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Abstract——As the global energy transforms to renewable-
based power system, the wind power generation has experi‐
enced a rapid increase. Due to the loss of synchronous ma‐
chines and its frequency control mechanisms, the gradual evolu‐
tion leads to critical challenges in maintaining the frequency sta‐
bility. Under post-fault condition, the wind power generation 
has a slow recovery due to the fault ride-through (FRT) control 
strategy and may cause a larger frequency deviation due to the 
power imbalance between the supply and demand. Then, the 
impacts of the frequency deviations would further cause inaccu‐
racy and instability in the control system for wind power gener‐
ation. Considering the long parking time of electric vehicles 
(EVs), the demand-side response is provided to support the 
power grid via load-to-grid technology. Thus, a power-balanc‐
ing coordinated control strategy of the wind power and the de‐
mand-side response is developed. It can significantly mitigate 
the power imbalance, thereby resulting in the enhanced frequen‐
cy stability. Finally, the simulation results are provided to vali‐
date the power-balancing coordinated control strategy.

Index Terms——Power-balancing, wind power, demand-side re‐
sponse, frequency stability, post-fault condition.

I. INTRODCTION 

ENERGY is the material basis for supporting the human 
civilization. To seek for safe and clean alternative ener‐

gy sources, exploring sustainable energy models has become 
an important part in the development trends and strategies 
for the energy [1], [2]. By the end of 2019, the global wind 
power capacity amounts to 622 GW with a 10.4% annual in‐
crease [3].

With the increasing integration of wind power generation  
into the power system, an inevitable consequence is the loss 
of conventional power generation by synchronous machines 
and the frequency control mechanisms, which will lead to 
critical challenges in maintaining the frequency stability, es‐
pecially under post-fault condition [4]-[6]. At the same time, 
the number of the electric vehicles (EVs) increases due to 
the potential in alleviating the environmental pollution and 
reducing the carbon emission [7]-[9]. Due to the long park‐
ing time and the huge stored energy, the demand-side re‐
sponse is provided to support the power grid with high-pene‐
tration wind power generation via various vehicle-to-grid 
technology. However, the converter-interfaced equipment 
usually operates in the grid-following mode with no frequen‐
cy response capability. Thus, more efforts need to be made 
on maintaining the frequency stability with high-penetration 
wind power generation.

In recent years, several studies and practical investigations 
have been carried out on the frequency stability with high-
penetration wind power generation. In [10]-[12], the frequen‐
cy response of the power system with various generation 
mix, including synchronous machines and doubly-fed induc‐
tion generators (DFIGs), is analyzed. Then, in order to main‐
tain the frequency stability, several frequency-accompanying 
control strategies are developed and discussed, including vir‐
tual inertia control [13], [14] and primary frequency control 
[15] - [17]. Besides, the virtual power plant at the demand 
side with the vehicle-to-grid technology to support the pow‐
er grid is studied [18], [19]. However, these studies are con‐
ducted under normal grid voltage conditions, which is not 
suitable for the grid fault conditions. Considering the grid 
fault, the fault ride-through (FRT) control of wind power 
generation is essential [20] - [22]. References [23] and [24] 
analyze the transient performance of the power systems dur‐
ing the whole process of the fault occurrence and clearance. 
Since the wind power has a slow power recovery under post-
fault condition, the power imbalance between the supply and 
demand rises and continues for several seconds. Further, this 
will lead to the serious frequency deviation and even the dis‐
connections of the wind power generation, which is a huge 
challenge for the stable operation of the power system.

Therefore, an enhanced control strategy of wind power 
generator, combining the FRT control and frequency re‐
sponse control, needs further study. Meanwhile, since the 
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flexibilities of EVs with the vehicle-to-grid technology are 
the emerging controllable sources at the demand side, it can 
provide the demand-side response with the additional power 
to support the power grid for the power balance. Thus, to 
maintain the frequency stability of the power grid with high-
penetration wind power generation, a power-balancing strate‐
gy of the wind power and the demand-side response is pro‐
posed. Thereby, the power imbalance in the power grid can 
be significantly mitigated, resulting in the enhanced frequen‐
cy stability.

The rest of this paper is organized as follows. In Section 
II, the frequency stability of the power system under post-
fault condition is analyzed. The impacts on wind power are 
presented in Section III. Then, in Section IV, active power 
self-balance coordinated control strategy is presented. In Sec‐
tion V, the simulation study is carried out in order to vali‐
date the effectiveness of the power-balancing coordinated 
control. Finally, Section VI summarizes the conclusions.

II. FREQUENCY STABILITY OF POWER SYSTEM UNDER 
POST-FAULT CONDITION 

A. Active Power Recovery Characteristics of Wind Power 
Generation Under Post-fault Condition

In order to ensure that the wind turbine does not switch 
off the power grid with symmetrical and asymmetrical short-
circuit faults, many improved control and protection 
schemes are proposed in recent years. One method is to im‐
prove the resistance ability facing voltage drops by optimiz‐
ing the control strategy of wind turbines. Another method is 
to suppress the voltage drop depth or reduce the voltage 
drop rate through the additional voltage support device. The 
decoupling control of active and reactive power is a major 
feature of variable-speed wind turbines. To meet the require‐
ments of FRT capability [19], different active and reactive 
power control strategies can be used. The typical active pow‐
er control strategy of wind turbines during the grid faults is 
shown in Fig. 1, where Vt is the rotor speed; I ref

d = I reff
d + I refs

d  
is the reference current of wind turbines during grid faults; 
and Pref is the reference active power.

The first-order inertia module simulates the process of de‐
tecting the bus voltage in Fig. 1. Generally, the FRT control 
of wind turbine switches is enabled when a voltage drop is 
detected. The wind turbines of different manufacturers have 
different output power characteristics according to the analy‐
sis based on the measured data of FRT, and the power of 

wind turbine is controllable. At the same time, all wind tur‐
bines meet the technical requirement that the active power 
of wind turbines returns to the pre-fault values with an ac‐
tive power change of at least 0.1PN under post-fault condi‐
tion. Assuming that the wind speed does not change during 
the FRT, the active power of wind turbine under post-fault 
condition can be expressed as:

PE (t)=
ì

í

î

ïïïï

ïïïï

0.1PNt    0 £ t < 10  0.1PNt <P0

P0            0 £ t < 10  0.1PNt ³P0

P0            t ³ 10
(1)

where PE(t) is the real-time active power; P0 is the pre-fault 
active power; and PN is the rated active power.

The active power of wind turbine is a time-varying vari‐
able under post-fault condition. Usually, the active power of 
the load in the power system is strongly related to the volt‐
age. The electromagnetic transient process of a load can be 
ignored under post-fault condition, and the active power of 
the load is similar to instantaneous recovery. Therefore, there 
is a time-varying active power disturbance for the power sys‐
tem. The active power disturbance can be expressed as:

DPE (t)=P0 -PE (t)=
ì
í
î

ïïïï

ïïïï

P0 - 0.1PNt 0 £ t < 10  0.1PNt <P0

0 0 £ t < 10  0.1PNt ³P0

0 t ³ 10

   (2)

As a result, under post-fault condition, the power provi‐
sion by the wind power generation has an evident decrease 
and a slow recovery. This would lead to the power imbal‐
ance between the generation side and the demand side for a 
duration of several seconds. Since the power system is un‐
able to provide the sufficient power to meet the requirement 
at the demand side, there will be an obvious drop in the sys‐
tem frequency. Such frequency disturbance makes negative 
impacts on the wind power generation and even causes the 
disconnection of wind power generation, which may cause a 
larger frequency drop in the power system.

B. Frequency Performance

During the grid fault, the virtual inertia control strategy 
and the primary frequency control strategy of wind turbines 
will be inactivated. The active power recovery of wind tur‐
bines will be determined by the FRT control strategy. The 
equivalent inertia time constant of power system with the 
high-penetration wind power generation can be represented 
using equivalent inertia time constant H∑ . In addition, the 
regulation of the turbine-governor equivalent model hmT(s) 
and the hydraulic turbine-governor equivalent model hmH(s) 
are also included. Therefore, the modified system frequency 
response (SFR) model shown in Fig. 2 is proposed, which in‐
cludes HΣ. 

In the power system, the wind power generator cannot 
provide the inertia support and the frequency response under 
post-fault condition. HΣ is mainly determined by the synchro‐
nous machines, which is expressed as:

HΣ =   
∑
i = 1

m

HNiSNi

∑
i = 1

n

SWFi +∑
i = 1

m

SNi

(3)
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Fig. 1.　Diagram of active power control strategy of wind turbines during  
grid faults.
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where m and n are the numbers of the synchronous ma‐
chines and wind power generators, respectively; SNi and SWFi 
are the rated capacities of the synchronous machines and 
wind power generators, respectively; and HNi is the inertia 
time of the synchronous machines.

For other power generation units without inertia support 
capacity, the conventional inertia time constant assessment 
method can also be used under such case with no inertia sup‐
porting generation such as wind power generation and solar 
power generation. 

Taking the reheat thermal power unit as an example, the 
steam chamber time constant TCH is much smaller than the 
reheater time constant TRH. The dynamic response of the gov‐
ernor is much faster. Therefore, the dynamic response pro‐
cess of the governor can be ignored. In the this paper, the 
system frequency increment Dωs(s) is regarded as the input, 
while the mechanical power increment ΔPmT (s) is used as 
the output. By this means, a simplified model of the steam 
turbine-governor for a single thermal power unit can be ob‐
tained. If there are multiple thermal power units, the equiva‐
lent turbine-governor aggregation model can be obtained us‐
ing weighted dynamic equivalent parameter aggregation 
method. Thus, the system transfer function of the synchro‐
nous machines between the power imbalance and frequency 
deviation is given as:

hmT (s)=
DPmT (s)
Dωs (s)

=
1 +FHPTRH s
RT (1 + TRH s) (4)

where RT is the adjustment coefficient of equivalent thermal 
power unit; TRH is the reheater time constant; and FHP is the 
aggregation parameter.

For hydropower units, the mechanical power increment 
ΔPmH (s) can be set as the output and the system frequency 
increment Δωs can be also used as the input. A simplified 
model of a single hydropower unit can be obtained. When 
there are multiple hydropower units, the aggregate model of 
equivalent turbine-governor can be obtained using weighted 
dynamic equivalent parameter aggregation method. Conse‐
quently, the transfer function of the hydropower unit is:

hmH (s)=
DPmH

Dωs (s)
=   

1 - Tw s
RH (1 + 0.5Tw s) (5)

where RH is the adjustment coefficient of equivalent hydro‐
power unit; and Tw is the aggregation parameters of water 
hammer effect coefficient.

For other power generation units without primary frequen‐
cy control function, the calculation method of the adjustment 
coefficient of power system is equivalent to the power sys‐
tem including wind power generation. For the power genera‐
tion units with primary frequency control function, the calcu‐
lation method of the adjustment coefficient of power system 
is equivalent to the power system including synchronous gen‐
erator such as nuclear power plant.

The modified SFR model describes a closed loop system, 
where the input variable ΔPE (s) is the system active power 
shortage; the output variable Δωs (s) is the system frequency 
increment; the comprehensive model of system inertial re‐
sponse and load damping is the open-loop transfer function 
G1 (s); and hmT(s) and hmH(s) are made up of the feedback 
transfer function h1 (s). Therefore, when the active power re‐
covery characteristics of wind turbine are considered under 
post-fault condition, a diagram of simplified transfer func‐
tion with wind power change is shown in Fig. 3.

According to (3), the forward open-loop transfer function 
G1 (s) in Fig. 3 can be given as:

G1 (s)=
1

2HΣs +D (6)

where D is the load damping coefficient.
In Fig. 3, considering the synchronous machines and the 

hydropower units, based on (4) and (5), the feedback trans‐
fer function h1(s) can be expressed as:

h1 (s)= hmT (s)+ hmH (s)=
1 +FHPTRH s
RT (1 + TRH s)

+
1 - Tw s

RH (1 + 0.5Tw s) (7)

Thus, the entire transfer function of the power system dur‐
ing the wind power change is presented as:

Φ1 (s)=
Dωs (s)
DPE (s)

=
b2 s2 + b1 s + b0

a3 s3 + a2 s2 + a1 s + a0

(8)

ì

í

î

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

a0 =RT RH D +RH +RT

a1 =RT RH (2HΣ +DTRH + 0.5DTw )+

         RH (FHPTRH + 0.5Tw )+RT (-Tw + TRH )

a2 =RT RH (2HΣTRH +HΣTw + 0.5DTRHTw )+

         0.5RH FHPTRHTw -RTTwTRH

a3 =RT RH HΣTRHTw

(9)

ì

í

î

ïïïï

ïïïï

b0 =RT RH

b1 =RT RH (TRH + 0.5Tw )

b2 = 0.5RT RHTRHTw

(10)

Assuming that there are real poles and conjugate complex 
poles, the response of Δωs (s) with high-penetration wind 
power generation under post-fault condition is:

+
+

hmT(s)

hmH(s)

� �

(s)PE∆

(s)PmT

(s)GTT

(s)GTH

∆

(s)PmH∆

1

2HΣs+D

∆ωs(s)

1

1 TRHs+

1

1 Tws+

∆δ

∆Y 1

RH

1

RT

Fig. 2.　Diagram of modified SFR model.

+
(s)PE∆

h1(s)

G1(s)
+

�

(s)Φ1

∆ωs(s)

Fig. 3.　Diagram of simplified transfer function with wind power change.
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Dωs (s)=
b2 s2 + b1 s + b0

a3 s3 + a2 s2 + a1 s + a0

DPE (s)=

A0

s
+

A1

s2
+

A2

s - p1

+
B(s + αβ)+Cβ 1 - α2

s2 + 2αβs + β2 (11)

where Ai (i = 0, 1, 2) is the remainder array of partial fraction 
expansion; p1 is the pole array of partial fraction expansion; 
A0 is the residue of Δωs (s) based on s = 0; A1 is the residue 
of sΔωs (s) based on s = 0; A2 is the residue of Δωs (s) based 
on s = p1; B and C are the real and imaginary parts of the 
residue of Δωs (s) at the conjugate complex pole 
s =-(B ± jC), respectively; α is the damping coefficient of the 
second-order system based on the conjugate complex; and β 
is the oscillation angular frequency of the second-order sys‐
tem based on the conjugate complex. 
   ΔPE1 (s) is the power response with the wind power recov‐
ery under post-fault condition and can be expressed as:

DPE1 (s)=
1
s2

(P0 s - 0.1PN ) (12)

Accordingly, considering the power recovery of the wind 
power generation under post-fault condition, the frequency 
response of the power system in the time domain is given as:

Df (t)=
1

2π ( A0 +A1t +A2e
p1t +  Be-αβt cos(β 1 - α2 t)+

Ce-αβt sin(β 1 - α2 t)) (13)

As can be observed, it needs a time period for the wind 
power generation back to the commanded active power un‐
der post-fault condition. This would lead to the power imbal‐
ance and further cause the frequency deviations. The frequen‐
cy deviations are proportional to the imbalanced active pow‐
er. The loads of demand-side response are normally highly 
dispersed, and in a small-scale power systems, the optimized 
control strategy is easy to achieve real-time power balance.

III. IMPACTS ON WIND POWER GENERATION

The frequency disturbance would decrease the accuracy of 
the phase-locked loop (PLL) and may lead to negative im‐
pacts on the stability of the power converter. Taking the 
widely-used DFIG-based wind power generation as an exam‐
ple, the frequency disturbance would not only reduce the ac‐
curacy of the tracking performance in the control loop, but 
also reduce the power provision due to the change of the ro‐
tor slip.

To ensure the grid synchronization, PLL is widely used in 
the control system of the asynchronous power sources. The 
PLL is a closed-loop dynamic system, automatically tracking 
the frequency and phase signal. The basic function of a PLL 
is to detect and output the frequency and phase angle of the 
input signals. To obtain the grid frequency and its phase an‐
gle, the grid voltage is used as its input. Then, the perfor‐
mance of the control system will change in the process of 
the frequency disturbance.

The structure of a typical PLL used in power electronics 
is shown in Fig. 4, where usa, usb, usc usd, and usq are the 

switch voltages for the abc and dq frames, respectively. The 
loop filter LF(s) is proportional plus integral controller, and 
LF(s)= kp + ki /s, where kp and ki are the proportional and in‐
tegral gains, respectively.

According to the structure of a typical PLL shown in Fig. 
4, the transfer function of the detected frequency, output by 
the PLL, is calculated as:

G(s)=
fc (s)
θc (s)

=
s(kp s + k i )

s2 + kp s + k i

=
2ζωc s2 +ω2

c s

s2 + 2ζωc s +ω2
c

(14)

where ωc and ζ are the natural frequency and the damping 
factor, respectively, which are given as in (15).

ì

í

î

ï
ïï
ï

ï
ïï
ï

ωc = k i

ζ =
kp

2 k i

(15)

Based on the previous analysis, it is noted that the rate of 
change of frequency (ROCOF) is approximately equal to a 
constant in a determined system. Thus, the input in frequen‐
cy domain of PLL can be expressed as Δφ(s)= 1/s3. The re‐
sponse of PLL under active power disturbance is obtained as:

Dfc (s)=
1
s3

G(s)=
2ζωc s +ω2

c

s2 (s2 + 2ζωc s +ω2
c )

(16)

Considering the solution complexity of (16), the response 
of the PLL based on different damping factors in frequency 
domain can be expressed as (17). Based on the inverse La‐
place transform theory, the dynamic response of the PLL in 
the time domain can be expressed as (18).

Dfc (s)=
ì

í

î

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï
ï

ï

ï

ï

ï

ï

1
s2

+
-

ζ 2 - 1
2ωc (ζ 2 - 1)

s - ( )-ζωc +ωc ζ 2 - 1
+

ζ 2 - 1
2ωc (ζ 2 - 1)

s + ζωc +ωc ζ 2 - 1

                                                                                                     0 < ζ < 1
1
s2

-
1

(s +ωc )2
                                                                         ζ = 1

1
s2

+
-

ζ 2 - 1
2ωc (ζ 2 - 1)

s - ( )-ζωc +ωc ζ 2 - 1
+

ζ 2 - 1
2ωc (ζ 2 - 1)

s + ζωc +ωc ζ 2 - 1

                                                                                                     ζ > 1

(17)

+ 1

s

Voltage
controlled
oscillator

LF(s)

Loop filter

1

2π

+

+

Phase
detector

usa

usb

usc

usd

usq

ω0

θc

fc

Fig. 4.　Structure of a typical PLL.
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Dfc (t)=

ì

í

î

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

t -
1 - ζ 2

ωc (1 - ζ 2 )
sin ( )ωct 1 - ζ 2     0 < ζ < 1

t - te-ωct                                                    ζ = 1

t -
ζ 2 - 1

2ωc (ζ 2 - 1)
e
- ( )ζ - ζ 2 - 1 ωct

+
ζ 2 - 1

2ωc (ζ 2 - 1)
e
- ( )ζ + ζ 2 - 1 ωct

                                                                  ζ > 1

(18)

Based on the previous analysis, Fig. 5 shows the response 
of the PLL with different natural frequencies and damping 
factors under the frequency disturbance. As can be seen, the 
higher natural frequency and smaller damping factor, the 
faster response speed and the bigger overshoot. However, 
there may be a small oscillation amplitude. The PLL has a 
strong ability to track frequency change signals, and the 
tracking errors are small with different parameters. The maxi‐
mum tracking error is about 0.8%.

Meanwhile, the frequency deviation mainly affects the sta‐
bility of DFIG-based variable-speed wind turbine. The fre‐
quency deviation will change the slip rate of DFIG, and the 
active power and active current flowing through the RSC 
will change. In a word, the frequency disturbance will have 
the impacts on the power provision due to the change of the 
rotor slip. Then, the slip active power of the rotor side con‐
verter (RSC) is given as:

Pr =ωslip PE (19)

where Pr and PE are the rotor active power and the electro‐
magnetic power, respectively; and the rotor slip ωslip is given 
as:

ωslip =
ωr - 2πf0

2πf0
(20)

where f0 is the actual frequency; and ωr is the rotor angular 
frequency.

For a two-pair DFIG with the synchronous speed of 1500 
rad/min, its rotor speed is generally 1200-1800 rad/min un‐
der normal conditions and the corresponding rotor electrical 
frequency is 40-60 Hz. The rotor slip of DFIG running at rat‐
ed power is ωslipÎ(-20%+20%). Based on (19), the active 
power of the RSC is between -0.2PN and 0.2PN. Considering 
the frequency disturbance, the maximum power delivered by 
the RSC is given as:

P max
r =

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

40 - ( f0 +DfM )
f0 +DfM

PN    f0 ³ 50

60 - ( f0 +DfM )
f0 +DfM

PN    f0 < 50
(21)

where ΔfM is the maximum measurement error of system fre‐
quency.

According to (21), the impacts of frequency disturbance 
on DFIG are shown in Table I.

As can be observed from Table I, when there is a system 
frequency disturbance, the maximum rotor slip and the ac‐
tive power of the maximum rotor slip of DFIG change sig‐
nificantly. For the same frequency deviation, the rotor slip 
and power provision are relatively larger when the system 
frequency decreases comparing with the increasing system 
frequency. When the system frequency drops to 47.0 Hz, the 
maximum rotor slip is 27.7%, and the active power of the 
maximum rotor slip is 0.277PN. If the measurement error of 
frequency deviation is considered to be 0.8%, and the actual 
frequency drops to 47.0 Hz, the maximum rotor slip is 29.1%, 
and the active power of the maximum rotor slip is 0.291PN. 
The active power of the maximum rotor slip is usually 0.2PN 
under normal conditions. Therefore, the active power of the 
rotor slip may exceed the overcurrent capability of RSC and 
GSC with frequency deviation disturbance. Thus, an en‐
hanced control strategy of the power system with the integra‐
tion of wind power generation is essential to avoid larger fre‐
quency deviation.

IV. ACTIVE POWER SELF-BALANCE COORDINATED CONTROL 
STRATEGY 

As analyzed previously, the slow power recovery of the 
wind power generation under post-fault condition would 
make negative impacts on the frequency of the power sys‐
tem with high-penetration wind power generation. The fre‐
quency disturbance would not only lead to the inaccuracy of 
the PLL in the control system, but also change the rotor 
power provision in the power flow. Then, the demand-side 
response to support the power grid can provide the chance 
to rapidly regulate the power provision against the slow ac‐
tive power recovery of the wind power generation.

0.10

0.08

Δ
f c

(t
)

t (s)

0.06

0.04

0.02

0.02 0.04 0.06 0.08 0.100

ζ = 0.5, ωc = 150

ζ = 1, ωc = 60

ζ = 2, ωc = 24

Fig. 5.　Response of PLL with different natural frequencies and damping 
factors under frequency disturbance.

TABLE I
IMPACTS OF FREQUENCY DISTURBANCE ON DFIG

Frequency 
(Hz)

53

52

51

50

49

48

47

Without considering 
measurement error

The maxi‐
mum rotor 

slip (%)

-24.5

-23.1

-21.6

20.0

22.4

25.0

27.7

The maximum 
active power of 

RSC

0.245PN

0.231PN

0.216PN

0.200PN

0.224PN

0.250PN

0.277PN

Considering measurement 
error as 0.8%

The maxi‐
mum rotor 

slip (%)

-25.1

-23.7

-22.2

20.0

23.4

26.1

29.1

The maximum 
active power of 

RSC

0.251PN

0.237PN

0.222PN

0.200PN

0.234PN

0.261PN

0.291PN
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A. Modeling on Demand-side Response

Taking EVs as an example, they can be controlled as a de‐
mand-side response, where the coordinated charging can be 
achieved. The advantages of EVs can be fully utilized 
through reasonable charging and discharging control, which 
can realize favorable regulation of the power grid, and im‐
prove the consumption of renewable energy and the stability 
of grid-connected power system. The active power balance 
of the power system and its influence on frequency stability 
within 10 s under post-fault condition are considered in the 
paper. The impact of the dynamic characteristics of EVs is 
relatively small during the transient process, where only the 
charging and discharging of the single EV unit are con‐
trolled.

When the following voltage constraint (22) and status con‐
straint (23) are met, EVs are able to participate in the de‐
mand-side response control.

Umin £Ui (t)£Umax (22)

where Ui (t) is the connection point voltage of the ith EV; 
Umin is the lower limit of voltage; and Umax is the upper limit 
of voltage.

ì
í
î

-Pchmax £Pch (t)£Pchmax

Ssocmin £ Ssoc (t)£ Ssocmax

(23)

where Pch(t) is the charging power; Pch,max is the upper limit 
of charging power; Ssoc(t) is the state of charge of battery; 
Ssocmax and Ssocmin are the upper and lower limits of the state 
of charge of the battery, respectively.

Assuming there are m controllable load units, the maxi‐
mum controllable active power of the demand-side response 
Pmax can be given as:

Pmax =∑
i = 1

m

Pchi (t) (24)

where Pchi (t) is the charging power of the ith EV.

B. Power-balancing Coordinated Control of Wind Power 
Generation and Demand-side Response Under Post-fault 
Condition

Consequently, a power-balancing coordinated control of 
wind power and demand-side response under post-fault con‐
dition is developed based on the above analysis.

Figure 6 presents the active power recovery of both wind 
power and demand-side response. Firstly, the active power 
recovery characteristics of wind power generation need to be 
investigated with a quantified description. Secondly, the pow‐
er provision of the demand side needs to be evaluated, 
which is regulated based on the active power recovery of the 
wind power generation under post-fault condition. By means 
of coordinating the wind power generation and the demand-
side response, the required active power can be rapidly com‐
pensated to achieve the power-balancing operation of the 
high-penetration wind power generation integrated into pow‐
er system with enhanced frequency stability.

The implementation of the power-balancing coordinated 
control of the wind power generation and the demand-side 
response can be summarized as follows.

Step 1: determine the power grid data including the num‐
ber of wind turbines, the active power of wind turbines and 
the maximum active power of the demand-side response.

Step 2: according to the FRT test data of the wind power 
generation, evaluate the active power recovery characteristics 
of wind power generation under post-fault condition. Deter‐
mine the active power difference ΔPW0 between the active 
power in the steady state and the active power recovery of 
initial value of the wind power generation. Determine the ac‐
tive power recovery time t0 £ 10.

Step 3: evaluate Pmax of the demand-side response and the 
minimum controllable active power.

Step 4: judge the relationship between ΔPW0 and Pmax.
Step 5: if Pmax is larger than ΔPW0, the demand-side re‐

sponses can be divided into n groups. The active power of 
group 1 is P1 = Pmax - (n - 1)ΔPW0 /n; the active power of oth‐
er groups is Pi =ΔP  W0 /n. The time interval of each group 
switching to the power grid is t0 /n.

Step 6: if Pmax is smaller than ΔPW0, the demand sides can 
be divided into n groups. The active power of every group is 
Pi = Pmax /n. The time interval of each group switching to the 
power grid is t0 /n. The number n of the demand-side groups 
based on the impact of the single active power disturbance 
on the system frequency is provided.

Step 7: the active power recovery of both the wind power 
generation and the demand-side response is given in Fig. 6.

The demand-side response control is designed offline, and 
the proposed power-balancing coordinated control is activat‐
ed online based on the steady-state active power and active 
power recovery of the wind power generation under post-
fault condition, so the requirements for the communication 
are relatively low.

C. Stability Analysis of Power System Under Power-
balancing Coordinated Control

According to the analysis in Section II, the frequency sta‐
bility depends on the system active power shortage under 
disturbances in a certain system structure. The proposed pow‐
er-balancing coordinated control strategy optimizes the ac‐
tive power shortage by controlling active power of wind 
power generation and demand-side response under post-fault 
condition, and the frequency stability margin can be greatly 
improved. The active power difference of power system un‐
der post-fault condition can be calculated as:

DPE =DPW -DPdr (25)

tt0

P0

P

P1

P2

P3

P
n

Active power of wind power
Active power of demand-side response

…

Fig. 6.　Active power recovery of both wind power and demand-side re‐
sponse.
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where ΔPW is the power difference between the active pow‐
er in the steady state and the actual value of active power re‐
covery of the wind power generation; and ΔPdr is the active 
power difference of the demand-side response disconnected 
with power system during grid fault.

The active power of the demand-side response recovery 
under post-fault condition applies a conventional control 
strategy, and the active power difference of the demand-side 
response is zero. Therefore, the maximum active power dif‐
ference of power system is:

DPE1 =DPW0 (26)

When the proposed power-balancing coordinated control 
strategy is adopted, there are two different situations. If Pmax 
is larger than ΔPW0, the active power matching degree of 
wind power generation and the demand-side response load is 
very high. The maximum active power difference of power 
system will decrease to a very small value, which is given 
by (27). If  Pmax is ΔPW0, the maximum active power differ‐
ence of power system is determined by the controllable ac‐
tive power of the demand-side response, which is given by 
(28). Therefore, the proposed power-balancing coordinated 
control strategy can significantly improve the frequency sta‐
bility of power system by reducing the active power short‐
age under post-fault condition.

DPE2 =
DPW0

n
(27)

DPE3 =DPW0 -Pmax (28)

V. SIMULATION RESULTS

To verify the proposed power-balancing coordinated con‐
trol strategy of the wind power generation and the demand-
side response in the paper, the simulation study is carried 
out on the platform DIgSILENT/PowerFactory. Figure 7 
shows the structure of the simulated power grid. 

In the simulation, the installed capacity of the thermal 
power is about 1800 MW and the installed capacity of wind 
power is about 700 MW. Meanwhile, the installed capacity 
of fixed load is about 805 MW, which is represented by the 
constant power load. The maximum power provision of the 
demand-side response is about 440 MW. The synchronous 
machine (SM) contains the excitation system, the prime mov‐

er, and the speed control system models. All the parameters 
adopt the actual operating values in the simulation study.

In the simulation, three-phase short-circuit fault arises at 
1.0 s with the duration time of 120 ms. For the sake of clari‐
ty, two study cases are investigated on the frequency stabili‐
ty of the power system with high-penetration wind power 
generation. The steady-state active power of the wind power 
generation is 350 MW in Case 1, and the steady-state active 
power of the wind power generation is 700 MW in Case 2. 
Figure 8 presents the active power recovery of the wind 
power generation under post-fault condition. For conve‐
nience of comparison, three control schemes are employed 
in the simulation tests. In scheme 1, the conventional FRT 
control strategy of the wind power generation is adopted. 
The demand-side response loads are uncontrollable, and the 
active power of the demand-side response recovers quickly 
under post-fault condition. In scheme 2, the conventional 
FRT control strategy of the wind power generation is adopt‐
ed considering that the frequency difference is the largest 
during the first cycle of frequency fluctuations, and the de‐
mand-side response loads can be controlled at the same 
time. And all the demand-side responses are enabled and 
switched to the power grid after the first cycle of frequency 
fluctuations. In scheme 3, the proposed power-balancing co‐
ordinated control of the wind power generation and the de‐
mand-side response are employed, where the demand-side re‐
sponse switches to the power grid by 10 groups based on 
the active power recovery of the wind power generation. 
The active power recovery time is 3.5 s in Case 1 and 8 s in 
Case 2.

Figure 9 presents the simulation results of the low power 
provision of the wind power, i. e., Case 1. In this case, the 
initial active power of the wind power generation is set to 
be 350 MW under the pre-fault condition. The active power 
recovers after 3.5 s. Pmax  (440 MW) is larger than ΔPW0 
(350 MW). At the demand side, the power provision of 
group 1 is set to be 125 MW and those of the other groups 
are set to be 35 MW. The time interval of each group 
switched to power grid is 0.35 s with the proposed power-
balancing coordinated control. As can be observed from Fig. 
9, the aforementioned three control schemes have little im‐
pacts on the grid voltage under the low power provision of 
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Fig. 8.　Active power recovery of wind power generation.
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Fig. 7.　Structure of simulated power system.
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wind power. When scheme 1 is adopted, the grid frequency 
decreases to 48.7 Hz. If scheme 2 is enabled, where all the 
demand-side responses are switched after the first cycle of 
frequency fluctuations, the minimum frequency is 49.1 Hz in 
the second cycle of frequency fluctuations. If scheme 3 is ad‐
opted, the minimum grid frequency is 49.6 Hz.

Figure 10 shows the simulation results of the high power 
provision of the wind power generation, i.e., Case 2. In this 
case, the initial active power of the wind power generation 
is set to be 700 MW under the pre-fault condition. And the 
active power recovers after 0.8 s. Pmax (440 MW) is lower 
than the power difference of the wind power generation 
ΔPW0 (700 MW). At the demand side, the power provision 
of each group is set to be 44 MW with its maximum power 
provision. The time interval of each group switching to pow‐
er grid is 0.8 s with the proposed power-balancing coordinat‐
ed control. The system frequency decreases to 47.6 Hz if 
scheme 1 is adopted. If scheme 2 is adopted, all the demand-
side responses are switched to the power grid, and the mini‐
mum grid frequency is 49.1 Hz in the first cycle of frequen‐
cy fluctuations. Furthermore, there is a second frequency 
drop to 48.6 Hz. If scheme 3 is adopted, the grid frequency 
decreases to 49.0 Hz, which is a litter lower than the grid 

frequency in Fig. 9. This is mainly because  the demand-
side response cannot fully compensate the power shortage in 
the high power provision.

In summary, the larger impacts of the control strategies on 
the frequency stability rise with the higher wind power provi‐
sion. By the means of applying the power-balancing coordi‐
nated control of the wind power generation and the demand-
side response, the frequency stability can be enhanced with a 
reduced frequency deviation.

VI. CONCLUSION

This paper analyzes the frequency performance of the 
power system with high-penetration wind power generation 
under post-fault condition, and reveals the impact of frequen‐
cy disturbance on the control accuracy and the operation sta‐
bility of wind turbines. Meanwhile, an optimization FRT 
strategy based on power-balancing is proposed. The follow‐
ing conclusions can be obtained.

1) Due to the FRT control, the wind power has a slow active 
power recovery under post-fault condition, which would lead 
to the serious power imbalance in a duration of several sec‐
onds with an obvious frequency deviation. Meanwhile, the fre‐
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Fig. 9.　Simulation results of low wind power provision. (a)　Terminal volt‐
age. (b)　Grid frequency. (c)　Active power of demand-side response.
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quency deviation would also make negative impacts on the ac‐
curacy of PLL and control stability of wind power generators.

2) In order to deal with this issue, considering flexible 
controllability of the demand-side response, the power-bal‐
ancing coordinated control of the wind power and the de‐
mand-side response is proposed. Based on the active power 
recovery of wind power generation and the maximum con‐
trollable active power of the demand-side response, the pro‐
posed   power-balancing coordinated control can regulate the 
demand-side response with the flexible power provision.

3) By the proposed power-balancing coordinated control, 
the theoretical analysis and simulation results are presented 
to validate that the power imbalance in the power grid can 
be greatly mitigated under post-fault condition with en‐
hanced frequency stability.
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