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Abstract With an increasing penetration of wind power in

the modern electrical grid, the increasing replacement of

large conventional synchronous generators by wind power

plants will potentially result in deteriorated frequency

regulation performance due to the reduced system inertia

and primary frequency response. A series of challenging

issues arise from the aspects of power system planning,

operation, control and protection. Therefore, it is valuable

to develop variable speed wind turbines (VSWTs) equip-

ped with frequency regulation capabilities that allow them

to effectively participate in addressing severe frequency

contingencies. This paper provides a comprehensive survey

on frequency regulation methods for VSWTs. It fully

describes the concepts, principles and control strategies of

prevailing frequency controls of VSWTs, including future

development trends. It concludes with a performance

comparison of frequency regulation by the four main types

of wind power plants.

Keywords Wind power plant, Inertial response, Primary

frequency control, Automatic generation control (AGC),

Variable speed wind turbine (VSWT)

1 Introduction

With an increasing penetration of wind energy incorpo-

rated into the existing utility grid, as well as scheduled

retirement of fossil-fuelled power plants, system frequency

regulation capability tends to deteriorate in the event of

severe frequency disturbance. This is due to absence of

inertial response and ancillary frequency support by a sub-

stantial amount of variable speed wind turbines (VSWTs)

[1, 2], including doubly-fed induction generators (DFIGs)

and permanentmagnet synchronous generators (PMSGs).

To achieve a reliable, secure and economic operation,

the electrical grid is required to maintain the system fre-

quency around the nominal value within a predetermined

range at all times. As wind power plants (WPPs) gradually

displace conventional synchronous generators in service,

WPPs are expected to provide auxiliary frequency regula-

tion capabilities through their fast and flexible active power

control [3]. Currently, Regional Transmission Organiza-

tions (RTOs), Independent System Operator (ISOs) or

equivalent entities in many countries come to realize the

potential benefits of inertial response and frequency regu-

lation from wind turbine generators (WTG) in maintaining
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the dynamic active power balance between power supply

and demand. So, a large number of wind generators

equipped with frequency regulation functions are expected

to be integrated into power systems, which in turn yields

extra benefits by providing various ancillary services. With

a great potential demand in the power market, wind plant

manufacturers are encouraged to further improve the aux-

iliary frequency controls for VSWTs as well. In addition,

especially when wind power needs to be dispatched down

in case of low load and high wind speed or due to other

operational constrains, a large amount of untapped wind

power can be fully utilized as spinning reserve to support

temporary frequency response in the event of severe dis-

turbances [4]. For these reasons, a win-win solution can be

achieved by implementing the frequency control methods

into VSWTs, providing benefits to wind power plant

owners, wind turbine manufacturers and power grid oper-

ators [5–10].

The main contributions of this work is a comprehensive

survey on state-of-the-art inertial response and frequency

regulation methods of VSWTs is conducted based on a

great number of up-to-date literatures. It systematically

introduces and evaluates different types of frequency

control strategies in terms of their fundamental principle

and control structure. Several key future development

trends are discussed. Last but not least, the advantages and

disadvantages of frequency regulation performance are

compared for four common types of wind power plants.

2 Wind turbine inertial control

In principle, grid frequency response can be divided into

four regulation stages in terms of different time scales:

inertial response, primary frequency response, secondary

frequency response and tertiary frequency response as

illustrated in Fig. 1 [11]. Different control methods for

maximum power point tracking (MPPT) operation are

implemented in the rotor-side converter of VSWTs, con-

sisting of torque-based, active power-based and rotor

speed-based converter control [10, 12–16]. To make

VSWTs properly perform the frequency regulation func-

tion following specific frequency regulation requirements,

supplementary controllers should be designed and inte-

grated into both the existing converter power control loop

and the pitch angle control loop to manipulate the corre-

sponding reference set points of torque, active power or

rotor speed [12–19].

Due to a sudden and large power supply-demand

imbalance, power system frequency changes at a certain

rate initially determined by the cumulative inertia of all

spinning generations (synchronous generators) and com-

posite load damping (motor, pumps etc.) [20–22]. The

kinetic energy stored in the rotating mass of both wind

turbine (WT) blades and generator rotors can be extracted

through power converter control and then delivered into the

power grid to arrest the rate of change of frequency

(ROCOF). The typical value of wind turbine inertia is

approximately 3.5 s [23]. It is worth noting that threshold

value for ROCOF response is usually set in the range

between 0.1 and 1.2 Hz/s for 60 Hz system or in the range

between 0.1 and 1 Hz/s for 50 Hz system, and the delay

time varies from 50 to 500 ms [24, 25].

Immediately following the frequency nadir, the kinetic

energy extracted from rotating mass needs to be regained

from currently available wind power so that the WT rotor

speed and kinetic energy return to their pre-disturbance

values or new optimal operation conditions. In this sense,

WT inertial control is called an ‘‘energy neutral process’’

although the total amount of recovery energy seems larger

than that of inertial response as a result of WT mechanical

and electrical power losses [25]. During this recovery

process, a secondary frequency drop (SFD) is likely to

occur due to the reduced output power. That is to say, a

large aggregated energy recovery from wind power plants

performing inertial response may result in a severe SFD

where the frequency drop is even lower than the initial

frequency nadir in the under-frequency event [26–36].

With respect to the inertial recovery process, primary

factors that determine its dynamic characteristics include

the enabling time to reduce active power, the decreased

power as a percentage of rated power (or percentage of

actual power output for the inertial power recovery stage)

as well as the duration of such wind power reduction [26].

A method that mitigates the SFD and assists the inertial

response recovery is to extract the stored energy from the

DC-link capacitors by properly reducing the DC-link
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voltage in proportion to the frequency deviation Df when
WTG starts to recover its rotor speed [37].

According to (1), the amount of kinetic energy DE for

inertial response of a single wind turbine is a function of

initial rotor speed x0; rotor speed reduction

Dx ¼ x0 � x1, Dx[ 0; moment of inertia of wind tur-

bine J and inertial response duration (t0 - t1) [3, 38].

DEin ¼
Z t1

t0

DPinðtÞdt ¼
1

2
Jðx2

0 � x2
1Þ

¼ 1

2
Jð2x0Dx� Dx2Þ ð1Þ

The inertial response performance of a WPP is typically

dependent on the wind power penetration level, the number

of WTGs capable of providing inertial response, the initial

operation mode of individual WTGs (under full load or

partial load) as well as WTGs’ physical characteristics.

Relevant characteristics include upper and lower limits for

rotor speed, over-loading capability of power converters,

auxiliary frequency controller parameters and maximum

power rate limit (dP/dt)max [4, 31, 32, 38–42]. To alleviate

mechanical stresses on the drive train and extend a WT’s

lifetime, the (dP/dt)max should not exceed 0.45 p.u./s

according to several manufacturers’ datasheets [38]. Under

medium and high wind conditions where WTGs are

normally controlled to operate at MPP conditions,

adequate kinetic energy is available to provide a useful

inertial response. Under high wind speed conditions when

rotor speed is constrained at the rated value, additional

power provision can be fulfilled through pitch angle control

to emulate an inertial response if temporary over-loading is

allowed.

With the significant contribution of WTGs to enhance

the system inertia, ROCOF and frequency nadir can be

improved and this reduces the risks of load shedding trig-

gered by UFLS (under frequency load shedding) and

generation protection relays [43], thereby reinforcing sys-

tem reliability and stability during large loss-of-supply

events [44, 45]. At the same time, emulated inertial control

can reinforce the system’s small signal stability due to its

damping effect pn the dominant oscillation mode [46].

As of now, three typical types of inertial control are

proposed to enable VSWTs to supply emulated inertial

response, which can be categorized into Natural Inertial

Control, Step-wise Inertial Control and Virtual Inertial

Control [17, 26–35]. Each of these is discussed in detail in

the remainder of this section.

2.1 Natural inertial control

For natural inertial control, a WTG’s active power

output is changed following a frequency decline, in pro-

portion to ROCOF or frequency deviation or both, in order

to emulate the inertial response of a conventional syn-

chronous generator [36, 45–48]. This is accomplished

based on real-time measurements of frequency magnitude

or ROCOF value. There are two main types of ROCOF

dependent natural inertial control: one shot and continuous

df/dt control [45, 49].

A one shot df/dt controller is designed to generate an

initial power surge in proportion to the ROCOF when a

severe frequency event occurs. This control scheme is

implemented using a lookup table with initial df/dt value as

X-coordinate and corresponding active power increment as

Y-coordinate. As it is shown in Fig. 2 for an example WTG

under its rated operation, the peak active power output can

be achieved within 200 ms and then declines exponentially

over a specified duration of Ts. A short-term rotor speed

restoration follows when active power declines below 1.0

p.u. (yet greater than 0.95 p.u.) [49].

A continuous df/dt controller works in real time through

the entire disturbance to regulate the additional active

power provision based on ROCOF. Similarly to a syn-

chronous generator, the incremental per-unit inertial power

DPin and per-unit inertial torque Dsin of WTG are

expressed as:

DPin ¼ Kinxs

dxs

dt
ð2Þ

Dsin ¼ Kin

dxs

dt
ð3Þ

where Kin is the gain of inertial controller; xs is the per-unit

synchronous generator speed; DPin corresponds to the

portion of rotor kinetic energy extracted for additional

power delivery. Usually, the dxs/dt can be replaced by df/

dt in this control design, so that the magnitude of the WTG

inertial response is directly proportional to the ROCOF.

According to the swing equation, Kin can be simply chosen

as twice total inertia constant H of the wind turbine

[28, 50]. Natural inertial control is also called delta power

control because the shape of inertial power output resem-

bles ‘‘delta’’ throughout the overall response. Figure 3

shows the control block diagram of natural inertial

response. The performance of natural inertial response can

be enhanced by either increasing the auxiliary controller

gain Kin or appropriately relaxing the limit on the power

ramp rate [38].

It is noted that the measurement of df/dt is inherently a

noise amplifying process. Thus, a low-pass filter is added

after the derivative function block to minimize the inter-

ference from measurement noise.

Up to now, there are two types of frequency-deviation-

dependent natural inertial response: fixed-droop control

and variable-droop control [47, 48]. The incremental per

unit inertial power DPin based on droop control is written

as:
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DPin¼ � 1

Rdr

� �
Df ð4Þ

Figure 4 shows a typical fixed-droop controller and

Fig. 5 depicts the configuration of a variable-droop

controller with the droop coefficient as a function of

ROCOF (df/dt) and pre-disturbance rotor speed (x0). A

high-pass filter is applied to prevent the persistent

contribution of droop control to a post-disturbance

steady-state error, so the WTG can return to MPPT

operation [48, 51]. Actually, variable-droop control is

based on fixed-droop control by dynamically adjusting the

droop gain in terms of ROCOF and x0. In this way, the

inertial response of a WTG can be optimized by raising the

frequency nadir and preventing the subsequent over-

deceleration.

In general, droop-dependent inertial response can sig-

nificantly boost the frequency nadir as 1/Rdr increases. In

contrast, ROCOF-dek lpendent inertial response can

greatly mitigate the initial ROCOF as Kin increases, but it

cannot improve the frequency nadir. Therefore, natural

inertial response that combines both ROCOF-dependent

and droop-dependent loops is able to increase the fre-

quency nadir, arrest the ROCOF and also mitigate the SFD

during the rotor speed restoration [47, 48].

2.2 Step-wise inertial control

Step-wise inertial control aims to provide a certain

amount of active power, which is released from kinetic

energy and sustained for up to ten seconds under various

wind speed conditions [34, 35, 52–54]. Compared with

natural inertial response, the inertial power using this

control can be provided in different profiles in terms of its

desired magnitude and duration. Meanwhile, its inertial

response tends to be much faster and stronger because a

step-wise inertial response is executed without measuring

real-time frequency variations. Upon detecting an event,

this control method can dramatically boost the frequency

nadir and alleviate the effect of kinetic energy recovery by

providing a smooth and steady additional power injection

[36]. The effect of step-wise inertial response is usually

dependent on several factors, including step power

df/dt (Hz/s)

Pref (p.u.)

200 ms

0 T

Length of injection when frequency reaches the nadir point

Permitted recovery period for the kinetic energy 
following restoration of system frequency

Active power decay which is proportional to ROCOF

1.054
1.039

1.0137

1.0092

0.325

0.225

0.19

0.13

0.05

0.92%P_nom

1.37%P_nom

5.4%P_nom
Pincrease (MW)

1.0 (P_nom)
0.95

t (s)

Instant power injection determined by df/dt

3.9%P_nom

Fig. 2 Control strategy of one shot df/dt controller
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increment, time duration, ramp rate limit, wind speed as

well as inertia constant HWT.

One control method proposed to generate a constant

inertial response for each step is to modify the rotor speed

set point of rotor-speed-based VSWTs throughout the fre-

quency event. The constant inertial power is derived from:

Pint ¼
1

2
Jx2

r0 �
1

2
Jx2

rt ð5Þ

where t is the duration for constant inertial power; xr0 is

the initial rotor speed; xrt is the rotor speed at the ending

moment of inertial response. Therefore, the reference value

of rotor speed is given as:

xref ¼ xrt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

r0 � 2
Pin

J
t

r
ð6Þ

The control block diagram of constant inertial response

is depicted in Fig. 6.

The other method proposed to achieve step-wise inertial

control is for active-power-based VSWTs [22] to change

their actual power reference by adding a temporary over-

production (TOP) value DPop on top of the pre-event active

power reference PMPPT in case of frequency disturbance.

The Pop is extracted from the kinetic energy stored in the

rotating masses of WT. Thus, the generated electrical

power output Pref is defined as:

Pref ¼PMPPTþDPop ð7Þ

During normal operation, a VSWT runs on the MPP

corresponding to the actual wind speed. When there is an

under-frequency event, a constant over-production amount

of DPop is instantly delivered to the grid. As a result, rotor

speed decelerates due to the increasing imbalance between

mechanical and electromechanical torque. In Fig. 7, the

basic principle of this control mechanism is illustrated.

Note that the value of Pref can be constant or variable,

depending on the specific strategy chosen for the

overproduction period.

Once the rotor speed slows down to a low value, e.g.,

xmin, the overproduction process is terminated and the

active power set point is reduced by a constant DPup, so

that the electrical power output is smaller than available

mechanical power. For this reason, the rotor speed is able

to return to previous MPPT point for a given wind speed or

another operating point corresponding to current wind

speed. By increasing this DPup, the underproduction period

tends to be shortened and meanwhile the wind turbine’s

rotor speed can be restored to the MPP more rapidly.

However, the SFD issue is likely to become more severe if

much larger DPup is chosen. Thus, a TOP-based Improved

Primary Frequency Response (IPFR) technique is proposed

based on deloaded operation in [55] to eliminate the SFD

issue and minimize the frequency deviation. Two other

methods are proposed in [53–56] for DFIGs and PMSGs by

adding an incremental active power based on the MPPT

curve or torque limit curve to enable the rotor speed con-

verge to a stable point when TOP ends.

2.3 Virtual inertial control

Recently, another novel inertial control strategy named

virtual inertia control (VIC) is proposed to utilize the

‘‘hidden inertia’’ of turbine blades to provide a fast

dynamic frequency support. One method is to adjust the

active power output based on the system frequency devi-

ation. This type of regulation is implemented by means of

shifting the operating point upward from the MPPT curve

toward the VIC power tracking curve to compensate for

power imbalance, and then the rotor speed is controlled to

smoothly return to the initial MPP according to (8) [57].

The upper and lower limits of the VIC power curve are

defined by applying KVIC_max and KVIC_min respectively to

ensure that the VSWT can operate in a steady state under

various wind speed conditions. The coefficient KVIC is a

function of frequency deviation:

KVIC ¼ x3
r0

ðxr0 þ 2pkDf Þ3
kopt ð8Þ

where k is the virtual inertia coefficient, which can be

expressed as k ¼ Dxr

Dxe
¼ xr1�xr0

xe1�xe0
. kopt is the optimal power

curve coefficient. Assuming that the rotor speed of the

VSWT varies from xr0 to xr1, so the kinetic energy to be

released is equivalent to the amount of kinetic energy

released from a synchronous generator with rotor speed

declining from xe0 to xe1. A wash-out block is used to

PI
controller

Converter
controlPref

Pmax

dP/dt

(dP/dt)max

Pmin (dP/dt)min

+
−

+Eq.(6)

Tω r0

Pin
ω ref_max

ω ref_min
ω r,meas

ω ref

Fig. 6 Control block diagram of constant inertial response based on

rotor speed regulation

ω

P
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f
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ΔPop

ω 0 PrefPMPPT
++

+

ω 0

Converter
controlPref

Pmax

dP/dt

(dP/dt)max

Pmin (dP/dt)min

Fig. 7 Control block diagram of step-wise inertial response based on

TOP
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remove the steady-state dc component of frequency error.

The corresponding control block diagram is illustrated in

Fig. 8.

An optimal controller for VIC is proposed in [35] to

emulate the inertial response with the purpose of enhancing

the frequency regulation in a diesel generator dominant

system. The optimal virtual inertia factor KVIC is identified

using deterministic linear quadratic regulator (LQR)

method. Although both VIC and natural inertial control

rely on real-time frequency measurement and perform

based on the MPPT operation of a VSWT, the main dif-

ference between these two control strategies lies in the fact

that VIC cannot cause a SFD when a VSWT performs the

inertial response according to (8).

In addition to the three classic types of inertial controls

above, an alternative inertial control method was recently

presented in [58] to make a DIFG provide inertial response

by directly adjusting the PI control parameters in its phase

locked loop (PLL). Another novel virtual synchronous

control (VSynC) is proposed in [59] for a DFIG to supply

inertia response when integrated into a weak ac power grid

with low short-circuit ratio. Without relying on the tradi-

tional PLL technique, the VSynC enables a DFIG to syn-

chronize with the grid directly through active power

control, so that the DFIG can naturally deliver the inertial

response to enhance the frequency stability like conven-

tional synchronous generators.

In Fig. 9, comparative simulation results for a small

power system with a large-scale wind farm are presented to

show the frequency regulation performance for the three

types of inertial control discussed above, namely, natural

inertial control, step-wise inertial control and virtual iner-

tial control. From the simulation results, it is observed that

virtual inertial control’s performance is the best by miti-

gating the ROCOF and boosting the frequency nadir. Step-

wise inertial control can reduce ROCOF, but the SFD issue

arises due to the WT’s rotor speed recovery. However, this

problem might be avoided by applying other inertial con-

trol methods.

3 Wind turbine frequency control

3.1 Deloaded control

To participate in primary, secondary and tertiary fre-

quency control, a VSWT needs to be operated in a sub-

optimal mode through the deloaded control so that a certain

amount of spinning reserve margin or headroom is always

available to supply additional active power in case of fre-

quency contingency.

Nowadays, primary reserve is commonly achieved

through either ‘‘Balance’’ control that reserves a constant

percentage of rated power [50], or ‘‘Delta’’ control that

reserves a fixed proportion of available maximum active

power [6, 32, 60], or ‘‘Fixed reserve’’ control that reserves

a fixed amount of active power [3]. The power references

for these three types of deloaded operation are mathemat-

ically described as follows:

1) Balance

Pref ¼
Pde Pde �PMPPT

PMPPT Pde [PMPPT

�

Pde ¼ ½0; . . .;PRated�
ð9Þ

2) Delta

Pref ¼
1� KReserveð ÞPMPPT PMPPT �PRated

1� KReserveð ÞPRated PMPPT [PRated

�

KReserve ¼ 0; . . .; 1½ �
ð10Þ

fref

fmeas

Δf
Eq. (8)

λ
Wash out

KVIC_max

ω r

ω r

P

++
− Deadband

1+sT2

sT2

KVIC_min

KVIC

PrefPinerΔ
+

PMPPT

Pref

Pmax

Pmin
+

+

Converter
controldP/dt

(dP/dt)max

(dP/dt)min

Fig. 8 Control block diagram of VIC

Fig. 9 Comparison results of various types of inertial controls
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3) Fixed reserve

Pref ¼
0 PMPPT �DPReserve

PMPPT � DPReserve

PRated � DPReserve

PMPPT �PRated

PMPPT �PRated

8><
>:

DPReserve ¼ 0; . . .;DPmax½ �

ð11Þ

where Pref is the WTG active power reference; PRated is the

WTG rated power; DPReserve is a fixed amount of active

power serving as spinning reserve; PMPPT is the maximum

wind power; KReserve is the fixed percentage of maximum

wind power; DPmax is the maximum fixed power

reserve.

Compared with the balance type, the energy efficiency

of delta or fixed reserve types is higher due to their long-

term stable power reserve and reduced wind power cur-

tailment. It is shown in [61] that modern offshore wind

farms are capable of maintaining 5% of rated power as

spinning reserve, sustained for up to 89% of the event

duration under varying wind speed conditions. In contrast,

rapid variations in WPP output can be effectively smoothed

by balance type control, so that the uncertainty and vari-

ability of wind power production in power system opera-

tion and dispatch are minimized [5, 32, 45, 62, 63]. Note

that the reserve margin level is dependent on prevailing

wind speed magnitude, wind speed forecasting accuracy

and allowable upper limit of the VSWT’s rotor speed

[38, 62]. One dynamic reserve allocation approach is pre-

sented in [64] to distribute the total wind farm reserve

according to specific wind speed of each wind turbine. In

Fig. 10, the comparative results of wind turbine steady-

state power output are given for balance (Pde = 0.8), delta

(KReserve = 0.2) and fixed reserve (DPReserve = 0.2)

deloaded controls. From this figure, it can be concluded

that the amount of reserve margin for the delta type tends

to increase as wind speed rises. Once it exceeds the rated

value (12 m/s), the power margin will be held at 0.2 p.u.

For the balance type, there is no reserve margin available

when active power stays below 0.8 p.u. In that case, the

WT only operates in MPPT mode. For fixed reserve type,

the reserve margin is fixed as 0.2 p.u. of the rated wind

power over a wide range of wind speeds, provided that the

optimal power output is above 0.2 p.u.

As we discussed before, the deloaded margin can rein-

force the VSWT’s overall inertial response and enable

primary frequency regulation by quickly delivering addi-

tional active power through power converter control

[32, 64]. Meanwhile, investment in conventional spinning

reserve can be reduced to a certain extent by deloaded

operation of WT. Thus, deloaded control plays an essential

role in supporting long-term frequency regulation from

both perspectives of system stability and economics.

3.1.1 Rotor speed control

In accordance with the PMSG-WTG sub-optimum

power extraction curve in Fig. 11, WTG power output is

deloaded by shifting the operating point toward the left or

right side of the MPPT curve while the rotor speed remains

below its upper limit. The WTG output can be adjusted

between Pde and Pmax by adjusting its rotor speed between

xr,del and xmax [34, 45]. The power reference (Pref) of the

deloaded WTG at the measured rotor speed is calculated by

using a simplified linear equation (12) or referring to a

predefined look-up table in [62]:

Pref ¼ Pde þ ðPmax � PdeÞ
xr;de � xr;meas

xr;de � xr;max

� �
ð12Þ

where Pmax is the maximum power; Pde is the deloaded

power; xr,max is the PMSG’s rotor speed corresponding to

Pmax; xr,de is the rotor speed corresponding to Pde; xr,meas

is the measured rotor speed.

The left sub-optimal operating point is unstable since it

is likely to cause the wind turbine to stall under a frequency

disturbance. The wind turbine should operate on the right

sub-optimal curve, so as to maintain stable operation when

providing frequency response over a full range of wind

speeds [45]. Another advantage of right sub-optimal

Fig. 10 Steady-state power output for each power reserve strategy as

a function of wind speed

Fig. 11 90% PMSG-WTG deloaded operation curve with rotor speed

limitation (0.5–1.0 p.u.) over a full scope of wind speeds
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operation is to enable a PMSG-WTG to contribute a

combination of reserved active power and greater kinetic

energy to support primary frequency regulation, by

allowing the rotor speed to decline from the deloaded

operating point towards the maximum power point.

Moreover, it can effectively reduce tear and wear losses

associated with pitch angle actuation compared with using

the pitch servo alone to curtail the wind power and perform

primary frequency regulation. Note that this approach of

right sub-optimal operation can be applicable to a DFIG-

WTG as well.

Considering the fact that the rotor speed x required for

de-loaded operation may exceed the maximum value xmax

for medium and high wind speeds, three wind speed modes

are defined in terms of the deloaded control objective and

secure operation constraints: low wind speed mode where

deloaded operation is fulfilled merely by rotor speed con-

trol; medium wind speed mode where deloaded operation

is conducted by combining pitch angle control and rotor

speed control; and high wind speed mode where modified

pitch angle control alone enables deloaded operation

[12, 45, 51].

3.1.2 Pitch angle control

The original objective of pitch angle control in a WT is

to prevent the generator and power converter from over-

loading and the rotor from being over speed [16]. To

support a supplementary frequency regulation, the pitch

control needs to be modified based on the wind conditions.

Meanwhile, the initial pitch angle b0 is set to maintain a

certain power reserve for potential primary frequency

regulation. Due to the servo time constant of the pitch

controller, the response of pitch control appears to be

slower than that of rotor speed control through the power

converter.

3.2 Primary frequency control

Primary frequency control is an automatic governor

response in proportion to the frequency deviation from the

scheduled value. This response, also called frequency

responsive reserve, is typically provided by a conventional

generator with governor droop control to regulate its power

output as a function of frequency deviation and droop

setting [50, 64–68]. A WTG’s primary frequency regula-

tion resembles that of a conventional generator, which is

usually activated within a few tens of seconds and sus-

tained for up to 15 min once the grid frequency deviation

exceeds the allowable threshold [67]. It plays an important

role in mitigating the steady-state frequency deviation after

inertial response until the secondary frequency control

(automatic generation control, AGC) takes over to achieve

zero frequency error in the steady-state condition.

Unlike the provision of inertial response, power output

needs to be curtailed beforehand by deloaded control in

order to carry out primary frequency regulation in response

to an under-frequency disturbance. The abilities of WTG

primary frequency regulation can be evaluated from the

following perspectives: delay time, ramp rate, magnitude

and response speed [10].

To emulate the traditional governor response for pri-

mary frequency regulation, droop control is implemented

in a VSWT to correlate the variation in grid frequency with

a corresponding change in active power output through

power converter control. It responds to large deviations in

grid frequency by increasing or decreasing power output

during the frequency event. The relationship between

active power change and frequency deviation can be

expressed as DPdr = Kdr(f – f0), where f0 is the nominal

frequency. The parameter Kdr is the inverse of speed droop

R as follows.

R ¼ Df
DPdr

¼ � 1

Kdr

ð13Þ

The value of R usually lies in the range between 3% and

5% for conventional generators. Larger values of Kdr can

further reduce the steady-state frequency deviation without

obviously impacting the small signal stability of power

system [32].

3.2.1 Droop curve parameters

As depicted in Fig. 12, there are several important

parameters that determine the droop curve behavior,

including the droop slopes (up and down), dead band and

power ramp rate. These parameters should be appropriately

selected to ensure that additional active power output

through droop response remains within the available

reserve margin [3, 11–39, 49, 69, 70]. Moreover, a droop

curve with a suitable dead band can prevent the droop

controller from frequent activation in response to small

frequency fluctuations [4]. Note that either symmetrical

droop or asymmetrical droop can be used to perform pri-

mary frequency regulation according to system operational

requirements.

Deadband

Preffsys_ref
+

Pdeloaded

Pref

Pmax

Pmin

+

fsys_actual

−
+

Δf
Kdr +

+

Converter
controldP/dt

(dP/dt)max

(dP/dt)min

PdrΔ

Fig. 12 Control block diagram of droop response
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According to different frequency deviations in Fig. 13,

the active power reference for primary droop control is

calculated in accordance with the following equations:

Pref ¼

PMPPT f � fmin

Pde þ ð1=R1ÞDf fmin\f � fDB lower

Pde fDB lower � f � fDB upper

Pde � ð1=R2ÞDf fDB upper\f � fswitch
Pde � ð1=R3ÞDf fswitch\f � fmax

8>>>><
>>>>:

ð14Þ

If the frequency declines below the dead band limit

fDB_lower, the active power reference of the WTG is

increased based on droop-down control until it reaches

PMPPT at the present wind speed. On the other hand, if the

frequency rises above the dead band limit fDB_upper, the

active power reference is reduced by accelerating the rotor

speed. If frequency keeps going up until fswitch is reached,

the rotor speed ceases to rise because of its upper limit. At

this moment, the pitch angle controller is enabled to further

reduce the WTG’s active power output by increasing the

pitch angle b. During this process, the rotor speed remains

constant at the upper limit value, xmax. It is worth noting

that the slope value of R3 is mainly dependent on the

allowable variation range of b [18].

3.2.2 Static droop and dynamic droop control

Static droop control is quite similar to traditional gov-

ernor control, providing additional active power based on

the grid frequency deviation [10]. It features a droop curve

with a fixed slope and a pre-defined dead band. According

to simulation tests in [11–39, 49], this control can arrest

system frequency decline and minimize the steady-state

frequency deviation.

For dynamic droop control, the slope and dead band of

droop curve are adjustable in real-time according to the

ROCOF value, de-loaded level or variable wind speed

conditions. Using this control method, a desirable tradeoff

between improved frequency response and reduced impacts

on the structural loading is attained. A study in [11]

illustrates that dynamic droop curves can effectively

enhance the primary response without dramatically adding

extra structural loading to wind turbine components, such

as the shaft and tower. Compared with the aggressive static

droop curve, the frequency nadir, frequency deviation and

frequency recovery process are also improved by using

dynamic droop control. On the other hand, a WTG oper-

ating under low wind speed is unable to provide a strong

primary frequency response due to limited reserve.

It is also beneficial to adjust the droop coefficient in real

time. An overly small static droop coefficient is likely lead

to WTG instability, while an overly large coefficient tends

to induce noticeable oscillations in active power output

during frequency recovery [4]. Variable droop control can

optimize the additional active power shared among WTs,

running in deloaded mode, so that the primary frequency

contribution of each WT is based on its own available

power reserve corresponding to the local wind speed it is

experiencing. A similar variable droop control scheme is

presented in [62] for DFIG wind farms to adjust their droop

coefficients according to the variable power reserve, so that

the total number of power output reversals in traditional

units and the Root Mean Square (RMS) value of frequency

deviations are dramatically diminished.

3.3 Secondary frequency control (AGC)

Secondary frequency control, also called AGC or load

frequency control (LFC), is implemented during emer-

gency frequency events as well as under normal operating

conditions [50, 64]. Secondary frequency control starts

within several tens of seconds and is sustained for up to

60 System frequency (Hz)

Power reference (p.u.)

Available maximum wind 
power at a given wind speed

fmin fmax 

1/R1

1/R2

Droop down Droop up

WT keeps operating at this point until 
frequency deviates from dead band

Reserve margin for under-frequency response

Dead band

1/R3

Rotor speed control for over-frequency response

Pitch angle control for over-frequency response

fswitchfDB_lower fDB_upper

PMPPT

Pde

Pmin

Fig. 13 Frequency-power characteristics of basic droop control
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several tens of minutes [67]. This control is a continuous

response on the minute timescale to allocate the load

change among individual WTs for the purpose of main-

taining the system frequency deviation and tie line power

flow deviation at zero [41]. In Fig. 14, a simplified fre-

quency control model is applied to validate the dynamic

characteristics of a power system containing conventional

power plants and WPPs [71]. The specific AGC set point

for each WTG depends on PI controller parameters and

participation factors (PFs). The optimal method to deter-

mine PFs is presented, and takes into account the up and

down ramp rates, operating reserves, dispatch limits and

generation costs [72].

A secondary frequency controller based on a supervi-

sory wind farm control system (SWFCS) fully utilizes the

secondary frequency reserve to follow commands from

system operator, including AGC commands (updated

power set point) and power flow adjustment [50, 64].

Another novel control scheme is proposed in [73] to enable

WTs to change their active power reference in accordance

with a power command, so as to meet the requirement of

the system operator. In [72], a coordinated AGC control

strategy between WTs and combined heat and power plants

(CHPs) is proposed to mitigate the real-time power

imbalance by down-regulating the wind power output when

CHPs are not fast enough to track power commands. Due

to the rapid ramp rate of WTs, the area control error (ACE)

can be significantly reduced by this means.

3.4 Tertiary frequency control

Compared with the other frequency controls mentioned

above, tertiary frequency control has a relatively long

decision time step ranging from the order of minutes to

hours, which takes effect following the secondary control

[10, 67]. This control method comprises dispatching

Fig. 14 Schematic diagram of load-frequency control loop
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actions from the system operator, in order to achieve the

power reserve deployment and restoration for the WTG’s

tertiary frequency control that enables unit commitment,

economic dispatch and optimal power flow in accordance

with market signals or other system requirements. As

shown in Fig. 14, operational active power reference val-

ues for individual conventional generators and wind farms

are equal to the sum of AGC and economic dispatch set

points. Economic dispatch usually updates operational set

points every 1–5 min while AGC refreshes every 0.1–1 s

[74]. Nowadays, there are two types of power markets

associated with tertiary frequency control, including

intraday real-time market with minute-level economic

dispatch and day-ahead market with daily economic unit

commitment.

3.5 Coordinated frequency control

Considering a VSWT’s initial operating condition and

the frequency disturbance magnitude and duration, a

combination of inertial response, primary frequency con-

trol and secondary frequency control can significantly

enhance the overall frequency regulation performance of

power system and alleviate frequency regulation stress for

conventional units [10, 34, 38, 45]. The process of coor-

dinated down-frequency regulation can be described as

follows. During the initial transient process after a fre-

quency drop event, inertial response plays an essential part

in reducing ROCOF and boosting the frequency nadir

point. Once the dead-band criterion is met for a specified

delay time, the primary frequency response is triggered to

further enhance frequency regulation through droop control

until the frequency settles into a secondary steady state. At

this point, the frequency nadir is further lifted and then

frequency is restored to within an acceptable range. After

that, AGC control takes over to achieve zero frequency

error regulation using PI controller.

Several coordinated control strategies based on pitch

angle control and rotor speed control have been proposed

to improve VSWTs’ frequency regulation capability over

the full range of wind speed conditions and to damp fre-

quency oscillations. Even without deloaded control, tem-

porary frequency support can be realized by employing a

coordinated strategy of pitch angle and rotor speed control

[75].

The work in [50] presents a K-deviation method to

perform frequency regulation in a real-time variance

tracking mode. The study in [45] proposes a novel coor-

dinated frequency regulation strategy suitable for active-

power-control-oriented VSWT and perform the frequency

response according to different wind speed modes. In [34],

a coordinated frequency control scheme appropriate for

rotor-speed-control-oriented VSWTs which perform fre-

quency response according to different wind speed condi-

tions. In [34], a frequency control scheme appropriate for

rotor-speed-control-oriented VSWTs is proposed to coor-

dinate rotor speed control and pitch angle control according

to pre-defined wind speed zones. Another coordinated

control strategy in [65] employs direct control of a DFIG-

WTG’s electromagnetic torque and rotor speed to allow for

additional active power delivery based on the operator’s

request and allowing for varying wind conditions. In [63],

Kinetic/Inertia, Proportional gain and Enhanced Pitch

(KIPEP) control is presented to support both primary and

secondary frequency regulation while also smoothing out

the wind power output over short time frames.

In Fig. 15, comparative simulation results for a small

power system with a wind power plant are provided to

demonstrate the frequency regulation performance using

step-wise inertial control only, static droop control only

and coordinated frequency control including variable

droop. Coordinated frequency control is superior to other

methods in improving the overall frequency regulation

performance in terms of ROCOF, frequency nadir, fre-

quency recovery and steady-state frequency. Static droop

control alone can increase the frequency nadir and reduce

the steady-state frequency deviation. In contrast, step-wise

inertial control can mitigate the ROCOF, but it tends to

cause a SFD.

4 Frequency regulation performance comparison
of different types of WTG systems

AWTG possesses a significant amount of kinetic energy

in the rotating masses, which can be utilized to provide a

short-term frequency support in the event of large power

imbalance [76]. In general, wind turbines can be divided

into two main groups: fixed-speed WTs (FSWT) and

variable-speed WTs (VSWT). Each group has distinctive

benefits and drawbacks in terms of their contributions to

system frequency support. The FSWT can inherently
Fig.15 Comparative results between coordinated frequency control

and other controls
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provide a limited inertial response to mitigate the ROCOF.

In contrast, VSWTs cannot naturally deliver any inertial

power into the electrical grid due to partial or full decou-

pling between rotor speed and grid frequency via the power

converter. Nevertheless, modern VSWTs are capable of

providing an emulated inertial response that is superior to

that of conventional generators, due to their faster, more

accurate and flexible active power controls and the wide

range over which the wind turbine rotor speed can vary

[17, 23, 26, 33, 51]. Last but not least, a novel type of

VSWT based on the electromagnetic coupler (WT-EMC)

can provide frequency support through emulated inertial

response and droop frequency regulation [19].

4.1 Type 1 and Type 2 FSWTs

Thanks to direct coupling between the rotor speed and

the system frequency, a Type 1 Induction Generator with

Fixed Speed can potentially provide limited inertial

response. Its inertial response is a passive process, in which

the kinetic energy stored in the generator, gearbox and

wind blades is intrinsically released or absorbed as system

frequency decreases or increases. Commercial fixed speed

wind turbines (FSWT) with rated power above 1 MW have

an inertial constant of 3–5 s. The stored energy in each

FSWT is unrelated to wind speed, and the aggregated

kinetic energy of a WPP increases with the number of

turbines online [71]. However, it is difficult to tune the

inertial response of Type 1 in order to meet specific grid

frequency regulation requirements. Overall, the inertial

response from Type 1 WTGs is restricted and uncontrol-

lable. The Type 2 Wound-rotor Induction Generator with

adjustable external rotor resistance and variable slip tends

to maintain its power output at a fixed value even during an

abrupt frequency decline, since the external rotor resistance

maintains the power output at the target value at all times.

Therefore, Type 2 WTGs hardly make any contribution to

the system inertial response [6, 16].

However, it is noted that through deloading control both

types can allocate a constant amount or a fixed proportion

of available aerodynamic power as a reserve margin to

enable primary frequency regulation with the aid of a pitch

angle controller [77].

4.2 Type 3 and Type 4 VSWTs

Type 3 double fed induction generator (DFIG) and Type

4 direct drive permanent magnet synchronous generator

(PMSG) VSWTs are capable of achieving rapid and

accurate active power regulation by means of power con-

verter control. These two types of VSWT act like a fly-

wheel device to mitigate the power fluctuations resulting

from variable wind conditions. In comparison with FSWTs,

the inertial response of VSWTs is a proactive process

where the system frequency or ROCOF is monitored and

measured in a real-time manner, so it can be optimally and

dynamically tuned by setting proper control parameters

according to different wind speed conditions and distur-

bance magnitudes. To better arrest a frequency decline,

allowing some headroom for the inertial power release is

desirable for VSWTs to deliver additional active power

within the maximum power capabilities of converters and

generators [33, 34, 45].

In contrast to synchronous generators, due to their

asynchronous operation, the speed variation of Type 3

WTGs is much larger than the permissible system fre-

quency variation. Their rotor speed can be controlled

between 0.7 and 1.2 using modern power converters [62].

Their emulated inertial constant can be set as large as

several times their inherent inertial constant in an auxiliary

control loop. The partial-scale power converter (20%–30%

of full rating) in the rotor circuit of Type 3 WTGs imposes

limitations on the deloaded operating level, maximum

inertial response and rotational speed range (within ±20%–

±30% of synchronous speed) [55]. Compared to Type 3

WTGs with the identical rated power capability and inertial

constant, Type 4 WTGs are capable of providing stronger

inertial response due to the wider operating range of their

rotor speeds (0.5–1.2 p.u.) [34]. Moreover, the full-scale

power converter allows Type 4 WTGs to possess a higher

overloading capability, so that more temporary inertial

power can be injected into grid for a short period [78]. In

addition, Type 4 WTGs might utilize a larger amount of

energy stored in the DC-link capacitor to enhance the

emulated inertial response and compensate for the tempo-

rary power deficit during the rotor speed recovery [37].

5 Key technical development trends

The following trends have been identified in the litera-

ture reviewed for this paper.

5.1 Optimized coordinated frequency control

between wind farms and traditional power

plants

A coordinated frequency control strategy between wind

farms and other power plants needs to be properly designed

and implemented for an optimized and reliable frequency

regulation in response to various frequency events. The

sequence, duration, ramp rate and proportion of additional

power provision through primary and secondary frequency

responses are determined between wind farms and con-

ventional power plants according to system requirements

and targeted capital and operating costs. So, it is necessary

12 Ziping WU et al.
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to carry out more research to coordinate and optimize the

inertial response, primary frequency regulation and sec-

ondary frequency regulation when taking into account

specific types of wind turbine, the power reserve method,

the active power control strategy, the wind power pene-

tration level and stochastic wind speed conditions

5.2 Coordinated inertial response and frequency

regulation for offshore wind farm through

HVDC links

An HVDC line is perceived as a cost-effective technical

solution to transmit large-scale wind power to a load center

over a very long distance. As more and more wind farms

are built offshore, HVDC links can be used effectively to

mitigate wind power variability and enhance power supply

reliability. However, the increasing VSWT penetration and

associated HVDC interconnections can negatively impact

the system ROCOF and frequency nadir due to the reduced

inertia of overall power system. That is due to the fact that

HVDC lines and VSWTs are insensitive to frequency

changes through their power converters, which fully iso-

lates kinetic energy stored in wind turbine and reserved

wind energy from the grid frequency variations. In order to

reinforce the transient frequency stability and enhance the

power damping effect, it is essential to develop a coordi-

nated control scheme for wind farms and HVDC links by

taking advantage of VSWTs’ fast inertial response and

HVDC links’ transient overload capability.

5.3 Advanced emulated inertial control of VSWTs

During the process of inertial response emulation, a

sudden boost in active power output can lead to a sharp

deceleration in rotor speed due to the imbalance between

the electrical and mechanical torques. The undesirable

consequence is that the turbine may stall due to taking

excessive kinetic energy from the rotor as well as the

intensive structural load on the mechanical components of

wind turbine. Moreover, the associated recovery process

following temporary overproduction results in decreased

WT power output. Consequently, a SFD is likely to occur.

Therefore, it is necessary to design appropriate control

schemes to provide as much inertial response from VSWTs

as possible, while preventing the rotor speed from over-

deceleration and mitigating the impact of rotor speed

recovery on the overall frequency performance.

5.4 Frequency support by energy storage to assist

VSWTs’ auxiliary frequency control

In order to fully eliminate the SFD issue and compensate

for inadequate frequency regulation under low wind speed

conditions, the fast and precise active power control of

battery energy storage systems (BESSs) can be used to

assist VSWTs in providing inertial response and primary

frequency regulation. As a result, the burden of frequency

response on both WTs and conventional generators will be

eased in terms of response time and primary reserve mar-

gin. Therefore, it becomes important to conduct further

studies on optimized coordinated control algorithms for

inertial response and frequency regulation shared between

VSWTs, BESSs and conventional generators. The main

factors to consider include starting moment, duration and

ending moment of inertial response, BESS lifespan and

ancillary services revenue with the purpose of improving

the system dynamic frequency response while achieving an

optimal balance between cost and performance.

6 Conclusion

This survey elaborates the motivation, fundamental

principles and various control schemes for frequency reg-

ulation by VSWTs. A variety of frequency regulation

control schemes, including inertial response, primary droop

control, secondary AGC control and tertiary frequency

control, are explained in detail. To assess the effectiveness

of various typical inertial responses, comparative simula-

tions were performed. This showed that coordinated fre-

quency control including variable droop is superior to other

methods.

The merits and disadvantages of frequency regulation

capabilities of various types of WTGs are briefly com-

pared. Lastly, several key technical development trends

frequency regulation by VSWTs are identified.

Based on the above analysis, a variety of effective

methods exist to provide effective frequency regulation by

VSWTs, exceeding in some respects the services offered

by conventional generators. A combination of rotor speed

control, pitch angle control, and deloading can be used

according to operational requirements and wind speed

conditions. There is room to improve the dynamic perfor-

mance of frequency regulation controllers and the distri-

bution of frequency regulation responsibilities between

VSWTs and other generators.
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