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Abstract—Given the increasing penetration of wind power
generation, the power system faces great challenges in frequency
regulation due to reduction in system inertia. This paper proposes
an adaptive power compensation based frequency regulation (FR)
strategy of the wind turbine system (WTS). In a frequency
transient event, the proposed strategy exploits power excitation
method to estimate the disturbance level, which enables the
WTS to timely and accurately participate in FR. After the
system frequency and the rate of change of frequency meet
their requirements, the droop control is adopted to smooth the
WTS out of the FR mode and further improve the frequency
quality. By analyzing the operation mode and determining the
switching logic, detailed implementation of the proposed strat-
egy is developed. Its excellent frequency response performance
is verified via results of hardware-in-the-loop experiment and
MATLAB/Simulink-based simulation.

Index Terms—Adaptive power compensation, frequency reg-
ulation, disturbance estimation, power excitation method, wind
turbine system.

I. INTRODUCTION

THE wind turbine system (WTS), which is interfaced
with the grid through power converters to decouple the

rotational kinetic energy from the system, cannot provide
necessary inertia or damping to the grid. Accordingly, the
continuously increasing share of WTS has been weakening
the power system inertia [1]–[3], reducing system robustness
against power disturbances and causing great challenges to the
safe and stable operation of power grid [4]. In the context of
bulk wind power penetration, grid-friendly frequency regula-
tion (FR) control of WTS plays an important role, if frequency
response characteristics of its integrated network need to be
improved [5], [6].

Numerous grid codes across the globe focusing on wind
power generation have clearly stipulated that the WTS needs
to participate in FR [7]–[9]. This generally requires the WTS
to make use of either virtual inertia control (VIC) or temporary
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over-production (TOP) control [10]. The former one uses a fre-
quency coupling control loop to release kinetic energy stored
in the WTS rotor and achieve power balance [11]. During
its implementation, the frequency deviation and the rate of
change of frequency (RoCoF) are considered simultaneously
(known as the integrated control) [11], [12]. However, the
VIC has certain limitations for FR, encompassing difficulty
in control parameters design [13], [14] and insufficient use of
capacity. Indeed, the FR performance of VIC is affected by the
comprehensive effect of control parameters, disturbance, and
system parameters; due to the randomness of disturbance, it
is hard to choose appropriate control parameters that provide
highly-reliable FR performance [15]. Besides, in the early
stage of disturbance, the supporting power for grid frequency
is less than the maximum allowable value, failing to make full
use of the FR potential of the WTS [16].

Compared with the VIC, the TOP control is based on the
system information of over-production capacity and makes the
greatest possible contribution under any operating conditions.
It dispenses with the need for complex parameter tuning [10],
and releases more energy in a short time; owing to quicker
compensation of imbalance power, the frequency nadir and
RoCoF indicators can be improved. Besides, the TOP control
can completely suppress the subsequent frequency oscillations
and overshoots [17]. Analogous to the TOP control, the rapid
power compensation (RPC) strategy proposed in [18] fully
utilizes the idle capacity of grid-tied converter and quickly
compensates the imbalance power of grid. Though the afore-
mentioned TOP and RPC control strategies exhaust the idle
energy reserve of WTS for FR support, it is difficult to decide
their initial output due to randomness and uncertainty of the
disturbance. If the maximum FR power allowed by the WTS
is directly used as the supporting power, a reverse disturbance
to the system power can be caused when the applied FR power
dominates over the initial disturbance, introducing secondary
frequency transient and deteriorating system stability.

To effectively provide inertial support and improve the
frequency response performance, an adaptive power compen-
sation (APC) control strategy is proposed in this manuscript.
In the case of frequency deterioration caused by system dis-
turbance, the power excitation method is first used to estimate
the disturbance. Subsequently, the WTS quickly releases the
rotational kinetic energy and outputs FR power in response to
the disturbance, avoiding the blindness of TOP/RPC control
to unconditionally inject the maximum FR power. When the
frequency deviation and RoCoF meet the regulatory require-
ments, the APC switches to droop control and assures smooth
exit of WTS from FR participation, avoiding long-term FR
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support from WTS and subsequent frequency disturbances
triggered by the termination of FR.

II. FREQUENCY RESPONSE AND CHALLENGES OF WTS

A. Frequency Response of Grid-tied WTS
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Fig. 1. Block diagram of a single grid-tied WTS.

Fig. 1 shows the block diagram of a single grid-tied WTS,
where RSC (GSC) represents the rotor (grid)-side converter.
For multiple wind generators in the power grid and the same
wind speed in the wind farm, the grid can be simplified by
regarding the generators as equivalent single units without
considering the internal FR power distribution. By only con-
sidering the inertial response of the synchronous generator set,
and neglecting the primary and secondary frequency regulation
actions, the dynamic response of system frequency can be
obtained by the rotor motion equation of equivalent generator.
Namely, the system frequency is determined jointly by the
output power of WTS and the absorbed power of grid, as [19]

TJ
df

dt
= P − PA (1)

where, TJ is the equivalent inertia coefficient, f is the system
frequency, P is the electromagnetic power output by WTS,
and PA is the power absorbed at the grid side.

For better utilization of wind energy, the WTS operates at
the maximum power point tracking (MPPT) mode, and

P = PMPPT = kmaxωr
3 (2)

where, ωr is the rotor angular speed of WTS, kmax is the
maximum output coefficient of WTS, and PMPPT is the WTS
output power under the MPPT control.

After a power disturbance of grid, the WTS outputs auxil-
iary power to participate in the FR. Its total output power P
is composed of the MPPT power before disturbance, PMPPT0

(considering the MPPT power remains unchanged in the early
stage of disturbance, [20]), and the auxiliary FR power, Pau,
i.e.,

P = PMPPT0 + Pau (3)

VIC

Pauf

PMPPTωr

d
dtfN

P

RSC

KH

KD

r

P

Fig. 2. Integrated control diagram for WTS incorporating VIC.

The absorbed power by GSC, PA, consists of the steady-
state load power PL0, load disturbance power ∆PL, and the
load frequency response, yielding

PA = PL0 +∆PL −DL (fN − f) (4)

where DL is the equivalent damping coefficient of load. By
combining (1), (2), (3), and (4), the frequency response of
system can be described by

TJ
df

dt
= PMPPT0 + Pau − PL0 −∆PL +DL (fN − f) (5)

By considering PMPPT0 = PL0, (5) can be rewritten as

TJ
df

dt
= Pau −∆PL +DL (fN − f) (6)

Solution to (6) gives ∆f and RoCoF of the system as

∆f = fN − f =
∆PL − Pau

DL
(1− e

−DL
TJ

t
) (7)

R =
df

dt
=

∆PL − Pau

TJ
e
−DL

TJ
t (8)

The initial moment after power disturbance is usually as-
sociated with the maximum active power imbalance, so the
pertinent RoCoF is the largest. On the contrary, the maximum
value of ∆f appears at steady state. Therefore,

∆f |max = lim
t→∞

(fN − f) =
∆PL − Pau

DL

RoCoF|max = lim
t→0

df

dt
=

∆PL − Pau

TJ

(9)

It can be seen from (9) that the maximum RoCoF is
proportional to the system imbalance power and inversely
proportional to the system inertia. The maximum ∆f is
inversely proportional to load damping and independent of
system inertia. If the WTS does not participate in FR, Pau

equals 0, and ∆f and RoCoF are likely to exceed the limits
for frequency-related protection, especially in a system with
low inertia and weak damping. To assure system frequency
stability and optimize the frequency nadir and RoCoF, Pau

should be as close as possible to ∆PL, thereby reducing the
system imbalance power and avoiding a series of frequency-
related problems.

B. Challenges of Conventional FR Control Strategy

With reference to the control diagram in Fig. 2, the VIC
combines inertia control with droop control to release the
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Fig. 3. Power released by WTS using TOP control.

rotational kinetic energy reserved in the WTS. The FR power
generated by this integrated control is

Pau = KH
d(fN − f)

dt
+KD(fN − f) (10)

where KH and KD are the gains of inertia and droop control,
respectively.

Combining (6), (7), (8), (9), and (10), we can get
∆f |max = lim

t→∞
(fN − f) =

∆PL

KD +DL

RoCoF|max = lim
t→0

d∆f

dt
=

∆PL

KH + TJ

(11)

To minimize ∆f and RoCoF in (11), KD and KH need to
be optimized according to several parameters of the system,
encompassing DL, TJ, and ∆PL. However, these parameters
are difficult to detect in advance and change with the system
operation mode, load fluctuations, and line faults [21]. Gener-
ally, for the best stability of grid frequency after disturbance,
the VIC parameter design takes into account the maximum
load disturbance and the lowest values of inertia and damping.
However, this consideration fails to achieve the optimal FR.
Besides, the FR power released by WTS with VIC strategy
changes with frequency, i.e., the inertia potential of WTS
cannot be fully utilized.

Compared with the VIC that slowly participates in FR based
on ∆f and RoCoF, the TOP (see Fig. 3 for illustration of its
released power) and RPC strategies achieve fast compensa-
tion of the imbalance power by exploiting the complete FR
potential of WTS. At the moment of disturbance, constant FR
power (Pop in Fig. 3) decoupled from the system frequency is
released for grid support, avoiding the use of grid parameters
as with the VIC. By considering the FR auxiliary power to
be Pau = Pop when adopting RPC/TOP control, (9) can be
reformulated as

∆f |max =
∆PL − Pop

DL

RoCoF|max =
∆PL − Pop

TJ

(12)

The optimal frequency indexes of system, during the inertia
response stage, require the FR power from WTS Pop equal
to ∆PL, such that the system power imbalance is reduced to
the minimum. However, this is difficult to achieve due to the

randomness of disturbance, and the pertinent consequences are
analyzed in the following.
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With RPC

Fig. 4. Frequency response of TOP/RPC control-based WTS, when Pop ≫
∆PL. NR: natural response of the frequency.

After occurrence of a small disturbance in the system, if
Pop ≫ ∆PL, the initial output dominates over the power
shortage caused by disturbance (see Fig. 4). Excessive WTS
participation in FR will cause reverse system frequency de-
viation and severe secondary disturbance of RoCoF, which
can trigger frequency-related protections when their thresholds
(fact and Ract in Fig. 4) are reached. At the same time,
economy of grid-connected WTS power generation is reduced.
Conversely, if the random system disturbance dominates over
the provided FR power, i.e., Pop ≪ ∆PL, frequency indexes of
system will directly exceed their limits. Therefore, providing
FR power that follows the estimated disturbance is the key to
achieving high-quality FR. To this end, the disturbance level
must be reasonably evaluated, with its error limited within an
allowable range.

III. SYSTEM DISTURBANCE ESTIMATION

As previously discussed, power fluctuations of the system
can be critical for the safety, stability, and control of frequency.
The system imbalance power, which is introduced by a random
disturbance and causes frequency fluctuation, depends on the
inertia and damping of system. The grid inertia reflects the
ability of system to suppress frequency changes, and can be
viewed as constant for a short time after the system disturbance
(likewise for system damping). On this basis, system inertia
and damping parameters can be assessed by measurement of
f and RoCoF at different times, along with proper injection
of a testing excitation into the system. Then, the disturbance
power can be estimated jointly by the short term frequency
response, and inertia and damping parameters. This procedure
is detailed as follows.
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At the moment of disturbance, if the WTS does not partic-
ipate in system FR (i.e., Pau = 0), (6) is rewritten as

TJ
df

dt
= −∆PL +DL (fN − f) (13)

From (13), the system disturbance can be obtained as

∆PL = DL (fN − f)− TJ
df

dt
(14)

From (14), when measurement results of f and df/dt (i.e.
RoCoF) caused by disturbance are available, the system inertia
and damping are pre-requisites for obtaining the disturbance
power. However, due to the high penetration level of new
energy generation and complexity of inertia structure, the
equivalent inertia/damping of system has prominent time-
varying characteristics that cannot be determined in advance.

In this paper, the power excitation method is used to obtain
the real-time system inertia and damping. With reference to
Fig. 5, a positive power disturbance (∆PL > 0) causes the
frequency to drop with time. When ∆f (or RoCoF) reaches
the predefined threshold at t1, the frequency dynamics yield

TJ
df

dt

∣∣∣∣
t=t1

= −∆PL +DL (fN − f1) (15)

where f1 and R1 (R = df/dt represents the RoCoF hereafter)
are obtained by frequency sampling and recording at t1.

At time t2 (t2 > t1), the system frequency response is

TJ
df

dt

∣∣∣∣
t=t2

= −∆PL +DL (fN − f2) (16)

Similarly, f2 and R2 are obtain at t2; at the same time,
a testing excitation Pc is applied (see Fig. 5). The direction
of Pc coincides with that of RoCoF and opposes to that
of disturbance, thus avoiding further deterioration of system
frequency response. When the system is subject to a positive
disturbance, the system frequency decreases, in which case a
reverse Pc is applied, and vice versa.

At time t3 (t3 > t2), f3 and R3 are obtained, and

TJ
df

dt

∣∣∣∣
t=t3

= − (∆PL + Pc) +DL (fN − f3) (17)

It is worth mentioning that in practice, t and R values are
calculated as average sample values in three time windows,
t1, t2, and t3, yielding

fm =
1

N

N∑
k=1

fmk

Rm =
1

N

N∑
k=1

Rmk

(18)

where, N represents the number of samples in a window, and
m = 1, 2, 3.

Combining (15), (16), and (17), the system inertia and
damping parameters can be obtained as

DL = − Pc (R2 −R1)

(f3 − f2) (R2 −R1)− (f2 − f1) (R3 −R2)
(19)

TJ =
Pc (f2 − f1)

(f3 − f2) (R2 −R1)− (f2 − f1) (R3 −R2)
(20)

Afterward, by combining (14), (18), and (19), the system
disturbance power is estimated as

P es
L =

Pc [R1 (fN − f2)−R2 (fN − f1)]

(f3 − f2) (R2 −R1)− (f2 − f1) (R3 −R2)
(21)

By considering the direction of ∆PL, (21) is generalized as

P es
L =

Pc [R1 (fN − f2)−R2 (fN − f1)]

(f3 − f2) (R2 −R1)− (f2 − f1) (R3 −R2)
sign (R)

(22)

where, sign (R) =

{
1 R > 0
−1 R < 0

.

Based on the system disturbance estimation given by (22),
the fast FR service can be carried out, by matching the initial
FR power to the disturbance power.

IV. PROPOSED APC CONTROL STRATEGY

In this paper, an adaptive control is realized by incorporating
the disturbance estimation. Various stages and pertinent FR
power output with the proposed control are first identified in
the case of a large disturbance (see Fig. 6), namely

Pc

ΔPL

tt1 t2 t3

PL
es

Droop control

Fast FR service 

Droop control

P

Inertia control

Fig. 6. FR power output by WTS and control stages under the proposed APC
control. Sudden load power increase (∆PL > 0) is assumed.
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1) Initial droop control: The WTS previously operates with
no FR power output (t < 0). After the disturbance, and
when ∆f and RoCoF are both insignificant (0 < t < t1),
the system operates at droop control mode.

2) Inertia control with disturbance estimation: When ∆f
(or RoCoF) reaches a certain threshold at t1, disturbance
estimation starts with a testing power (Pc) injection.
Inertia control is used until the end of estimation. Due to
the large system RoCoF at the initial stage of frequency
response, the inertia control quickly responds to system
frequency dynamics and avoids its fast deterioration.

3) Fast FR service: After the estimation of disturbance
power P es

L , its value is used as the reference for FR
power of WTS. This fast FR service provided by
WTS effectively suppresses the unbalanced power, and
quickly improves the system frequency indexes.

4) Final droop control: Reasonable exit time and method of
FR are particularly important. Once frequency indexes
meet the grid code requirements, the system frequency
response is dominated by ∆f , which is directly related
to the droop control. Therefore, in the later stage of
frequency response, the fast FR service is switched to
droop control to achieve the smooth exit of FR. Power
quality is improved by further reduction of ∆f and
RoCoF, yet avoiding the frequency second dip caused by
improper FR of the WTS. Otherwise, after a long time of
deep participation in FR, the frequency will drop again
during the recovery of WTS speed, due to the limited
rotational inertia of WTS.

To implement the APC strategy, the system operation is
divided into four cases (see Table I) according to ∆f and
RoCoF. Several frequency/RoCoF parameters are used for
case selection, including 1) fdz and Rdz, which are dead-
zone thresholds of ∆f and RoCoF, respectively; 2) fst and
Rst, which are thresholds for APC operation, and 3) fact
and Ract, which are thresholds to trigger frequency-related
protections. Three flag signals (Trigm,m = 1, 2, 3) are used for
the switching logic. The four cases are elaborated as follows:

TABLE I
CASES FOR APC STRATEGY IMPLEMENTATION.

Case Condition Trig1 Trig2 Trig3 Power output

I ∆f < fdz and
R < Rdz

0 0 1 0

II fdz < |∆f | < fst and
Rdz < |R| < Rst

0 0 0 KD∆f

III fst < |∆f | < fact or
Rst < |R| < Ract

1 0 0 sKH∆f

IV
fst < |∆f | < fact or
Rst < |R| < Ract;

After Case III
1 1 0 P es

L

• Case I: When ∆f < fdz and R < Rdz, the system inertia
and damping are sufficient, and the FR is not required.

• Case II: When fdz < |∆f | < fst and Rdz < |R| <
Rst, the system imbalance power caused by disturbance is
limited and does not require deep FR. The droop control
can ensure frequency stability of system.

• Cases III and IV: When fst < |∆f | < fact or Rst <
|R| < Ract, the power imbalance is severe, requiring the
WTS to release or absorb power urgently. Inertia control
is first used by the WTS, along with the power excitation
method that evaluates the disturbance. Subsequently, the
operation is switched to Case IV to quickly release power.

Considering the aforementioned control stages and system
operation cases, a reference implementation of the proposed
APC strategy is developed, as shown in Fig. 7.

V. VERIFICATION

In this work, effectiveness and advancement of the proposed
APC control strategy are verified by hardware-in-the-loop
experiment of a single grid-tied WTS (with reference to
Fig. 1) and by MATLAB/Simulink simulation of a standard
IEEE 4-machine-2-area (4M2A) system. Main parameters of
the experiment system are shown in Table II, where the
frequency threshold parameters are chosen in accordance with
the requirement of the specific national grid code [18].
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TABLE II
MAIN PARAMETERS OF SINGLE WTS MODEL.

Parameter Value Parameter Value

U 380 V fN 50 Hz
L 4.3 mL Z 0.01+j1.2 Ω

P 30 kW Load 36 kW
Pc 0.2 kW Udc 800 V

Small
disturbance 2 kW Large

disturbance 6 kW

fdz 0.05 Hz Rdz 0.5 Hz/s
fst 0.1 Hz Rst 1.5 Hz/s
fact 0.5 Hz Ract 2 Hz/s
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Fig. 8. (a) Frequency, (b) RoCoF, and (c) active power results of single WTS.

A. Verification based on Single Grid-Tied WTS

Three disturbances, encompassing two disturbances in the
same direction and a subsequent reverse disturbance, are
introduced to the single grid-tied WTS with 40% wind power

penetration, and the frequency dynamics are compared in Fig.
8. At 1.5 s, the load power is suddenly increased by 2 kW. The
system frequency is reduced to 49.81 Hz without FR strategy,
and the frequency-related protection is not triggered. Under
the RPC and APC control strategies, since fst and Rst are
not reached, the WTS operates in droop mode that slightly
improves the frequency response; the fast FR service does not
activate in this case. At 2 s, the system load power increases by
6 kW, and the natural frequency drops to 49.48 Hz, exceeding
fact and triggering the protection. When the RPC control
strategy is adopted, the WTS directly outputs the maximum
auxiliary power of 9 kW, which corresponds to 0.3 p.u. of
its rated power. However, this is larger than the disturbance
power, and leads to reversed frequency deviation of system.
By adopting the APC control strategy, the disturbance level
is estimated first. Then, the WTS quickly participates in FR
and counteracts the disturbance, assuring frequency stability
and avoiding the secondary frequency disturbance caused by
excessive FR.

At 2.6 s, the system load is suddenly reduced by 10 kW,
and the frequency deviation is reversed. Without auxiliary FR
strategy, the RoCoF will trigger frequency-related protection.
When the RPC control strategy is adopted, the power output by
WTS is suddenly reduced to 15 kW [see Fig. 8(c)], resulting
in secondary fluctuation of RoCoF. Conversely, when the APC
control strategy is adopted, the disturbance is estimated and
compensated accurately, yet avoiding the secondary distur-
bance caused by switching from the maximum to minimum
power output. Improved performance of frequency indexes is
obtained in this case.
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Fig. 9. Case switching process under the APC strategy.

The detailed switching process of APC control strategy is
shown in Fig. 9. The system initially operates in steady state
(Case I), and Trig3 is set to 1. After the small disturbance
at 1.5 s, f and RoCoF cross the dead-zone threshold, i.e.,
fdz < |∆f | < fst and Rdz < |R| < Rst; Trig3 is set to
0, triggering the droop control (Case II). At 2 s, the system
is disturbed again, and the frequency crosses the limit fst,
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triggering Case III and Trig1 is set to 1. A reverse excitation
of 0.2 kW is applied to the system during the disturbance
estimation; at the same time, the inertia control is used,
ensuring the rapidity and continuity of the FR. The disturbance
power is estimated to be 6 kW, which is close to the applied
disturbance power in total (8 kW). Subsequently, Trig2 is set
to 1, and the WTS operation is switched to Case IV for
disturbance power compensation. At 2.6 s, the system load
power is suddenly reduced, causing a reverse disturbance to
system frequency, i.e., Rst < R. A positive excitation of
0.2 kW is applied to the system for disturbance estimation,
followed by the reduction of WTS output power to 19.3 kW.
Finally, when the frequency indexes satisfy fdz < f < fst
and R < Rst, the WTS control is switched to Case II, and the
system exits FR smoothly by using droop control.

B. Verification based on 4M2A System

Compared to the standard IEEE 4M2A system, the studied
system (see Fig. 10) replaces the 100-MW G4 generator by
a WTS. The APC and RPC strategies are compared compre-
hensively based on simulation results of this system.

Load
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G2
Area 1

B1 G3

Area 2

B2

Load Load
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G4

Fig. 10. Diagram of the studied 4M2A multi-machine system.

Fig. 11 demonstrates the frequency dynamics and power
output by WTS, when two disturbances are sequentially in-
troduced to the system. When the system load is suddenly
increased by 20 MW at 20 s, the natural frequency of system
rapidly drops to 49.73 Hz due to the low inertia and weak
damping of grid. In addition to the generation power, the RPC
control enables the WTS to output the maximum FR power
of 28 MW, which is larger than the disturbance power and
causes reverse deviation of system frequency. In this case,
although the frequency is restored to the normal range after
certain time, the surplus power output reduces the economy
of grid-tied WTS. Compared to RPC, the proposed strategy
firstly estimates the disturbance level, and provides FR power
support based on the estimated 13 MW. The system nadir and
RoCoF meet the threshold requirements during transient, and
the output FR power is closer to disturbance compared to the
RPC control.

At 35 s, the system suffers from a larger disturbance when
the load power is suddenly increased by 40 MW. In the case of
natural frequency response, the frequency nadir becomes 49.44
Hz, which triggers frequency-related protection. APC and
RPC strategies provide similar effects in terms of frequency
response. At this time, the disturbance estimated by APC (27
MW) is close to the WTS output limit (28 MW, which is also
the output by using RPC control).
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Fig. 11. (a) Frequency, (b) RoCoF, and (c) active power of the 4M2A system.

Simulation results in the 4M2A system again proved the
superiority of the proposed strategy, namely, it avoids the
blindness of constant compensation according to the maximum
power and the secondary disturbance to frequency, realizing
accurate FR support by the WTS.

VI. CONCLUSION

In this paper, an adaptive control strategy of the WTS
is developed for better FR support. Through theoretical and
simulation analyses, the power excitation method developed
in this paper, which makes use of a low power injection
at the moment of disturbance, is proved to be feasible for
online disturbance estimation. This serves as the foundation of
proposed APC. Compared to the RPC control, the proposed
strategy enables more effective WTS participation in the
system FR based on the estimated disturbance. According to
the real-time information of f and RoCoF, the APC strategy
accurately switches between different cases, thereby improving
the frequency response characteristics of the grid-tied WTS.
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