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Torque Limit-based Inertial Control Method 
Based on Delayed Support for Primary 

Frequency Control of Wind Turbines
Wei Gu, Zaiyu Chen, Qun Li, Minghui Yin, Qiang Li, and Yun Zou

Abstract——To avoid the secondary frequency dip caused by 
the steep drop of the electrical power of wind turbines (WTs) at 
the end of frequency support stage, the torque limit-based iner‐
tial control (TLIC) method sets the power reference as a linear 
function of rotor speed, rather than the step form for the step‐
wise inertial control. However, the compensation effect on the 
frequency nadir (FN) caused by the load surge is weakened as 
the TLIC power is no longer in the step form. Specifically, the 
maximum point of the frequency response component (FRC) 
contributed by TLIC occurs earlier than the minimum point of 
FRC corresponding to the load surge, so that the FN cannot be 
adequately raised. Therefore, this paper first investigates the re‐
lation between the peak and nadir times of FRCs stimulated by 
the TLIC and load power. On this basis, with the compensation 
principle of matching the peak and nadir times of FRCs, the 
improved TLIC method based on delayed support is proposed. 
Finally, the effectiveness of the proposed method is validated 
via the experiments on the test bench of wind-integrated power 
system.

Index Terms——Wind turbine, frequency response component, 
torque limit, inertial control, delayed support.

I. INTRODUCTION 

WITH the deepening increase in wind power penetra‐
tion, the inertia of the power system significantly de‐

creases. Wind turbines (WTs) are urgently required to partici‐
pate in the primary frequency control (PFC) [1]-[5]. Accord‐
ing to whether the electrical power of WTs is related to the 
frequency, the existing PFCs can be divided into two types: 
PFC strategies responding to the frequency variation such as 

virtual inertial control [6], [7] and droop control [7], and 
PFC strategies presetting the power curves such as stepwise 
inertial control (SIC) [8]-[11] and torque limit-based inertial 
control (TLIC) [12] - [14]. This paper mainly focuses on the 
second type.

The PFC strategies with preset power curves generally 
consist of two stages: frequency support and rotor speed re‐
covery. When the load increases suddenly in the power sys‐
tem, the SIC method increases the electrical power of WTs 
by the step form to support the active power balance [8] -
[11]. From the perspective of the frequency response compo‐
nent (FRC) superposition and compensation [9], the SIC is 
eminently suitable for compensating the load surge during 
the frequency support stage. Due to the identical step forms, 
the FRCs, excited by SIC power and load surge, respective‐
ly, reach the peak and the nadir simultaneously. Particularly, 
if the electrical power increment of WTs is the same as the 
load increment, the frequency variation caused by the load 
surge can be fully compensated by the FRC of SIC power, 
and the frequency is able to be kept at the rated value.

Due to the limited kinetic energy, it is known that the 
steep reduction in SIC power at the end of the frequency 
support stage leads to the secondary frequency dip (SFD) 
[11], [12]. Hence, how to coordinate the PFCs of WTs and 
synchronous generators (SGs) to mitigate the SFD has be‐
come one of the focuses in the existing research. The main 
developments are summarized in the following two aspects.

1) SIC-based improvements, including smoothing the exit 
curve [15] and setting the termination time [9] - [11]. It is 
worth noting that [9] proposed the fixed termination time 
(FTT) of SIC. Based on the analysis of the FRC superposi‐
tion and compensation under different power stimuli, the 
principle of determining FTT is that the nadir of the FRC 
for the step reduction of the SIC power occurs simultaneous‐
ly with the peak of that for the load surge. This FRC com‐
pensation strategy not only alleviates the SFD effectively, 
but also presents a novel approach to the coordination be‐
tween WTs and SGs, e. g., terminating the PFC strategies 
when the output power of SGs is sufficiently promoted.

2) Improved methods with the characteristic of gradual 
power drop [12] - [14], [16] - [18]. Considering that the steep 
power drop is the root cause of SFD, the improved methods 
were proposed so that the electrical power of WTs varies 
along with the rotor speed, e.g., TLIC [12], [14]. Since the 
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rotor speed decreases gradually with the release of kinetic 
energy, the electrical power of WTs in the frequency support 
stage decreases slowly, thus avoiding the impact of the exit 
of WTs on the active power balance.

However, the TLIC in non-step form of electrical power 
of WTs diminishes the effectiveness of compensating the fre‐
quency nadir (FN) caused by load surge. In this paper, it is 
found that the maximum point of the FRC excited by the 
TLIC power occurs earlier than the minimum point of the 
FRC excited by the load surge. That is, the maximum effect 
of WTs for frequency support appears too early to sufficient‐
ly compensate the FN. In this regard, this paper firstly de‐
rives the expression of the FRC corresponding to the TLIC 
method, and then investigates the relationship between its 
maximum point and minimum point of the FRC. On this ba‐
sis, the improved TLIC method based on delayed support is 
proposed. Based on the estimation of the delay time, the pro‐
posed method delays triggering the TLIC method, so the 
FRC compensation by matching the peak and nadir times is 
realized. This paper also presents a mechanism explanation 
for the discovery of the improved frequency regulation perfor‐
mance with the delayed support from WTs [19]. Finally, the ef‐
fectiveness of the proposed method is validated via the experi‐
ments on the test bench of wind-integrated power system.

The key contributions of this paper can be summarized as 
follows.

1) It is found that the maximum point of the FRC excited 
by the PFCs of WTs does not always occur at the FN caused 
by the load surge, which makes the maximum compensation 
effect for the FN not sufficient. Thus, the PFC performance 
of WTs is limited.

2) From the perspective of the FRC superposition and 
compensation, it is analyzed and found that the maximum 
point of the FRC excited by the TLIC power occurs earlier. 
Hence, the improved idea that the extreme point time is 
matched is proposed, so that the maximum effect of the 
TLIC power is exerted at the FN caused by the load surge.

3) The improved TLIC method based on the delayed sup‐
port is proposed, in which the optimal delay time can be cal‐
culated quantitatively. By delaying the start of the TLIC 
method, the FN can be further enhanced without destabiliz‐
ing the WT.

The remainder of this paper is organized as follows. Sec‐
tion II introduces the WT model and the PFC. Section III an‐
alyzes the frequency regulation effect of the TLIC method 
from the perspective of the FRC compensation. In Section 
IV, the improved TLIC method based on delayed support is 
proposed. The effectiveness of the proposed method is vali‐
dated by experiments in Section V. Finally, conclusions are 
drawn in Section VI.

II. WT MODEL AND PFC 

Different from virtual inertial control and droop control re‐
sponding to the frequency variation, the PFCs proposed in 
[8]-[14] preset the power curves. When the frequency event 
(e.g., the load increase) occurs in the grid, the electrical pow‐
er of WTs is set according to the curve which is irrelevant to 
the frequency variation, such as the curve obtained by SIC 

[8]-[11] and TLIC [12]-[14].

A. Modeling of WTs

The block diagram of the variable-speed WT is shown in 
Fig. 1, where RSC stands for rotor-side converter; and GSC 
stands for grid-side converter. The RSC controls the genera‐
tor output power, and the GSC maintains the stability of the 
direct-current voltage [20]. Considering that the electromag‐
netic dynamics are much faster than the mechanical dynam‐
ics [21], this paper focuses on the latter, which is on the 
same time scale as the frequency variation f, and assumes 
that the generator control can respond to the torque refer‐
ence Tgref quickly and precisely.

The aerodynamic power Pm captured by the rotor from the 
wind is described as:

Pm =
1
2
ρπR2v3CP( λβ ) (1)

λ =
ωR
v

(2)

where ρ, R, and v are the air density, rotor radius, and wind 
speed, respectively; CP is the power coefficient, which is a 
nonlinear function of the tip speed ratio (TSR) λ and the 
pitch angle β, and a common aerodynamic characteristic 
[22], [23] is shown by (3); and ω is the rotor speed. The 
maximum power coefficient CPmax is obtained at the optimal 
TSR λopt when the pitch angle is 0°.
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CP( )λβ = 0.5176 ( )116
λi
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21
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λ + 0.08β
-

0.035
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(3)

The mechanical dynamics of the WT mainly refer to the 
speed change of the drive-train consisting of a rotor and a 
generator. When the gear ratio of the gearbox is ng, the me‐
chanical dynamics can be represented by a two-mass model 
[21] as:

ì

í

î

ïïïï

ïïïï

Jrω̇ = Tm -Drω - Tls

Jgω̇g = Ths -Dgωg - Tg

ng = ωg ω = Tls Ths

(4)

where Jr and Jg are the inertia values of the rotor and genera‐
tor, respectively; ωg is the generator speed; Tls and Ths are 
the low-speed and high-speed shaft torques, respectively; Dr 
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Fig. 1.　Block diagram of variable-speed WT.
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and Dg are the damping factors of the rotor and generator, re‐
spectively; and Tm and Tg are the aerodynamic and electro‐
magnetic torques, respectively.

If the damping factors of the rotor and generator are ig‐
nored, the single-mass model [24] is derived as:

Jtω̇ = Tm - Te = ( )Pm -Pe ω (5)

where Jt = Jr + n2
g Jg is the total inertia equivalent to the low-

speed shaft; Te = ngTg is the generator torque equivalent to 
the low-speed shaft; and Pe is the output power.

Normally, the WT operates in the maximum power point 
tracking (MPPT) mode, and the power command PMPPT is

PMPPT =Koptω
3 (6)

where Kopt = 0.5ρπR5CPmax λ
3
opt is the optimal power curve co‐

efficient.

B. TLIC Method

For the SIC method, the WT over-produces the constant 
electrical power for a period of time [8], [25], and then re‐
duces the power to restore the rotor speed. The sudden pow‐
er drop easily causes the SFD, which can even be worse 
than the condition without the power support provided by 
the WT. To address this problem, the TLIC method was pro‐
posed in [12], [14]. The linear relationship is established be‐
tween the TLIC power and the rotor speed, so the power de‐
creases gently with the decrease of rotor speed, thus avoid‐
ing the large and sudden power drop.

As shown in Fig. 2, when a load surge event occurs, the 
TLIC method immediately increases the electrical power 
from PW0 to PTlim(ω0 ), and sets the power PTLIC(ω) according 

to the rotor speed during the frequency support stage (B-C), 
as shown in (7). The WT operates along the preset power-
speed curve.

PTLIC(ω) =KP -ω(ω -ω0 ) +PTlim(ω0 ) (7)

KP -ω =
PTlim( )ω0 -PMPPT( )ωmin

ω0 -ωmin

(8)

where KP -ω is the slope of the power-speed curve; PTlim(ω0 ) 
is the power corresponding to the torque limit Tlim at the ini‐
tial rotor speed ω0 ( )PTlim(ω0 ) = Tlimω0 ; ωmin is the minimum 

rotor speed; and PMPPT(ωmin ) is the optimal power corre‐
sponding to ωmin.

During the frequency support stage, the electrical power is 
always higher than the aerodynamic power (the green line) 
and the WT decelerates. Besides, the electrical power de‐

creases with the decrease of rotor speed. When the rotor 
speed decreases to the speed ωC corresponding to the inter‐
section point C, the electrical power is equal to the aerody‐
namic power and the WT operates at the stable equilibrium 
point. Then, the rotor is accelerated to ω0 along the D-E-A 
curve. The electrical power is reduced to a constant value 
Prec by a small reduction DPdown. Until the WT accelerates to 
point E, namely ω >ωE, the electrical power is set according 
to (6) (the yellow line).

Prec =PTLIC(ωC ) -DPdown (9)

ωE =
Prec

Kopt

3

(10)

The solid red line in Fig. 2 shows the complete trajectory 
of the TLIC method. Obviously, the electrical power of WTs 
is no longer in the same step form as the load surge. It is 
noted that the slight drop of electrical power has a small im‐
pact on the frequency, so this paper mainly focuses on the 
frequency support stage.

III. ANALYSIS OF FREQUENCY REGULATION EFFECT OF 
TLIC METHOD BASED ON FRC COMPENSATION 

As shown in Fig. 3, the load disturbance DPL and the elec‐
trical power deviation of WTs DPW are considered as the in‐
put signals of the system frequency response model [26]. 
G (s) is the system frequency response model; DPM is the 
mechanical power increment of the synchronous generator; 
H is the inertia constant of the equivalent system; D is the 
damping factor; Rg is the governor regulation factor; Km is 
the mechanical power gain factor; FH is the fraction of total 
power generated by the high pressure turbine; TR is the re‐
heat time constant; and Df is the frequency deviation. Ac‐
cording to the superposition principle of linear systems [27], 
FRCs of the load disturbance and the electrical power devia‐
tion of WTs are analyzed, respectively, and then the compre‐
hensive effect on the frequency can be obtained. Therefore, 
this section analyzes the effects of the TLIC method on im‐
proving the FN from the perspective of the mutual compen‐
sation of the two FRCs.

A. FRC of TLIC Power

When the WT operates in the MPPT mode, the system fre‐
quency response only under the load power is

DfL(t ) = L-1(DfL(s) ) = L-1(G (s)DPL(s) ) (11)

where L-1( )×  is the inverse Laplace transform. Meanwhile, 
the system frequency response only under the wind power is

DfW(t ) = L-1(DfW(s) ) = L-1(G (s)DPW(s) ) (12)

1
Δf

� +

+

+

ΔPW

ΔPL
2Hs+D

ΔPM Km(1+FHTRs)

Rg(1+TRs)

G(s)

Fig. 3.　System frequency response model.
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Hence, when the WT is involved in the PFC to deal with 
the load disturbance, the actual frequency response is the su‐
perposition of (11) and (12), as shown in Fig. 4.

Df (t ) =DfL(t ) +DfW(t ) (13)

For the load surge event, (11) is specified as the frequen‐
cy response excited by the step power:

DfL(t ) =DPLhstep(t ) (14)

where hstep(t ) is the unit step response of G (s) [26].

hstep(t ) = r (1 + αe-ξΩnt sin (Ωrt + ϕ) ) (15)
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r =
Rg

DRg +Km

Ωn =
DRg +Km

2HRgTR

ξ =
2HRg + ( )DRg +Km FH TR

2 ( )DRg +Km

Ωn

Ωr =Ωn 1 - ξ 2

α =
1 - 2ξTRΩn + T 2

RΩ
2
n

1 - ξ 2

ϕ = arctan ( )ΩrTR

1 - ξΩnTR

- arctan ( )1 - ξ 2

-ξ

(16)

Since the form of the TLIC power is a complex and non‐
linear function of time, the power is simplified as the seg‐
mented function in Fig. 5 [9].

DPW(t ) =DPW0u (t - t0 ) +
∑
i = 1

N ( )K i
P - t( )t - ti - 1 u ( )t - ti - 1 -K i

P - t( )t - ti u ( )t - ti (17)

where DPW0 is the initial power increment, DPW0 =PTlim(ω0 ) -
PW0; K

i
P - t is the slope of the ith segment; u (t ) is the unit step 

signal; and N is the number of the segments.

On this basis, the frequency response under the simplified 
TLIC power is shown in (18), which is expressed as a super‐
position of the frequency responses of a step signal and 
multi-ramp signals.

DfW(t ) =DPW0hstep(t - t0 )u (t - t0 ) +
∑
i = 1

N ( )K i
P - thramp( )t - ti - 1 u ( )t - ti - 1 -K i

P - thramp( )t - ti u ( )t - ti

(18)

where hramp(t ) is the unit slope response of G (s) [9].

hramp(t ) = rt -
rα

ξ 2Ω2
n +Ω

2
r

e-ξΩnt(ξΩn sin (Ωrt + ϕ) +
Ωr cos (Ωrt + ϕ) ) + rα

ξ 2Ω2
n +Ω

2
r
(ξΩn sin ϕ +Ωr cos ϕ) (19)

B. Comparison of Extreme Point Time of DfW(t ) and DfL(t )
Reference [26] pointed out that the nadir time under the 

step power excitation is fixed, which is only related to the 
system parameters and irrelevant to the step amplitude. Con‐
sidering that the SIC power and load surge are in the same 
step form, it takes the same time to reach the maximum/min‐
imum points of the FRC (denoted as Dt nadir

L ), so the SIC pow‐
er can achieve the best compensation effect on the FN. And 
the minimum point time is t nadir

L .

Dt nadir
L =

1
Ωr

arctan ( ΩrT
ξΩnT - 1 ) (20)

However, the TLIC power shown in (16) is no longer in the 
step form, so the frequency response and the maximum point 
time change, which consequently affects the frequency regula‐
tion effect of WTs. Taking the derivative of (18), the change 
rate of the frequency corresponding to the TLIC power is

Df ′W(t ) =
ì
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ï

DPW0h′step( )t- t0 +∑
j= 1

i- 1( )K j
P - th′ramp( )t- tj- 1 -K j

P - th′ramp( )t- tj +

       K i
P - th′ramp( )t- ti- 1     ti- 1< t£ tii= 12N

DPW0h′step( )t- t0 +∑
j= 1

N ( )K j
P - th′ramp( )t- tj- 1 -K j

P - th′ramp( )t- tj

                                            t> tN

(21)
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h′step( )t = rαe-ξΩnt( )-ξΩn sin ( )Ωrt + ϕ +Ωr cos ( )Ωrt + ϕ

h′ramp( )t = r ( )1 + αe-ξΩnt sin ( )Ωrt + ϕ = hstep( )t
(22)

Due to the complex form of Df ′W(t ), it is difficult to solve 
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the peaking moment t peak
W  directly. Thus, this subsection illus‐

trates the relationship between t peak
W  and t nadir

L  by discussing 
the sign of Df ′W(t ) at t nadir

L . According to the relationship be‐
tween ti and t nadir

L , the following two conditions are discussed.
1)　ti - 1 < t nadir

L £ ti

Df ′W(t nadir
L ) =∑

j = 1

i - 1

K j
P - t( )hstep( )t nadir

L - tj - 1 - hstep( )t nadir
L - tj +

K i
P - thstep(t nadir

L - ti - 1 ) (23)

Since hstep(t ) is an incremental function and is positive 

within the range of (t0t
nadir
L ), and K i

P - t < 0, Df ′W(t nadir
L ) < 0.

2)　t nadir
L > tN

Df ′W(t nadir
L ) =∑

j = 1

N

K j
P - t( )hstep( )t nadir

L - tj - 1 - hstep( )t nadir
L - tj (24)

Since hstep(t ) is monotonically increasing within (t0t
nadir
L ), 

and K i
P - t < 0, Df ′W(t nadir

L ) < 0.

Combining (23) and (24), it is shown that Df ′W(t nadir
L ) is al‐

ways negative for the arbitrary parameter of the simplified 
TLIC power. Moreover, the frequency response model 
shown in Fig. 3 is a second-order underdamped system (ξ =
0.7484 < 1 [26]), so the frequency tends to decay under the 
decreasing TLIC power. It can be referred that DfW(t ) has at 
least one extreme point within (t0t

nadir
L ) and the first extreme 

point is the maximum point, so

t peak
W < t nadir

L (25)

In summary, the peak of the FRC under the TLIC power 
always occurs earlier than the nadir of the FRC correspond‐
ing to the step load, and the compensation of TLIC power 
for the FN is not optimal. For the following validation and 
calculation, the two-segment form is selected to represent 
the TLIC power.

C. Validation on Relationship Between Extreme Point Time

On the basis of Section III-B, for the two-segment form 
of the TLIC power, this subsection obtains the time Dt peak

W  
that is required to reach the maximum point of the FRC 
with different values of K 1

P - t. The relationship between Dt peak
W  

and K 1
P - t is shown in Fig. 6. It can be observed that Dt peak

W  is 
always less than Dt nadir

L  and converges to Dt nadir
L  as K 1

P - t in‐
creases.

When the actual TLIC power is used as the input, the FRCs 
under different power are shown in Fig. 7 and t peak

W < t nadir
L . For 

the TLIC method, although the gentle reduction of the elec‐

trical power of WTs avoids the SFD, its non-step power 
form makes the maximum effect of the compensation for FN 
appear earlier. This lays a foundation for the mechanism 
analysis of the improved TLIC method based on delayed 
support in Section IV.

IV. IMPROVED TLIC METHOD BASED ON DELAYED 
SUPPORT 

As shown in Fig. 8, an improved idea is proposed that the 
maximum point of the FRC under the TLIC power should 
occur simultaneously with the nadir of the FRC under the 
step load surge, namely t nadir

L = t peak
W , so that the FN can be 

compensated to the most extent. On the basis, the improved 
TLIC method based on delayed support is proposed.

A. Estimation of Start Time of TLIC Method

To implement the improved idea above, the key is to de‐
termine the start time of the TLIC method (delay time t delay

W ). 
It can be observed from Fig. 8 that t delay

W  is obtained by (26).

t delay
W =Dt nadir

L -Dt peak
W (26)

According to (20), Dt nadir
L  is a constant value only relevant 

to the system parameters, so the calculation of t delay
W  can be 

transformed to the calculation of Dt peak
W  under the TLIC pow‐

er. Hence, Dt peak
W  can be estimated based on the simplified 

TLIC power. In this subsection, K 1
P - t is set as the product of 

dPe dω and dω dt at the time of t0 [9], [12].

K 1
P - t =

dPe

dω
|
|
||||dω

dt
t = t0

(27)

where dPe dω is KP -ω in (8); and dω dt is the speed accelera‐

tion of the rotor. According to the equation of motion, dω dt 
can be calculated.

Jtω0ω̇0 =Pm0 - (PW0 +DPW0 ) (28)
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|
|
||||dω

dt
t = t0

=-
DPW0

Jtω0
(29)

where Pm0 is the initial aerodynamic power of WT.
After the TLIC method is activated, the FRC of the TLIC 

power increases gradually and reaches the maximum value 
after Dt peak

W  when the derivative of the FRC is zero. Hence, 
only one extreme point occurs within (0 Dt peak

W + ε ) (ε is a 

positive value greater than zero), which means that Df ′W(t ) =
0 has only one solution in this range, as shown in Fig. 9. 
Based on the feature, the Newton-Raphson method is uti‐
lized to numerically solve Dt peak

W  with the initial value set as 
zero. Once the solution is obtained, the solving process 
stops. Then, according to (26), the delay time for starting the 
TLIC method is estimated. From Section III and (26), it can 
be observed that the delay time is related to the parameters 
of the power system and the operation conditions of the WT 
(e. g., the rotor inertia, wind speed, and initial rotor speed) 
and the parameters of the TLIC method, and is irrelevant to 
the load surge. The accuracy of delay time estimation will 
be validated in Section V.

B. Improved TLIC Method

Based on the estimated delay time, the improved TLIC 
method based on delayed support is proposed. Through 
matching the peaking time of the FRC under the TLIC pow‐
er and the nadir time of the FRC under the load, the FN is 
raised to the most extent. The schematic diagram of the pro‐
posed method is shown in Fig. 10, including the following 
four modules.

1) Frequency event monitoring module. When the frequen‐
cy deviation is beyond the threshold |Dfthd |, it is believed 
that a frequency event such as load surge or generator trip 
occurs, and the moment of occurrence is recorded as tthd. 
The threshold is usually set to be 0.02 Hz [28]. Since the 
threshold is small, tthd is approximated as t0.

|Df (t ) | > |Dfthd | (30)

2) Delay time estimation module. According to the estima‐
tion of Dt peak

W  based on the Newton-Raphson method and 
(26), the delay time of starting TLIC is estimated. The start 
time of the TLIC method is t0 +Dt delay

W .
3) TLIC frequency support module. At t0 +Dt delay

W , the 
TLIC method is activated and the electrical power command 
of the WT is set according to (7) and (8).

4) Rotor speed recovery module. When the WT operates 
at the stable equilibrium point (point C in Fig. 2), the rotor 
speed is restored to the initial speed ω0 by slightly reducing 
the electrical power. Specifically, when the change of rotor 
speed between the adjacent sampling time is less than 
|Dωthd |, as shown in (31), it is determined that the rotor 
speed has converged to ωC. After that, the electrical power is 
reduced to Prec, as shown by (6) and (9).

|ω (k ) -ω (k - 1) | < |Dωthd | (31)

V. EXPERIMENTAL VALIDATION 

Based on the test bench of wind-integrated power system, 
the effectiveness of the proposed method is validated by a 
series of experiments.

A. Test Bench of Wind-integrated Power System

As shown in Fig. 11, the test bench of the wind-integrated 
power system [29] - [32] mainly contains the wind turbine 
simulator (WTS), synchronous generator simulator (SGS), 
and feedback load (FL). The main parameters of the test 
bench are given in Table I. Because of the decoupling con‐
trol of the active and reactive power, the impact of the ac‐
tive power on the frequency is mainly focused on, and the 
reactive power and voltage control are not discussed. The 
system voltage is controlled at the value of 400 V by the ex‐
citation voltage regulator in the SGS.

1) WTS. With the algorithms of power scaling, aero-elas‐
tic coupling simulation, inertia compensation, and damping 
compensation, the aerodynamic and slow dynamic character‐
istics of real WTs with large capacity and inertia are imitat‐
ed by the WTS with small capacity and low inertia. The 
RSC controller receives the electrical torque reference Tgref 
calculated by the PFC algorithm of the WT, so the generator 
output is controlled to provide the frequency support.

2) SGS. By using the algorithms of inertia compensation, 
prime motor, and governor simulation, the SGS can simulate 
the mechanical dynamic and frequency response characteris‐
tics of the real SG. The prime motor and governor simula‐
tion algorithms obtain the mechanical torque TMref according 
to the frequency, and send it to the converter controller to 
control the output of the prime motor. Thus, the PFC of the 
SG is realized.
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Eq. (30)
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Fig. 10.　Schematic diagram of proposed method.
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3) FL. As the load of the experimental grid, the FL can be 
used to simulate the characteristics of the load. The rectifier 
consumes the electrical power from the experimental grid, 
and the inverter feeds the electrical power back to the public 
grid.

The simulation algorithms of WTS, SGS, and FL and the 
PFC algorithms are implemented in the programmable logic 
controller (PLC).

B. Case Study

This subsection validates the estimation accuracy of the 

delay time t delay
W  and the effectiveness of the proposed meth‐

od. In order to make the experimental results more convinc‐
ing, the experiment cases are carried out in several scenarios 
with different wind speeds, load disturbances, and wind pow‐
er penetrations.
1)　Validation of Estimation Accuracy of t delay

W

In order to validate the estimation accuracy, the delay 
time obtained by the proposed method is first compared with 
the optimal delay time obtained by traversal, and the FNs 
corresponding to the two delay time are compared. Several 
cases are carried out with different wind speeds (7 m/s, 8 m/s, 
9 m/s, etc.), different wind power penetration rates (15%, 
20%, 30%, etc.), and different load perturbations (1.2 kW, 
1.5 kW, 2.0 kW, etc.). The differences between the estimated 
delay time and the optimal delay time are obtained, and the 
average of the differences is only about 0.15 s. The FNs cor‐
responding to the two delay time are close. In the case with 
the wind speed of 8 m/s, the penetration rate of 30%, and 
the load surge of 1.2 kW, the estimated delay time, optimal 
delay time, and their corresponding FNs are shown in Table 
II and Fig. 12. It can be referred that the estimation error of 
delay time calculated by the proposed method is acceptable.

2)　Comparative Analysis of Frequency Regulation Effect
To validate the effect of the proposed method on the FN, 

three methods are compared, including MPPT, conventional 
TLIC, and proposed method in two experimental cases 
shown in Table III. The trajectories of the frequency devia‐
tion, rotor speed, output power of WTS, and output power 
of SGS in two experimental cases are presented in Fig. 13 
and Fig. 14, respectively.

In Case 1, when the WTS operates in MPPT mode, the 
power support is unavailable for the active power balance. 
Only the SG participates in the frequency regulation, and the 
FN Dfnadir is -0.6344 Hz. When the WTS participates in the 
frequency regulation and the conventional TLIC method is 
triggered immediately when the load event occurs, the kinet‐
ic energy is released to support the power balance so that 
the nadir is raised to -0.4503 Hz.
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Fig. 11.　Test bench of wind-integrated power system. (a) Structural dia‐
gram. (b)　Physical diagram.

TABLE I
MAIN PARAMETERS OF TEST BENCH

Unit

WTS

SGS

FL

Parameter

Rated power (kW)

Rated power (kW)

Inertial time constant (s)

Rated speed (r/min)

Rated power (kVA)

Value

15

25

5.96

1800

37

TABLE II
VALIDATION OF ESTIMATION ACCURACY OF DELAY TIME

Method

Proposed

Traversal

Delay time (s)

2.30

2.48

FN (Hz)

-0.3970

-0.3979

0

Δ
f 

(H
z)

-0.1

-0.2

-0.3

-0.4

t (s)
290 300 310 320 330 340 350 360 370 380 390

320310300
-0.4

-0.3

-0.2

-0.1

Optimal delay time
Estimated delay time

Fig. 12.　Comparison of FNs with estimated and optimal delay time.
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It is found that the peaking time of the FRC correspond‐
ing to the conventional TLIC method is always earlier than 
t nadir

L , thus the maximum effect of the WTS on the FN is not 
exerted, as shown by the black dashed line in Fig. 13(a). By 
delaying the start time of the conventional TLIC method 
with 2.32 s, the peaking time of the FRC under the TLIC 
power occurs at the nadir time under the load surge, as 
shown by the red dashed line and the green dashed line in 
Fig. 13(a). The maximum effect of wind power manages to 
raise the FN to -0.3979 Hz.

It should be noted that the proposed method improves the 
FN at the cost of worsening the initial change rate of the fre‐
quency after the event, but it is at the same level as the 
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Fig. 13.　Experimental results of different methods in Case 1. (a) Frequen‐
cy deviation. (b) Rotor speed. (c) Output power of WTS. (d) Output power 
of SGS.

TABLE III
PARAMETERS OF TWO EXPERIMENTAL CASES

Parameter

Wind speed (m/s)

Initial output power of WTS (kW)

Initial output power of SGS (kW)

Wind power penetration rate (%)

Load (kW)

Load surge (kW)

Case 1

8.0

3.6

8.4

30.0

12.0

1.2

Case 2

10.0

7.1

4.9

59.0

12.0

1.5

290 320 350 380 410 440 470

0

1080

1060

1100

1120

1140

1160

1180

1200

7.0

7.2

7.4

7.6

7.8

8.0

8.2

5.0

4.5

5.5

6.0

6.5

7.0

7.5

MPPT
Conventional TLIC
Proposed method

MPPT
Conventional TLIC
Proposed method

MPPT
Conventional TLIC
Proposed method

MPPT
Conventional TLIC
Proposed method

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

Δ
f 

(H
z)

(a)
t (s)

ω
g
 (

r/
m

in
)

290 320 350 380 410 440 470

(b)
t (s)

290 320 350 380 410 440 470

(c)
t (s)

290 320 350 380 410 440 470

(d)
t (s)

P
W

 (
k

W
)

6.8

P
M

 (
k

W
)

Fig. 14.　Experimental results of different methods in Case 2. (a) Frequen‐
cy deviation. (b) Rotor speed. (c) Output power of WTS. (d) Output power 
of SGS.
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MPPT mode and the worse results are not caused. Moreover, 
it is worth pointing out that the proposed method only de‐
lays the start time of the TLIC method, rather than changing 
the TLIC method itself (e. g., the initial power increment 
DPW0 and the slope of the power-speed curve KP -ω), so the 
dynamic process of the rotor speed is not changed. After 
that, the WT converges to the stable equilibrium point C and 
then recovers the rotor speed. This means that the proposed 
method does not destabilize the WTS, and further enhances 
the FN.

In other words, the WT does not inject additional electri‐
cal power and energy, but the FN gets raised. Not only 
enough supportive power should be injected, but the coordi‐
nation between PFCs of WTs and SGs is necessary. The 
FRC of the load power is essentially only the frequency reg‐
ulation result of SGs, while matching the peak of the FRC 
under the TLIC power and the nadir under the load surge is 
a feasible measure to coordinate the active power output of 
the WT and SG. As can be observed in Fig. 13(d), the pro‐
posed method excites more output power of SGS after the 
frequency event compared with the conventional TLIC meth‐
od.

In Case 2, as can be observed from Table IV and Fig. 14, 
the FN Dfnadir is -0.7943 Hz without the frequency support 
of the WTS. When the conventional TLIC method is utilized 
to provide the frequency support, the FN is boosted to 
-0.5658 Hz. By delaying the start time of the conventional 
TLIC method with 2.52 s, the FN is further raised to 
-0.4959 Hz. Before the activation of the proposed method, 
the output power of the SGS is more than that under the con‐
ventional TLIC method.

On the other hand, from the complete trajectory of the 
electrical power and the rotor speed of the WTS, it can be 
observed that the WTS succeeds in recovering to the initial 
operating point just by the slight electrical power drop when 
using the proposed method. And it has a small impact on the 
frequency. That is to say, the proposed method further im‐
proves the FN without affecting the stability of WTS.

VI. CONCLUSION 

To retrain the fast drop of the frequency, the PFCs are 
mostly activated immediately once the load surge event oc‐
curs so that the kinetic energy is released to support the pow‐
er balance. The FN is an important index of the PFC perfor‐
mance. In reality, it is found that the maximum point of the 
FRC excited by the PFC and the minimum point of the FRC 

excited by the load surge do not always occur simultaneous‐
ly. That is, the maximum effect of the PFC is not exerted to 
boost the FN. For the TLIC method discussed in this paper, 
by analyzing the relationship between the maximum and 
minimum point time of the FRCs under the TLIC power and 
load power, respectively, it is inferred that the maximum 
point of the FRC under wind power appears earlier than the 
nadir corresponding to the load. Hence, the improved meth‐
od that the maximum and minimum points are matched at 
the same time is proposed. Then, the TLIC method based on 
delayed support is proposed. This method further improves 
the FN without affecting the stability of WTs by delaying 
the start time of the PFC of WTs. This work can contribute 
to the performance improvement of the PFC in engineering 
applications by only regulating the start time.
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