1s
and a minimum step of 107%s, ensuring both computational
efficiency during steady states and accuracy during recovery.

12 Y
15 10
i ESS ‘= 4
H 7
Q\\ 1 6 11 8
|
\‘ 2 7 12 ‘ G3
I | |
e |
i\'i'i}'\d" S i @@D_ 3
direction:
I 1 L
Uy e S A I I G2
7R 14 !
__Wind Farm

,,,,,

Fig. 11. Structure of the IEEE two-area integration system with a wind farm.

A. Verification of Active Power and Voltage Coupling

To validate the characteristics analysis of the wind farm
APVC in Section II, two cases in the weak and strong grids are
carried out separately. A three-phase-to-ground fault occurs at

TABLE II
DESCRIPTIONS OF DIFFERENT CONTROL SCHEMES

Control Description WTGs support (Q) Active power recovery ESS support
DRC Dynamic reactive current control [26] v v X
DRC-R Dypamlc reaptlve current control v « «
Comparative without active power recovery
Q-V droop Reactive power-voltage droop control v v X
Coordinated control of wind turbines
WEC and energy storage [19] v v v
Proposed FVR Proposed fast voltage recovery control v v v (P)

* (P) means the control object is active power. * (Q) means the control object is reactive power.



ty = 5.0s. It is located 20% near bus 8 in line 7-8. It is cleared
at 7. = 5.25s. The voltage recovery time ... is from 7 until the
Upcc is recovered to the voltage normal range (0.97 ~ 1.07
p.u.). Refer to Fig. 12 for the detailed results. DRC-R control
is the DRC control without active power recovery, as shown
in Table II and Fig. 12(b). It is used as a comparison with the
conventional DRC control to validate the APVC.

Convention: DRC (SCR=5) =——DRC (SCR=12) 1 (sec)
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Fig. 12. Voltage recovery results in very weak grid (SCR = 1.2) and strong
grid (SCR = 5.0). (a) PCC voltage. (b) Active power of WTGs. (c) Comparison
of recovery time.

1) Weak grid case with SCR = 1.2: The voltage using
conventional DRC control shows slow recovery dynamics.
Moreover, the rapid recovery of the active power in the early
period leads to a sharp voltage drop. The voltage returns to
normal range at ¢ = 7.82s with t,,. of 2.82s. By contrast, the #,,.
is much shorter as 1.29s using DRC-R control. The significant
difference between the two is due to the negative effect caused
by APVC, as shown by the red area in Fig. 12(a). Therefore,
this verifies the characteristic I of APVC, i.e., the negative
effect of active power increase on voltage recovery.

2) Strong grid case with SCR = 5.0: The voltage recovery
time using conventional DRC control is 1.62s. While it is 1.52s
with DRC-R control. There is little difference between the two,
as shown by the blue area in Fig. 12(a).

The comparison of the above cases and Fig. 12(c) validate
the characteristic IT of APVC, i.e., APVC is significant and
cannot be ignored in the weak grids.

7
1 (sec)

B. Performance of Proposed FVR Control under Weak Grids

To illustrate the proposed FVR control and advantages in
detail, a case of weak grid SCR = 1.2 is analyzed in this
section. Specifically, the same fault occurs at z; = 5s near bus
7 on line 7-8. It lasts for 0.21s. The recovery results are shown
in Fig. 13.

1) Implementation of FVR control and comparison: Several
controls are carried out for comparison. For the DRC control
[26], the PCC voltage is recovered at ¢ 7.51s with the
recovery time of fprc = 2.51s. And the voltage stays below
0.9 p.u. until r = 7.0s, as shown in Fig. 13(a). This does not
satisfy the grid code and will result in the WTGs being off-
grid. For the Q-V droop control of WTGs, the voltage recovery
time is reduced to 2.11s owing to better reactive power
release. And the voltage satisfies the grid code. However, their
voltage recoveries are all slow. For the WEC control of WTGs
coordinated with ESS [19], the voltage recovery dynamics are
enhanced. This is because the ESS is coordinated to release the
reactive power maximally, which is illustrated in Fig. 13(b).
The voltage recovery time is then reduced to fwgc = 1.86s.

The logical switches and stages of FVR control are shown
in Fig. 13(f).

e Early recovery stage. The FVR control is activated at ¢
= 5.22s due to the activation module with S4 = 1. The
support enters the early recovery stage. And the ESS starts
to absorb active power as shown in Fig. 13(d). It absorbs
to the maximum power limit at #; = 5.42s. Meanwhile, the
WTGs rapidly release reactive power after activation by
the proposed Q-Logistic method. The total reactive power
is presented in Fig. 13(c). From Fig. 13(a), the voltage is
raised fast in the early stage. It is because the inversely
utilizing APVC and enhanced reactive power release both
better support the voltage.

o Later recovery stage. Due to voltage and coupling satis-
fying the stage switching module requirement (Sp = 1) at
ty = 6.35s, the control enters the later recovery stage. The
ESS gradually exits the active power absorption state. It
has completely exited power absorption at 13 = 6.55s. And
the WTGs reduce reactive power response and recover
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Fig. 13. Results of voltage recovery for the wind farm in a weak grid with SCR = 1.2. (a) PCC voltage. (b) Total active power of PCC. (c) Total reactive
power of PCC. (d) Active power of ESS. (e) Real-time APVC. (f) Logic switches of the FVR control.



active power after #3. Their active powers have recovered
completely at #4 = 6.80s. Finally, the FVR control exits
at t5 = 8.05s due to the support exit module with S¢ = 1.

In summary, the voltage recovery time fpyr using FVR
control is 1.05 s. It is 43.5% improved compared to the
coordinated control of WEC, which also utilizes the ESS
capacity. Compared to DRC and Q-V droop control, the
improvement is more than 50%.

2) Role of active power regulation: To illustrate the ad-
vantage of supporting voltage by active power in this paper
more clearly, a comparative control that removes the enhanced
reactive power release is shown. The results are presented
as green dashed lines in Fig. 13. This control retains the
active power coordination design. However, the WTGs only
use the Q-V droop control. Fig. 13(c) demonstrates that this
comparative control releases less reactive power than any
control. However, it has a better voltage support effect than
other controls with a recovery time of 1.28s. It verifies the
main role of utilizing active power to support the voltage
recovery as proposed.

3) Coordination among multiple WI'Gs: As shown in Fig.
11, the wind direction is the angle between the wind and
the row direction of the WTGs. In the case of this paper,
the wind direction is selected as 45°. The wind speed is
set to 16.0 m/s. The wake effect between multiple WTGs is
calculated by the Jensen’s model as in the Appendix. Wind
speed of each WTG considering wake effects: [16.00, 16.00,
16.00, 16.00, 16.00; 16.00, 13.95, 13.95, 13.95, 13.95; 16.00,
13.95, 13.70, 13.70, 13.70]. The power states of the WTGs
are not the same due to the wake effect. Fig. 14 shows the
specific reactive and active power outputs of each unit using
FVR control in the early recovery stage (e.g., ¢t = 5.30s) and
the later recovery stage (e.g., t = 6.60s), respectively. This is
because the power allocation takes into account the unit states
in Eq. (14). Therefore, the effectiveness of coordination among
WTGs is verified.

Fig. 14. Active and reactive powers of WTGs in the wind farm of the weak
grid case. (a) Active powers at t = 5.30s. (b) Reactive powers at t = 5.30s.
(c) Active powers at t = 6.60s. (d) Reactive powers at t = 6.60s.

C. Support Effects under Different Dynamic Load Ratios

Since different proportions of IM affect the voltage recovery
dynamics, The tests on the adaptability of the FVR control
to IM ratios are carried out. The IM load ratios in the above
system are set to 20%, 30%, 40%, and 50%, respectively. That
covers most of the actual engineering scenarios. The fault and
SCR settings are the same as in subsection IV-B. Fig. 15 shows
the voltage recovery results at different IM ratios.
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Fig. 15. Voltage recovery results at different IM ratios. (a) PCC voltage

recovery dynamics. (b) Voltage recovery time.

From Fig. 15(a), the FVR control supports voltage recovery
at different ratios. Although the voltage recovery is slower as
the IM ratio increases. This is due to the more reactive power
absorbed by the IM load during recovery. However, other
controls such as WEC control are not sufficient to support
voltage recovery at an IM ratio of 50%. It leads to voltage
instability. Fig. 15(b) shows the voltage recovery time for
different IM ratios. The recovery time is improved by at least
9.8%, 22.1%, and 43.6% using FVR control at 20%,30%,
and 40% ratios, respectively. In particular, only FVR control
supports fast voltage recovery at the 50% ratio with a recovery
time of 1.99s.

D. Support Effects under Different Fault Conditions

To further validate the FVR control under different fault
scenarios, the fault duration is set to 100ms, 200ms, 300ms,
and 400ms, respectively. The fault type and SCR settings are
the same as described above. And the IM ratio is set to 30%
for comparison directly. Table III shows the voltage recovery
performance in these conditions.

From the results, the FVR control has superior voltage
support performance in different cases. Using the FVR control,
the average voltage U,y and the minimum voltage Up;, during
recovery are improved by 0.06 p.u. and 0.065 p.u., respec-
tively. Besides, the recovery time is improved by 26.9% on
average. In particular, only the FVR control enables the voltage
to satisfy the grid code at a fault duration of 400ms. This
demonstrates its excellent adaptability to harsh conditions.



TABLE III
VOLTAGE RECOVERY PERFORMANCE UNDER DIFFERENT CONDITIONS

Dynamic characteristics
Dlljrae?tlifm Control Y Satisfaction
(sec) methods Uavg Unin frec of grid code
(p-u.) (p-u.) (sec)
DRC 0.88 0.79 0.38 Satisfy
0.1 WEC 0.89 0.83 0.37 Satisty
FVR 0.94 0.89 0.29 Satisfy
DRC 0.85 0.80 0.78 Satisfy
0.2 WEC 0.86 0.83 0.76 Satisfy
FVR 0.93 0.89 0.59 Satisfy
DRC 0.86 0.78 1.76 Satisfy
0.3 WEC 0.87 0.82 1.65 Satisfy
FVR 0.93 0.88 1.18 Satisfy
DRC 0.85 0.69 3.86 Failure
04 WEC 0.86 0.77 3.37 Failure
FVR 0.92 0.85 2.19 Satisfy

* Ugyg is the average voltage from t. to voltage recovery.
* Upin is the minimum voltage from t. to voltage recovery.

E. Effect of Time Latency

To verify the effectiveness of the proposed control with
time latency, a total latency of 55ms is set. According to IEC
61400-25 [31], the following specific latencies are considered:
(a) 40ms of communication delay is set, according to [32],
[33]. This delay is the main latency and contains the data
and command exchange between the central controller and the
turbine controller. (b) 4ms of data encoding and decoding time
by controllers. (c) 10ms of sampling time for the monitoring
data. (d) 1ms of computation time for the central controller.
The results under time latency to the voltage event (in Fig.
13) are shown in Fig. 16. From the results, the proposed FVR
control still enables fast voltage recovery. As shown in Fig.
16(a), due to latency, the reactive power references of WTGs
remain at significantly elevated levels corresponding to the
fault period for tens of milliseconds after z.. This leads to
a brief voltage increase and even promotes a reduction of
the total recovery time. With time latency, the recovery time
with FVR control is 1.02s, which is a 40.4% improvement
compared to the WEC control. From Fig. 16 (d) and the
enlarged subfigures in (a), (b), (c), the stage transitions are
smooth and stable even with a latency of 55ms. The delayed
arrival of control commands does not cause the controller state
to be disordered.

FE. Verification in New England 39-bus System with Wind
Farms

To evaluate the efficacy of the FVR control in a large-scale
system, the New England 39-bus system with wind power
is tested. Specifically, four wind farms replace the original
synchronous generators G2, G3, G4, and G6. Every wind farm
comprises five WTGs, each with a capacity of 100 MW. The
system structure is described in [10]. In addition, the PCC of
each farm is equipped with 10% ESS.

Ten cases are conducted for fault durations of 150ms,
200ms, 250ms, 300ms, and 350ms at bus 15 and bus 21
respectively. The SCRs of wind farms 3 and 4 are set to 1.4
and 1.3, respectively. Fig. 17 shows the results with the FVR
control. The maximum voltage recovery time for the wind
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Fig. 16. Voltage recovery results with time latency. (a) PCC voltage. (b) Total
active power of PCC. (c) Total reactive power of PCC. (d) Logic switches.

farm 3 is 1.30s. Further, it has an average recovery time of
0.82s. This is an enhancement compared to 1.11s for the DRC
control. For wind farm 4, the average voltage recovery time
is 0.65s. A 29.3% improvement is obtained. The applicability
of the FVR control to large-scale systems is validated.

Upcc (p-u.)

Urcc (pu.)

2
1 1 (sec)
(W]
Fig. 17. Voltage recovery results of 10 cases in New England 39-bus system.
(a) PCC voltage (wind farm 3). (b) PCC voltage (wind farm 4).



G. Real-time Experimental Verification

To experimentally validate the effectiveness, an Opal-RT
real-time simulation platform is developed [34], [35]. It con-
tains an OP4510 simulator and an OP5700 simulator, as shown
in Fig. 18(a). The system in Fig.11 is established in the
OP5700 simulator. While the OP4510 simulator is used to
achieve the FVR control. The employed OP4510 features an
Intel® Xeon® E3 multi-core high-performance CPU processor
and a Xilinx® Kintex® 7 FPGA. A fixed time step of 10
us is set. This significantly improves the actual physical
validation condition of the controller with the FVR control.
The OP4510 and OP5700 are interfaced through a conversion
board with DB37 signal lines. As the experiment runs, OP4510
receives the PCC voltage signal sent by OP5700. In turn,
OP4510 outputs the power reference values of WTGs and ESS
(including Py, Ot Ps) to OP5700. These signals are
affected by noise, quantization errors, transmission delays, and
other factors.
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Fig. 18. Opal-RT real-time experimental platform and case results.(a) Exper-

imental platform. (b)Voltage results of the case.

The system settings are from subsection IV-B. In particular,
only the fault duration is set to 250ms to differentiate. From the
results in Fig. 18(b), there is a significant drop in voltage after
fault clearance with conventional DRC control. Moreover, the
voltage remains at 0.82 p.u. after the voltage fluctuation. This
is the voltage instability due to insufficient recovery support.
For the WEC control, the voltage takes 3.27s to recover. As
a comparison, the FVR control fast supports the voltage with
a recovery time of 1.59s. Experimental results confirm the
operational efficacy of FVR control in practical scenarios.
Furthermore, this verifies the robustness, noise immunity, and
adaptability of the control under non-ideal signal conditions.

V. DISCUSSION

A. Discussion on Active Power and Reactive Power Contribu-
tions for Voltage Regulation

The validity and uniqueness of utilizing active power regu-
lation as a voltage support method in this paper are discussed.

It is a common view nowadays that reactive power is more
capable of supporting voltage. However, this law is not fully
consistent in weak grid and low voltage scenarios. Analogous
to the analysis of active power in Section II, the contribution
of reactive power increase to Upcc is as follows.
A UZ SCR + 20\ (Pwr — Qwrot)
S0-U = 3pcescr ! M
PCC 1
The condition where active power absorption contributes
more to voltage than reactive power release is —{p_yy > {p_y.
The derivation is:
— [SCRUZ o 4 aM; 4 2A(—Pyr + Qwra)] > SCR U
+20A (Pwr — Owrat) + M,
2A (Pwr — Owra)(1 — o)
I+a
where the formula for M is given in Eq. (7). in Section II.
A simplified equation for neglecting ¢ is given.

SCRU? +M; < 2APyr

] 1%

(16)

& SCRUP 4+ M; <

a7

It is clear from Eq. (17) that the contribution of active power
absorption is better under these characteristics: (a) the weaker
the grid (lower SCR), (b) the larger the voltage drop (lower
Uy), and (c) the longer the transmission line from the wind
farm to the grid (larger A).

The results of —{p_y and {p_y with varying SCR are
shown in Fig. 19. The results presented represent a represen-
tative case study under typical operating conditions. Table IV
illustrates the parameters of the operating condition. In detail,
A and B are the intersection points of —{p_y and {p_y for the
two typical cases, respectively. Conclusively, when the SCR
is less than the critical value SCRyy1, —Cp_y is greater than
$o—u. Therefore, there is a tendency that the contribution to
Upcc by absorbing active power is better than reactive power
in weak grids, as shown in the orange area of Fig. 19. This
situation is different from that in the existing universal strong
grid.

TABLE IV
PARAMETERS FOR VOLTAGE REGULATION COMPARISON
Parameters Value (p.u.) Parameters ~ Value (p.u.)
A 0.33 OwF 0.70
Uecc 0.60 Pwri 0.62
[04 0 (approximation) Pyr 0.60
1.2 T
Utilizing APVC —¢ru (Pwi=Py)
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Fig. 19. Comparison of active power and reactive power contribution to
voltage at different SCRs.



B. Analysis and Validation of APVC Simplification

There is a minor numerical difference between APVC
with or without neglecting o. For o < 0.2, the difference
is negligible. This work specifically targets the scenario of
wind farms connected to the grid via high-voltage transmission
lines. In such a scenario, the X /R ratio is high, leading to «
typically as 0.1 or lower in the practical systems [36], [37].
Thus, this simplification can be employed for analysis and
calculation. The results of detailed APVC (a # 0) in Egs.
(6)-(7) are as Fig. 20(a) for comparison with the simplified
APVC in Egs. (8)-(9). Additionally, a simulation verification
of the simplified APVC under SCR = 1.2 is illustrated in Fig.
20(b). The settings are from subsection IV-B with DRC control
to present the general time-series coupling. From Fig.20 and
Fig.2, the difference between detailed APVC and simplified
APVC is minor. This difference does not fundamentally impact
the FVR control. The difference can be effectively mitigated
by only a minor adjustment of the coupling threshold oy
of the stage switching module (adjustment gap is 0.03 in the
example), as shown in the red curve in Fig.20(b). Notably,
the characteristics of detailed APVC are identical to those
of the simplified APVC analyzed in Section II. Therefore,
the analysis of the APVC characteristics is confirmed to be
correct. Besides, both the detailed and simplified APVC are
applicable for FVR control. In practical monitoring applica-
tions, employing the simplified APVC eliminates the need to
acquire the specific value of o, avoiding the need for R/X

monitoring and the additional computational burden.
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Fig. 20. Comparison of detailed and simplified APVC with o = 0.10. (a)
Detailed APVC with different SCR and Upcc. (b) Simulation verification.

VI. CONCLUSION

This paper proposes a fast voltage recovery (FVR) con-
trol for the wind farm with ESS in weak grids, explicitly
incorporating active power and voltage coupling (APVC). The
characteristics of APVC are revealed by analysis. The active
power increase has a negative effect on voltage recovery, which
is more significant in weak grids and low-voltage scenarios.
For the time-series properties, the coupling is strong in the

early recovery stage and weak in the later recovery stage.
Based on these insights, the FVR control is carefully designed.
The core of the FVR control for supporting voltage is to
transform the negative effect of APVC into a positive one.
This transformation is achieved through ESS absorbing active
power in the early recovery stage. Additionally, a Q-Logistic
reactive power release method for WTGs further enhances
voltage recovery performance. In the case studies of two
different-scale IEEE systems and the real-time experimental
platform, the proposed FVR control effectively supports volt-
age recovery in weak grids. Compared to existing methods,
FVR control performs superiorly in terms of voltage dynam-
ics, and short-term voltage stability. From various scenarios
involving different dynamic load ratios and fault conditions,
the voltage recovery time is reduced by 26.9% on average.
This improvement is more than 40% in severe conditions.
Moreover, this enhancement is maintained under the effect of
the time latency. Across the diverse conditions, the adaptability
and robustness of the proposed scheme are verified.

APPENDIX A
SIMULATION MODEL PARAMETERS AND WAKE EFFECTS
TABLE V
PARAMETERS OF THE SIMULATION MODEL
Parameters and description Value
Radius of the WTG ry 63 m
Decay coefficient o 0.05
Thrust coefficient Cr; 0.588
Distance between columns x;; 600 m
l; ?r&r]rrlre(t;ssrs Distance between rows d;; 600 m
PI coefficients of the PLL kpyp,kip (p.u.) 50, 6000
Transformer ratio Ay 0.69/35 kV
DC voltage Vycw 1.5 kV
DC capacitance Cycw 125 mF
DC voltage Vjces 1kV
Parameters DC capacitance Cess 0.5 mF
of ESS Rated active power Pyess 100 MW
Rated energy capacity Wy 200 MWh
Nominal AC frequency fx 50 Hz
Parameters Base capacity Sp 100 MVA
of the'ln— AC system rated voltage Wy 220 kV
tegration | i
system AC line resistance r| 0.0529 Q/km
AC line inductor x; 0.529 Q/km

The Jensen’s model is used to describe the wake effect based
on the above parameters [38].

n
Vi=W I_Z(I_N/I_CT,l)"gij (18)

i=1

2
ro\ " As

LYY} = 1
i <r,») y (19)
ri=ro+xj-tana~rg+x-Q (20)

where Ag is the sweep area of WTG. The downstream WTG
is partly shadowed by the upstream WTG. Ay is the shadowed
area. Radius r; describes the expansion effect of the wake.
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