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Abstract -- As renewable power generation becomes more 
prevalent, the problem of frequency stability has become a 
particular concern of transmission system operators (TSOs), 
especially those of small power transmission systems. Traditional 
wind generation systems do not provide frequency regulation 
because they are decoupled from the power grid. Therefore, as 
conventional thermal generators are replaced by wind 
generators, the issue of frequency regulation for wind generation 
systems has become increasingly important. To release the 
kinetic energy stored in the rotating mass, inertia and droop 
control loops can be added into the controller of a wind turbine
(WT). This work proposes an advanced control strategy with the 
time-varying gains of two control loops. In the proposed strategy, 
the gains are determined based on the desired frequency-
response time. Moreover, the initial gain of the control loop is
determined based on the wind speed, considering the operating 
condition of each WT in a wind farm (WF). The effectiveness of 
the proposed method is verified using an actual power system, 
revealing that it can be used to improve frequency regulation in 
a power grid.

Index Terms― Frequency stability, Wind generation, Inertia 
and droop control loops, Power System, Frequency regulation.

NOMENCLATURE

J Moment of inertia

m Angular frequency of a machine

mT Mechanical torque 

emT Electromagnetic torque

mP Mechanical power

emP Electromagnetic power
H Inertia constant

s Synchronous angular frequency of a machine

machS Rated apparent power of a machine

m Angular frequency of a machine in per unit

mP Mechanical power in per unit

emP Electromagnetic power in per unit

K Inertia response constant

rP Variance of power on the rotor kinetic energy 
in per unit

rkE ,
Variance of energy on the rotor kinetic energy 

in per unit

mo
Initial angular frequency on the rotor kinetic 

energy in per unit

gP Variance of power in per unit

gkE , Variance of energy in per unit

s
Synchronous angular frequency of a machine 

in per unit

so
Initial synchronous angular frequency in per 

unit

i
Angular frequency of a machine in per unit at 

iV

min
Minimum angular frequency of a machine in 

per unit

max
Maximum angular frequency of a machine in 

per unit

oR
1

Slope of droop control

minm_Ω Minimum mechanical speed

maxm_Ω Maximum mechanical speed

inV Cut-in wind speed

min_m
V MPPT start-up wind speed

max_m
V MPPT cut-off wind speed

nomV Nominal wind speed

outV Cut-out wind speed

nomf Nominal frequency

measuredf Measured frequency

minf Minimum allowable frequency 

maxf Maximum allowable frequency 

I.  INTRODUCTION

As awareness of the importance of environmental 
protection increases, more countries are becoming interesting 
in the development of renewable sources. Wind energy is the 
most abundant renewable source of energy in western Taiwan. 
The government has legislated for the integration of a large 
amount of wind energy into Taiwan’s power system.
Frequency stability is important to ensuring that the power 
system can withstand the intermittent disturbances from 
renewable generation. Two types of wind turbines are 
commercially popular. The first, Type 3, is the doubly fed 
induction generator (DFIG); the other, Type 4, is the full-
rated converter wind generator. However, their frequency 
dynamic responses are decoupled from the power grid. As the 
penetration of variable-speed wind turbine generator into a 
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power systems increases, frequency variations become larger 
whenever a contingency arises in power system, and 
especially in an isolated power grid. Therefore, the frequency 
regulation of wind turbines is becoming increasingly 
important. This work proposes a new frequency regulation 
strategy and improves the frequency dynamic characteristics 
of an island power system. The demonstration of this strategy 
provides a reference for power system operators and wind 
farm managers.

The variable-speed wind turbines that are commercially 
and predominantly used nowadays have no inherent inertia 
response or primary frequency response. As traditional 
thermal units are gradually replaced by wind generators, wind 
turbines are likely to include frequency regulation to support 
the power system. Inertia responses [1-3] and speed droop 
response [4] limit the rate of change of frequency (ROCOF) 
and improve the frequency nadir (FN) during an imbalance 
between generation and load. Combining the inertia with
droop responses is an alternative method for improving FN 
[5-8]. Since the kinetic energy that is stored in the rotational 
mass is mechanically decoupled from the power grid and does 
not automatically contribute an inertia response to the power 
system, double-fed induction generators cannot improve 
frequency stability. However, Type 3 and Type 4 wind 
generators can be made to provide inertia and droop 
responses using appropriate control loops. Many 
investigations have discussed this topic and constructed 
various models to provide frequency regulation. As 
penetration by wind power increases, wind turbines with 
beneficial inertia and droop responses will become 
increasingly necessary.

Many researches have discussed the frequency regulation 
capability of a DFIG-based WT. References [1, 9] presented 
the simple and fundamental concept of inertia control and 
compared the responses of fixed-speed induction generators 
and DFIGs. Reference [4] discussed the mathematical 
formulation of the inertia response of wind turbines. 
References [10-11] optimized the integration of inertia 
control and droop control into a wind turbine using inertia 
response, rotor speed control and pitch angle control, to 
implement coordinate control. To protect the wind turbine 
from stalling, the appropriate parameters of the inertial and 
droop controllers must be selected [11].

D. Margaris et.al. investigated the Rhode Island power
grid, which is an autonomous system [7]. They studied 
transient frequency support (inertia response), permanent 
frequency regulation (droop control) and the integrated 
application of these concepts. These characteristics were 
quantitatively analyzed to elucidate the expected benefits and 
drawbacks of each method, yielding a suggested 10% reserve 
to ensure favorable capacity, considering both effective 
adjustment of reserve and the minimization of energy loss. To 
increase the efficiency and benefit of the frequency regulation, 
reference [12] used a super-capacitor that was connected to 
the DC-link of a back-to-back inverter. Reference [13]
continuously adjusted the droop value of the wind turbine in 
response to wind velocity. Reference [14] presented a novel

strategy that was based on the use of the kinetic energy of 
rotating masses to reduce the need for the de-loading 
operation while providing the required power reserve. 
Reference [15] conducted a small-signal analysis to examine 
the frequency response of power systems. Reference [16]
utilized a novel probabilistic method to estimate the aggregate 
inertia response, in which wind turbulence was modeled using 
a Gaussian probability distribution.

Each WT in a wind farm contains different levels of 
releasable kinetic energy because of the wake effect [17-19]. 
Therefore, compared to the constant gain control scheme, a 
control scheme with stable and adaptive gain was proposed in 
[17, 18]. The values of two loop gains are proportional to the 
kinetic energy stored in a DFIG-based WT to utilize the 
releasable kinetic energy. In [19], the impact of wake effect 
on the WT inertia response is analyzed. The simulation is 
compared with the measured data.

The electrical frequency of a power grid must be 
maintained very close to its nominal frequency; otherwise 
excessive frequency excursion may cause load shedding, 
instability or even blackout. The declining inertia and primary 
frequency response, arising from inverter-coupled generation, 
are increasing concerns in the power industry. References 
[20-21] considered wind power penetration scenarios for the 
U.S. Western Interconnection and U.S. Eastern 
Interconnection, respectively, to assess the effect of various 
active power control strategies on the frequency response. 
Although the inertia response that is provided by wind 
turbines has been discussed by the industry, only a very few 
of today’s grid codes include relevant specific requirements. 
Reference [22] summarized and assessed two years of 
operations of the Canadian province, Quebec, focusing on 
inertia response.

In the traditional control scheme, the inertia and droop 
gains are constants. This work proposes a new control 
methodology concerning the frequency regulation using time-
varying K and R values in the control loops. The inertia and 
droop control algorithms are established according to the 
fundamentally mathematical equations. Additionally, a DFIG-
based WT model that combines inertia control, rotor speed 
control and pitch angle control is used for simulations. 
Different levels of wind power penetration are considered 
herein to validate the flexibility and efficiency of the 
proposed method.

This work is organized into five sections. Section Ⅱ 
introduces the fundamental concept of inertia control and 
proposes a new inertia control method. Section Ⅲ presents 
the fundamental concept of droop control and develops a new 
droop control algorithm. Section Ⅳ demonstrates the results 
of a simulation of the new control method and an island 
power system with various wind velocities and degrees of 
penetration. Finally, Section V draws conclusions and lists the 
contributions of this work.
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II.  INERTIA CONTROL STRATEGY

A. Fundamental Concept of Inertia Control
Since it is decoupled from the power grid, a wind turbine 

generator cannot exhibit inertia and droop responses when a 
contingency arises in the power system. Figure 1 shows a
general frequency regulation model for a wind turbine 
generator. inertiaP denotes the inertia response (solid red 
line) and droopP represents the droop response (dashed blue 
line). While a variation between the measured and the 
nominal frequency is detected, the corresponding responses 
are determined by their individual functions. Multiplying the 
swing equation, Eq. (1), by m yields the power balance 
equation, Eq. (2).

emm
m TT

dt
dJ (1)

emm
m

m PP
dt

dJ (2)

The inertia constant H is expressed by Eq. (3) and 
defined as the ratio of the stored kinetic energy at 
synchronous speed to the machine rating. Then, the power 
balance equation in per-unit can be derived as Eq. (4).

MJ/MVA  2
1 2

mach

s

S

J
H (3)

emm
m

m PP
dt

dH2 (4)

The fundamental concept of the inertia response is that the 
appropriate K value in Eq. (5) can be obtained by 
comparing this equation with Eq. (4), to efficiently determine
the inertia response and to prevent DFIGs from stalling.

emm
m

m PP
dt

d
K (5)

Fig. 1. Frequency regulation of wind turbine generator [11].

B. Proposed Inertia Control Strategy
Each wind turbine generator in a wind farm receives wind 

at a different velocity as a result of the wake effect.
Accordingly, different K values should be used to maximize 
the inertia response. Therefore, finding these values and 
ensuring that the DFIG does not stall is important. In this 
work, the principle of conservation of energy is applied to the 
rotor kinetic energy to develop a new inertia control strategy. 

From the various wind velocities, one can calculate 
potential maximum initial K values, and ultimately 
converge to the minimum K value in a particular period. 
Accordingly, the wind turbine can provide more inertia in the 
initial period when a fault occurs and reduce the oscillation of 
frequency in the period of convergence.

The power balance function of the rotor kinetic energy is 
obtained from Eq. (6). The rotor kinetic energy function is 
obtained by integrating Eq. (6) to yield Eq. (7).

emm
m

mr PP
dt

d
HP 2 (6)

)(2
222

, momm
m

mrrk HdHdt
dt

dHdtPE (7)

The power balance function of power grid energy is given 
by Eq. (8), which is integrated to yield Eq. (9), which is the 
power grid energy function.

dt
d

KP s
sg

(8)

)(
22

222

, soss
s

sggk
KdKdt

dt
dKdtPE

(9)
The principle of conservation of energy, applied to the 

rotor kinetic energy and the power grid energy, requires that 
Eq. (7) equals Eq. (9), from which Eq. (10) is derived for the 
value of K .

22

22

2
sos

momHK (10)

According to reference [11], when a contingency arises in a 
DFIG, the rotor speed can be increased the range from 0.6 p.u. 
to 1.3 p.u.. This work assumes that the nominal frequency is 
50 Hz, the load shedding frequency is 48, and the maximum 
allowed frequency is 52 Hz. Percentage frequency variations 
in the range %4 are tolerated. Based on the work of 
reference [11], which considered the worst-case situation, the 
general values of K that can be used at all wind velocities 
when the system frequency varies. risegeneralK _ , given by Eq.
(11), is defined as the general value when the system 
frequency rises, and 

dropgeneralK _ , given by Eq. (12), is the 
general value as the system frequency falls. To minimize the 
oscillation of frequency in the period of convergence, finalK ,

which is directly proportional to )(
22

momH , is defined, 
based on the work of reference [17]. Finally, finalK values at 
a particular wind velocity as the system frequency is rising 
and falling are derived as Eqs. (13) and (14), respectively.

HHK risegeneral 1275.6
104.1
2.13.12 22

22

_
(11)

HHK dropgeneral  3163.3
196.0
7.06.02 22

22

_
(12)
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)(
)(
2

min
2

max

22
max

_
i

risegeneralfinal KK (13)

)(
)(
2

max
2

min

22
min

_
i

dropgeneralfinal KK (14)

finalK is the final value of inertia during a grid fault at a
particular wind velocity. To enable the inertia response at 
different wind speeds to be used, accounting for the wake 
effect, initialK , which represents the kinetic energy that is 
initially stored in the rotor mass, is defined as in Eq. (15).

The new inertia response is obtained by using initialK and 

finalK to generate a mathematical function for the inertia 
response during the grid fault, in which the initial inertia 
response is maximal and the oscillation of frequency is 
minimal at a given wind velocity.

nommeasured

nommeasured
m

sos

im
initial

ffω

ffω
ω,

ωω
ωωHK

,

,
2

min

max
22

22

(15)

The function of time-varying inertial gain is illustrated in 
Fig. 2. Before the frequency drops, the inertial gain is on the 
initial value initialK determined by Eq. (15). As the frequency 
drops, the K reduces. Finally, the inertial gain reaches

finalK ,
determined by (14). The desired response time when the 
inertial gain varies from initialK to 

finalK is denoted by 

desiredt . According to different design requirements, various 
time-varying functions can be selected. This work selects the 
parabolic function, as shown in Fig. 2, because the parabolic 
function maintains a large K in the beginning of the fault.

Fig. 2. Time-varying inertial gain described by the parabolic function during
the frequency drop

III.  DROOP CONTROL STRATEGY

A. Fundamental Concept of Droop Control
A wind turbine can use its rotor speed control or pitch 

angle control to implementation its de-loading operation 
model to enable sufficient power reserve to be available to 

eliminate the frequency excursion when a contingency arises 
in the power system. To provide frequency regulation of the 
wind turbine, such characteristics of a traditional synchronous 
generator such as speed droop control must be used. Many 
studies have discussed the issue of de-loading control but not 
accurately or mathematically quantified the inertial K and 
droop R values. In this section, the rotor speed and pitch 
angle are obtained using Matlab software and their values are 
input to PSCAD/EMTDC power system software.

Figure 3 displays the characteristic of droop control, as 
defined in this work. This concept is very similar to that 
associated with a conventional synchronous generator. Before 
a contingency occurs, the wind turbine is operated at point 

loadeddeP to have sufficient power reserve to support any 
frequency excursion. However, when a contingency arises in 
the power system, the reachable maximum power may 
increase to MPPTP . P is determined by the variation 
between the nominal frequency and the measured frequency. 
According to reference [7], when both the economic benefit 
and frequency regulation are considered, 90% de-loading is 
the best selection compared to 80% or 70% de-loading 
operations. Figures 4 plots the power curve for the de-loading 
operations and the right curve beside the MPPT curve, rather 
than the left curve, is used in this de-loading control because 
doing so causes the wind turbine to operate stably state, as 
explained by reference [12]. Inertia control supports a rapid 
transient response but droop control provides slow permanent 
regulation of the power system.

Fig. 3. Droop control of a wind turbine generator.

Fig. 4. De-loading power curve.
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B. Proposed Droop Control Strategy
To support optimally the active power from a wind turbine 

during grid disturbances, it is required to calculate the optimal 
rotor speed and the pitch angle values at various wind 
velocities. Figure 5 presents the operating principle
concerning the rotor speed regions, and the pitch angle is 
determined by the power-coefficient function. The solid black 
curve corresponds to a wind turbine that is operated 
according to the MPPT mode and the dashed red curve
corresponds to one operated according to the de-loading 
mode. The slope of the curve in region 

)(2 new
is larger than 

that in region 2. Thus, as the wind speed increases, the rotor 
speed of de-loaded model increases greatly. In addition, 
because the wind speeds of region 

)(2 new
are smaller than 

those of region 2, the de-loaded curve shifts to the left.
The de-loaded model also consists of four operating 

regions. If the wind speed is between inV and )(
min_

newV
m

,

the operation lies in region 
)(1 new
. When the wind speed

exceeds )(
min_

newV
m

, the operation model enters into region 

)(2 new
, in which the rotor-speed control is utilized to achieve 

the desired power reserve. However, if the wind speed is 
lower than )(

min_
oldV

m
, the power reserve is less than the 

desired value. 
The operation model enters into the region 

)(3 new
when the 

wind speed exceeds )(
max_

newV
m

. This region consists of 

two parts. When the wind speed is lower than )(
max_

oldV
m

,

the desired power reserve cannot be achieved by the rotor-
speed control only. Thus, both rotor-speed control and pitch-
angle control should be applied simultaneously. However, the 
rotor-speed control and the pitch-angle control are electrical 
and mechanical operations, respectively. From the viewpoint 
of response time, the speed of rotor-speed control is fast. 
Therefore, the rotor-speed control should be applied prior to 
the pitch-angle control. 

As the wind speed exceeds )(
max_

oldV
m

, only the pitch-

angle control is applied. As the rotor speed is at its maximum,
there is no capability to store reserve power via the rotor-
speed control. Consequently, the only method is to utilize 
pitch-angle control to store reserve power at a partial load 
operation. In region 4, the pitch-angle control is applied to 
store reserve power at a full load operation. Comparing to a
normal operation with de-loaded model, the pitch angle of de-
loaded model is greater than that during the normal operation 
in the same wind speed.

To optimize the oR value of a wind turbine during a 
contingency, Matlab software is used to calculate the extreme 
slope of R value at various wind velocities under the de-
loading operating mode. The required oR value is set as 
determined by the frequency variation at each wind speed, 
guaranteeing the stable operation of the DFIG. Equations (16) 

and (17) define oR during the rising and falling of the
frequency of the power system, respectively.

nommeasured
nommeasured

nom

loadeddeMPPT

nom
o f, for f

ff
ff

PP
ffR maxmax (16)

nommeasured
nommeasured

nom

MPPTloadedde

nom
o f, for f

ff
ff

PP
ffR minmin (17)

Fig. 5. De-loading rotor speed regions of DFIG.

IV.  SIMULATION OF AN ISLAND POWER SYSTEM

To verify the feasibility of the proposed coordinate control, 
various scenarios associated with an island power system are 
compared. Figure 6 presents a single line diagram of an island 
power system. The highest voltage level is 69 kV and the 
system has 12 traditional generators and two 69 kV 
transmission lines. Load demand is approximately in the 
range of 35 MW to 81.5 MW.

The performances of different control strategies are 
compared under two different load demands. Coordinate 
control strategy is implemented and compared to no control, 
inertial control and droop control situations. The light load 
demand 35 MW and heavy load demand 81.5 MW are chosen 
as two extreme scenarios. In the simulation, the wind speed is 
10 m/s. When the droop and coordinate controls are applied, 
the power reserve for each wind turbine is 10%. The overall 
installed wind power generation capacity is approximately 
12.4 MW and the load demand is actual measured data. The 
simulations are as follows.

In this work, the frequency-response simulations are 
implemented by an N-1 contingency, in which a traditional 
thermal power generator trips offline. During the system 
contingency, the transient frequency response, the power 
output from the wind farm, and the rotor speed of a WT are 
recorded. To confirm the effectiveness of the proposed 
control method, the inertia gain K and the droop gain R
during the fault are also observed. 
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Fig. 6. Single line diagram of an island power system.

A. Light Load Demand 35MW
The simulation results in the scenario of light load demand 

are shown in Figs. 7 and 8. The frequency nadir in Fig. 7(a) is
48.53 Hz, 48.84 Hz, 48.58Hz, and 48.90 Hz, respectively, 
with no control, inertia control, droop control, and coordinate 
control strategy. Obviousely, the coordinate control has the 
highest frequency nadir compared to other control strategies
during an N-1 contingency; moreover, inertia control is better 
than droop control. The active power output of the WF is 
shown in Fig. 7(b). It reveals that the power output increases 
at the moment using the the inertia or the coordinate control. 
Therefore, the rotor speed reduces greatly to release the 
rotating energy, as shown in Fig. 7(c). 

Figure 8 shows the time-varying inertia and droop gains in 
this scenario, in which the initial inertia gain of the inertia 
controller and the coordinate controller is 78.94 and 105.70, 
respectively. After 20s, the inertia gain of them is reduced to 
20.00 and 26.77, respectively. The large K value represents 
high inertia support. As shown in Fig. 8(b), the bend point of 
R curve is approximate 3.77 and 6.28, respectively, using the
droop control and the coordinaate control. Small R values can 
provide high droop response characteristics.

Acording to the above studies, the potential frequency 
regulation should include both inertia and droop controls to 
release rotating energy from a wind turbine. The simulation 
results reveal that the coordinate control strategy provides the 
best frequency response among various control methods 
during an N-1 contingency.

Fig. 7. Simulation results of light load demand 35 MW. (a) Frequency 
response, (b) The power output from the wind farm, (c) The rotor speed of a
DFIG-based WT

Page 6 of 9

978-1-5386-1053-4/18/$31.00 © 2018 IEEE

2018-PSEC-0140



Fig. 8. Simulation results of light load demand 35 MW. (a) inertia gain (b) 
droop gain 

B. Heavy Load Demand 81.5MW
The simulation results in the scenario of heavy load 

demand are shown in Figs. 9 and 10. As a contingency occurs, 
the frequency nadir drops to 48.61 Hz, 48.69 Hz, 48.63Hz, 
and 48.82 Hz, respectively, with no control, inertia control, 
droop control, and coordinate control strategy. The 
coordinate control has the highest frequency nadir compared 
to other control strategies during an N-1 contingency.
However, the effect is not obvious compared to the operating 
scenario - light load demand.

The active power output of the wind farm is shown in Fig. 
9(b). It indicates that the power output increases at the 
moment using the the inertia or the coordinate control. 
Therefore, the rotor speed reduces greatly to release the 
rotating energy, as shown in Fig. 9(c). Figure 10 shows the 
time-varying inertia and droop gains in this scenario. The K
values are the same as those at light load demand because of 
the identical control mechanism.

As shown in Fig. 10(b), the bend point of R curve is 
approximate 4.09 and 6.62, respectively, using the droop 
control and the coordinaate control. The simulation results 
also reveal that the coordinate control strategy has the best 
frequency response among three different controls during an 
N-1 contingency.

Fig. 9. Simulation results of heavy load demand 81.5 MW. (a) Frequency 
response, (b) The power output from the WT, (c) The rotor speed of a DFIG-
based WT

Fig. 10. Simulation results of light load demand 81.5 MW. (a) inertia gain
(b) droop gain
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The frequency nadirs using the four control schemes are 
summarized in Table I. The frequency nadirs without the 
frequency control are the lowest. Droop control cannot raise 
the frequency nadir greatly because the power reserve is only 
10%. By contrast, the inertia and coordinate controls can raise 
the frequency nadir significantly because the wind farm can 
provide more active power support by releasing the rotating 
energy. The coordinate control provides the best freqnency 
response because the power increase from the wind farm is 
the largest.

TABLE I
FREQUENCY NADIRS USING THE FOUR CONTROL STRATEGIES 

Frequency nadir
in the light load 

(Hz)

Frequency nadir
in the heavy 

load (Hz)
Without Control 48.1800 48.6979
Inertia Control 48.5990 48.9254
Droop Control 48.2647 48.7215

Coordinate Control 48.7178 49.0021
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V.  CONCLUSIONS

As the wind power penetration increases and more 
traditional units are replaced by wind generators, maintaining 
power system stability becomes increasingly difficult. 
Therefore, many grid codes in several countries require that 
wind generators must exhibit frequency regulation to enhance 
the performance of the power grid into which they are 
connected. Frequency regulation usually involves the addition 
of a control loop in the RSC circuit. Unlike the traditional 
method for frequency regulation, the method that is 
developed herein involves the calculation of optimal K and R
values; the proposed method is validated using an island 
power system. Furthermore, coordinate control that combines 
a parabolic function for the K variable and the 90% de-
loading operating mode is implemented and its feasibility is 
verified. The main contributions of this paper are as follows.
1. Define the time-varying K value of the inertia loop and 

the time-varying R variable of the droop loop to prevent a 
DFIG from stalling and to obtain better inertia and droop 
controls.

2. Deduce the inertia and droop control algorithms from 
fundamental mathematical equations and establish a new 
coordinate control strategy for the frequency regulation of 
DFIGs.

3. Validate and establish the feasibility of the proposed 
coordinate control strategy with reference to an island 
power system with different load demands and penetration 
levels.
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