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A B S T R A C T

In this paper, to reduce the effect of low inertia consequences, electric vehicle (EV) and variable speed
wind turbine (VSWT) are adopted to collaborate in the power system frequency regulation. A virtual inertia
controller based on the IEC 61851 standard is proposed to benefit from EV contribution in frequency regulation.
In this controller, the rate-of-change-of-frequency (ROCOF) is measured and an appropriate EV current set
point is obtained. Furthermore, to decrease the effect of frequency regulation on EVs owners, a stochastic
allocation method of the regulation sequence among EVs parking lots is presented. One of the barriers of
employing EV in the frequency regulation is the communication latency. To overcome this issue, according
to the measured latency, a weighted combination of several compensators which is called adaptive latency
compensator (ALC) is utilized. After compensating the delay, the output power of the EVs is calculated and
collaborated in frequency regulation. In addition, an algorithm is proposed for collaborating VSWT in frequency
control. In the proposed algorithm, according to the wind velocity, the output power of the VSWT increases
to the maximum acceptable value and will be fixed. A method is developed to find the maximum acceptable
increment power considering VSWT constraints. After a supportive part, a recovery part is started to return
VSWT hub speed to a desired value. Two PID controllers are designed in this algorithm for support and recovery
parts. During the recovery part, a second frequency dip emerges and a method is introduced which at first
identifies the second frequency dip moment and EVs collaboration is applied to alleviate this unfavorable
outcome. To evaluate the performance of the proposed algorithms and controllers, different simulation studies
are conducted using the modified IEEE 39-bus test power system. Results confirm the effectiveness of the
proposed methods in system frequency support.

1. Introduction

In recent years, the penetration of renewable energy resources
(RESs) like wind and solar in the power system have been increased sig-
nificantly [1,2]. Wind and solar power plants are converter-connected
resources, highly variable and dependent on climate conditions. There-
fore, unlike conventional power plants, they are electrically decoupled
from the grid [3]. Power system inertia is determined by considering
the rotating masses directly connected to the grid [4]. Thus, as adopting
RESs increase, the total inertia of the power system decreases. In
addition, the high voltage direct current (HVDC) electric power trans-
mission systems have been used recently to transfer power between
the interconnected areas [5]. HVDC links separate the inertial response
between the interconnected areas. Therefore, the inertial response de-
creases which makes the power system vulnerable under sudden load
changes and generation unit or transmission line outages [6]. As a

E-mail address: Saho@energy.aau.dk.

result, maintaining the power system frequency in an acceptable range
which guarantees a stable and secure operation is more challenging [7].
Variable speed wind turbine (VSWT), demand response (DR), Battery
energy storage system (BESS) and electric vehicles (EV) are several
state-of-the-art methods to improve the power system frequency reg-
ulation [8]. In this paper, EVs and VSWT are employed to collaborate
in the frequency regulation.

Excessive consumption of fossil fuels and consequent high air pol-
lution promoted authorities to replace internal combustion engine ve-
hicles with electric vehicles [9]. Significant integration of EVs in the
power systems provides a considerable potential of flexible generation
and load capability. Furthermore, they act as distributed energy storage
systems. Particularly, near 90% of the times, they are plugged into
a charging station [10]. Collaboration in load shifting [11], voltage
support [12], spinning reserve [13] and frequency regulation [14,15]
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are several benefits of EVs in the grid. It is worth mentioning that due to
some items like circuitry, types and arrangement of EVs’ components,
various challenges will emerge. Bounded power or energy capacity
is one of the challenges that can be solved by employing a lot of
EVs [16]. The other one is a relatively long activation time. In other
words, there is a latency between sending the control command and
changing the output power to a desirable value. This issue is caused
due to the signal measurement time, EVs’ inverter activation time and
communication latency between the central controller and EVs. Signal
measurement time and inverter activation time can be omitted by
using suitable measurement devices and perfect power electronic tools,
respectively. For better performance, the communication latency which
varies during time should be compensated somehow.

Collaboration in frequency regulation is one of the interesting EV
applications. In [17], based on the power system frequency, a droop
control strategy is proposed to adjust the EV charging or discharging
power. In [18], a decentralized control procedure is introduced to
employ EV in primary frequency control by responding to the system
frequency fluctuations. Two optimal real-time strategies based on area
control error and area regulation requirements are suggested for EV
in [14] to collaborate in the secondary frequency control. An organized
charging technique is presented for EV in [19] to improve frequency
regulation. In [19], a controller is designed to keep the EV battery state
of charge (SOC) around 50%. To adopt EV in frequency adjustment, an
optimized fuzzy logic controller is offered in [20] to charge or discharge
the EV battery. An optimal controller derived from the sliding mode
approach is recommended in [21] to employ EV in secondary frequency
control. This controller tries to balance the power generation and load
demand of the power system considering the EV.

Nowadays, regarding the environmental concerns, the rate of wind
turbine installation and power generation are increased significantly
which decreases the power system inertia [22]. Therefore, the stability
and operational security of the power system will be jeopardized. One
way to decrease this concern is utilizing variable speed wind turbines
(VSWT) in the power system frequency and voltage control [23].
VSWTs are categorized in fully rated converters (FRC) and doubly-
fed induction generators (DFIG) [24]. One of the well-known methods
to employ VSWT in the frequency regulation is the power unreserved
control. Temporary over-production and inertia control are two main
groups of power unreserved control [25,26]. In face of a severe dis-
turbance, the VSWT should increase its output power immediately. It
should be noted that every change may not be achievable. This incre-
ment leads to hub speed reduction. Based on wind turbine stability, this
over-production period is bounded and after that, the hub speed will
be recovered. Furthermore, the VSWT will be removed from frequency
regulation when the hub speed reaches the minimum acceptable speed.

Wind turbine collaboration in frequency regulation is suggested in
some studies. In [27], a strategy about virtual inertia control is pre-
sented to emulate inertia and damping properties to enhance frequency
regulation. As mentioned in [28], inappropriate tuning of virtual in-
ertia parameters may cause instability in the power system. To have
a smoother excursion in front of load increment or generation unit
outage, the particle swarm optimization method is applied in [29] to
tune the virtual inertia controller parameters. An efficient strategy is
presented in [30] to support the frequency via the wind turbine. In this
reference, the Hydro-Quebec electricity transmission system suggests
an inertia emulation pattern to compensate the power system low
inertia effect. In [1], an ancillary frequency controller is implemented
in the DFIG wind turbines. The input to state stability concept is
employed to set the controller parameters to improve the power system
operating conditions. In [31], an inertial controller and a primary fre-
quency response controller are provided in the power system with high
penetration of wind turbines. The implemented method can be utilized
for power system frequency control during super-synchronous and sub-
synchronous wind turbine operations. To imitate the inertia response,
the stored kinetic energy of the VSWT is employed in [32]. Speed

controller based on fuzzy logic as well as two ancillary controllers are
introduced in [33] to boost the frequency response in DFIG based wind
turbines.

To fix the issues associated with the previous studies, the main
contributions of the present study are as follows:

• A virtual inertia controller based on IEC 61851 standard is pre-
sented to employ EVs in the power system frequency regulation.
In this controller, the ROCOF of the power system is measured
and the corresponding EV output current set point will be cal-
culated. A dead-band is considered in the controller to avoid
collaboration of EVs in small ROCOFs. In addition, to follow the
technical 1 − A granularity EV current change constraint, EV
output current oscillation is probable. To avoid this concern, a
modification phase is added to the virtual inertia controller. More-
over, a stochastic allocation method of the regulation sequence
among EVs parking lots is proposed to reduce the effect of the
frequency regulation on customers.

• Applying EV in the power system frequency involves some com-
munication latency. To meet this challenge, an adaptive latency
compensator (ALC) is proposed to compensate this variable la-
tency. The ALC consists of some weighted compensators to miti-
gate the impacts of phase lag due to the latency.

• An algorithm is presented to collaborate VSWT in the power sys-
tem frequency regulation. After occurring a disturbance, VSWTs
can increase their output power for a specific period and then
are recovered by a control signal. To achieve this, two PID
controllers are designed and their parameters are optimized by
genetic algorithm. In addition, according to the wind velocity, the
maximum acceptable power increment of the VSWT is obtained.
During the recovery stage, a second frequency dip appears, and
a method is provided that first identifies the second frequency
dip moment and then employs EV cooperation to mitigate this
undesirable outcome.

• To evaluate the efficiency of the proposed methods, four sim-
ulation scenarios are applied and performed in the modified
IEEE 39-bus test power system using MATLAB/SIMULINK. Results
confirm the effectiveness of the suggested algorithms.

Note that in the following, Section 2 presents EV framework and its
virtual inertia controller. The latency compensation process is reported
in Section 3. The frequency regulation algorithm using wind power
plants is described in Section 4. The simulation studies and results
comparison are given in Sections Sections 5 and 6, respectively. Finally,
conclusion section is provided in Section 7.

2. Modeling framework of EV in frequency regulation

2.1. EV virtual inertia controller

Virtual inertia controller is applied to adopt EVs capability in fre-
quency regulation. EV current is controlled with 1 A granularity from
6 A to 16 A according to IEC 61851 standard and EV nominal current
is set to 11 A [34]. It should be noted that, this practical restriction can
lead to repetitive charging and discharging EV current.

By providing active power which is proportional to the rate of
change of frequency (ROCOF), single-phase EV can imitate conven-
tional power plant behavior. EV virtual inertia controller diagram is
depicted in Fig. 1. In this figure, the dotted and the solid curves show
the ideal and real ROCOF-EV output current droops, respectively. The
ROCOF is measured and according to Fig. 1, the current of EV will
be obtained. To increase the life span of the EV battery, the EV is
prohibited in frequency regulation in front of small ROCOFs. Therefore,
a dead band of (±0.3 Hz∕s) is considered in the controller.
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Fig. 1. Virtual inertia controller droop characteristic.

Fig. 2. Virtual inertia controller and EV dynamic model diagram.

2.2. EV participation in frequency regulation

A comprehensive model for participating of EV in frequency regu-
lation is shown in Fig. 2. It consists of, virtual inertia controller and EV
dynamic model. In the EV dynamic model part, 𝐷𝐴&𝐶 represents the
inverter activation and communication latency, 𝑉 and 𝑃 are voltage
and active power of the EV, respectively. In the virtual inertia con-
trol model, 𝑓 is the frequency of the power system, measured every
200 ms and 𝐷𝑀&𝐶 is measurement and communication latency. The
modification phase is an algorithm that is demonstrated as follows.

As mentioned, based on IEC 61851 standard, EV current changes in
1 A steps. It can lead to 1 A oscillations. Assume, the output current
of the ideal inertia controller is 14.6 A. Therefore, the output current
of the real virtual inertia controller will be 15 A. This difference can
cause a notable change in the EV output active power. As a result, the
difference in active power might alter the power system frequency and
ROCOF. Therefore, the output current from the ideal and real virtual
inertia controller can be 14.4 A and 14 A, respectively. This movement
might repeat several times and can decrease the EV battery life span.
As the droop of the virtual inertia controller and the portion of EV in
the power system increase, the probability of turning in the loop will
be higher.

To overcome this issue, the modification phase is attached to the
virtual inertia controller. The control diagram of the modification phase
is depicted in Fig. 3. In this diagram, 𝐼 and 𝐼𝑂𝑢𝑡 are calculated and the
output currents of EV, respectively. 𝐼 ′𝑂𝑢𝑡 is EV output current at the last
time step. To consider the charging or discharging status and changed
value of the output current, parameter 𝑆 is introduced. This parameter
at the last time step is demonstrated by 𝑆′. 𝑆 has three different values.
𝑆 = 0 is used for controller initialization, 𝑆 = 1 represents that the
output current has been increased in the last time step, and 𝑆 = −1

Fig. 3. Modification phase of virtual inertia controller diagram to avoid EV current
oscillation.

shows that, the output current has been decreased in the last time step.
In the modification phase, 𝐼 and 𝐼 ′𝑂𝑢𝑡 are compromised and based on
𝑆′ value, EV output current oscillation will be avoided.

Since this study aims to investigate the EV’s capabilities and limits
in providing fast primary control and virtual inertia control, the battery
charge state was neglected.

2.3. EVs parking lots participation sequence in power system frequency
regulation

Another point that should be mentioned is about different EVs
parking lots (EPLs) participation sequences in power system frequency
regulation. A threshold value, 𝛥𝑓 𝑖

𝑇 , is assigned to the 𝑖th EPL to collabo-
ratively engage in the frequency regulation. When a certain frequency
deviation is reached, the associated EPL begins to participate in the
frequency regulation. The first EPL collaborates in the frequency con-
trol as soon as the frequency variation in the power system exceeds
the minimum frequency violation threshold, 𝛥𝑓𝑚𝑖𝑛. Furthermore, when
the power system frequency deviation exceeds than another threshold,
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𝛥𝑓𝑚𝑎𝑥, all EPLs work together to regulate the frequency. The region
between these thresholds is divided into a number of potential EPLs
and the 𝛥𝑓 𝑖

𝑇 for each EPL is obtained. From 𝛥𝑓𝑚𝑖𝑛 to 𝛥𝑓𝑚𝑖𝑛 + 𝛥𝑓 1
𝑇 , only

the first EPL contributes. From 𝛥𝑓𝑚𝑖𝑛 + 𝛥𝑓 1
𝑇 to 𝛥𝑓𝑚𝑖𝑛 + 𝛥𝑓 2

𝑇 , the first
and second EPLs collaborate. Because the frequency deviation in the
power system is usually greater than 𝛥𝑓𝑚𝑎𝑥, this process will continue
until all EPLs collaborate in frequency regulation. The turn of EPLs
collaboration rotates hourly to evenly spread the burden on the EPLs.
EPLs with smaller 𝛥𝑓𝑇 participate in the frequency regulating process
earlier than others.

3. Communication latency compensation

One of the barriers of using EV in frequency regulation is the
communication latency. The communication latency is not fixed due to
the communication loads [35]. In the input signals, the communication
latency causes phase lag. Thus, an adaptive latency controller (ALC) is
required to alleviate the effects of the phase lag. By this compensator,
the EV can become an appropriate option for participating in the
frequency regulation task.

In the designing process of ALC, the maximum and minimum
amounts of latency are required. The proposed ALC consists of a
weighted combination of several compensators. The weights are set
according to the measured latency. The compensation process is carried
out in real-time and the proposed ALC is realized by finite pre-planned
compensators. The following equations demonstrate the communica-
tion latency compensation algorithm in which ‘‘𝜏’’ denotes the amount
of communication latency. Consider 𝑒−𝜏𝑠 as the transfer function of
latency. We have

𝐿(𝑠) = 𝑒−𝜏𝑠 = (𝑒−
𝜏
𝑛 𝑠)𝑛 = ( 𝑒

− 𝜏
2𝑛 𝑠

𝑒
𝜏
2𝑛 𝑠

)𝑛 ≃
(1 − 𝜏𝑠

2𝑛 )
𝑛

(1 + 𝜏𝑠
2𝑛 )

𝑛
. (1)

Note that the first-order Pade approximation may cause instability.
In other words, a PID controller that stabilizes an approximation may
actually destabilize the true system [36]. Although the probability
of instability by the first-order Pade approximation decreases as the
system order increases, it is recommended that controller parameters
should be chosen cautiously.

The phase of 𝐿 in (1):

∡𝐿(𝑗𝜔) ≃ −2𝑛 × 𝐴𝑟𝑐𝑡𝑎𝑛( 𝜏𝜔
2𝑛

), (2)

Now, a new transfer function that has the same phase lag can be defined
as follows:

𝐿(𝑠) = 1
(1 + 𝜏𝑠

2𝑛 )
2𝑛
. (3)

According to (3), the transfer function associated to each compensator
is introduced as below:

𝐿𝐶𝑖(𝑠) =
(1 + 𝑇𝑖𝑠

2𝑛 )
2𝑛

(1 + 𝑇𝑐𝑠)2𝑛
for 𝑖 = 1, 2,… , 𝑚. (4)

It should be noted that each mentioned compensator in (4) com-
pensates a certain amount of communication latency. Here, the time
constant 𝑇𝑐 is a constant parameter which can vary according to the
dynamic of the involved system. Notice that the proposed ALC is a
weighted combination of mentioned compensators in (4) as follows:

𝐴𝐿𝐶(𝑠) =
𝑁𝑢𝑚(𝑠)
𝐷𝑒𝑛(𝑠)

=
𝑚
∑

𝑖=1
𝑊𝑖(𝜏)𝐿𝐶𝑖(𝑠), (5)

where 𝑊𝑖 is the weighting factor associated with the 𝑖th compensator,
i.e., 𝐿𝐶𝑖. It is worth mentioning that the zeros of 𝐴𝐿𝐶(𝑠) are selected

Fig. 4. Electric power of the wind turbine versus wind velocity.

to compensate the phase lag. Therefore, the numerator of (5) should be
equal to the denominator of (3). This leads to the following equation:

𝑁𝑢𝑚(𝑠) =
𝑚
∑

𝑖=1
𝑊𝑖(𝜏)(1 +

𝑇𝑖𝑠
2𝑛

)2𝑛 ≡ (1 + 𝜏𝑠
2𝑛

)2𝑛. (6)

The quality of compensating the latency completely depends on the
number of employed compensators. Notice that after a certain number,
employing additional compensators does not have a considerable effect
on the compensation process. By satisfying (6), the weighting factors
can be calculated using the following system of equations:

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

∑𝑚
𝑖=1 𝑊𝑖(𝜏) × 𝑇𝑖2𝑛 = 𝜏2𝑛,

∑𝑚
𝑖=1 𝑊𝑖(𝜏) × 𝑇𝑖2𝑛−1 = 𝜏2𝑛−1,

⋮
∑𝑚

𝑖=1 𝑊𝑖(𝜏) × 𝑇𝑖 = 𝜏,
∑𝑚

𝑖=1 𝑊𝑖(𝜏) = 1.

(7)

If 𝑚 = 2𝑛+1, the Cramer method can be applied to calculate 𝑊𝑖(𝜏)s.
It is worth noting that 𝑇1 and 𝑇𝑚 are the minimum and maximum
amounts of latency, respectively, and 𝑇2 to 𝑇𝑚−1 are some fixed numbers
which can be selected between these extreme values.

4. Frequency regulation support from wind farms

4.1. Wind turbine principles

The wind turbine power versus wind velocity curve is sketched in
Fig. 4. The wind velocity is categorized into under and upper rated
wind velocities. To adjust the power to the rated value in the upper and
around rated wind velocities, the pitch controller is activated. At the
middle wind velocities, the dynamic of the wind turbine hub is derived
by the generator torque control and the aerodynamic torque. Around
the left side of the under rated wind velocity, start-up and shut-down
modes are triggered.

Furthermore, to extract wind turbine maximum power at each wind
velocity, maximum power point tracking (MPPT) mode is suggested
and is formulated as follows.

𝑃𝑔𝑒𝑛 = 𝐾𝑜𝑝𝑡𝜔
3. (8)

where, the constant, 𝐾𝑜𝑝𝑡, is obtained as below:

𝐾𝑜𝑝𝑡 =
𝜌
2
𝜋𝑅2𝐶𝑝(𝜆∗)(

𝑅
𝜆∗

)3. (9)
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In (9), 𝜆∗ is the desired tip speed ratio which makes the maximum
power coefficient.

Changing wind turbine hub speed is necessary to exploit the kinetic
energy from the wind turbine. Notice, some changes are not feasible. As
shown in Fig. 4, upper and under rated wind velocities are two different
power generation methods in the VSWT [37].

Wind turbine single mass model is described as follows:

𝐽 𝑑𝜔
𝑑𝑡

= 𝑇𝑎𝑒𝑟𝑜 − 𝑇𝑔𝑒𝑛 (10)

where, 𝐽 is the inertia of the wind turbine hub in (kg m2), 𝑇𝑎𝑒𝑟𝑜 and 𝑇𝑔𝑒𝑛
are wind turbine aerodynamic and generator torques. 𝑇𝑎𝑒𝑟𝑜 is equal to:

𝑇𝑎𝑒𝑟𝑜 =
𝜌
2𝜋𝑅

2𝑣3𝐶𝑝(𝜆, 𝛽)

𝜔
(11)

The generator torque which is a function of squared hub speed adjusts
the wind turbine operating point. At the steady state, desired tip speed
ratio, 𝜆∗, is set according to the wind velocity. To produce wind turbine
inertia response, 𝛥𝑇 is attached to the generator torque according to the
following equation.

𝑇𝑔𝑒𝑛 = 𝐾𝑜𝑝𝑡𝜔
2 + 𝛥𝑇 . (12)

Notice, 𝐾𝑜𝑝𝑡 was introduced in (9).
Several controllers have been presented to release inertial response

from wind turbines to collaborate in frequency regulation. One of them
is power reference term. In this state, the 𝛥𝑇 is:

𝛥𝑇 = 𝑀
𝜔

(13)

where, 𝑀 is constant. By adjusting the value of 𝑀 , this controller
changes turbine hub speed. Therefore, the released kinetic energy of
the wind turbine changes. The torque curves versus hub speed of the
wind turbine are depicted in Fig. 5 where 𝑇𝑔𝑒𝑛 and 𝑇 ′

𝑔𝑒𝑛 are the steady
state generator torques of the wind turbine before and after applying
𝛥𝑇 . These torques are described in Eq. (14).
{

𝑇𝑔𝑒𝑛 = 𝐾𝑜𝑝𝑡𝜔2,

𝑇 ′
𝑔𝑒𝑛 = 𝐾𝑜𝑝𝑡𝜔2 + 𝑀

𝜔 ,
(14)

As shown in Fig. 5, increasing the generator torque (positive M),
leads to hub speed reduction. In addition, the red curve shows the
transient trajectory. It should be noted that, to have a stable operation,
𝑇 ′
𝑔𝑒𝑛 should have an intersection with 𝑇𝑎𝑒𝑟𝑜. Furthermore, after increas-

ing the VSWT power, the output power must be lower than maximum
output power of the wind turbine and the final hub speed must be
upper than minimum hub speed. To find the maximum allowable value
for 𝑀 , an algorithm is proposed in Fig. 6. 𝑃0 is the initial power of
VSWT before increasing, 𝑃𝑚𝑎𝑥 is VSWT maximum output power and 𝜔𝑓
is the final hub speed after increasing power. In this algorithm, first,
it is assumed that 𝑀 = 0 and 𝑇𝑔𝑒𝑛 and 𝑇 ′

𝑔𝑒𝑛 curves are intersected. If
the updated VSWT output power is lower than 𝑃𝑚𝑎𝑥, and the VSWT
hub speed at the intersection point (𝜔) is greater than the minimum
permissible hub speed value (𝜔𝑚𝑖𝑛), 0.01 p.u is added to the size of 𝑀 .
𝑇𝑔𝑒𝑛 and 𝑇 ′

𝑔𝑒𝑛 curves are intersected again and this process is repeated.
When no intersection exists between 𝑇𝑔𝑒𝑛 and 𝑇 ′

𝑔𝑒𝑛 curves or the output
power of VSWT is higher than 𝑃𝑚𝑎𝑥 or 𝜔 is lower than (𝜔𝑚𝑖𝑛), the
process is terminated, and the new value of 𝑀 is referred to as the
maximum allowable increment in the output power of VSWT.

4.2. Proposed controller scheme

The first idea of the proposed controller is adopted from the Hydro-
Quebec inertia requirement for internal emulation from renewable
energy sources. The Hydro-Quebec electricity transmission system was
the first one that requested wind power plants to collaborate in the
frequency regulation [30]. It was stated that the wind power plants
with more than 10 MW rated power should be designed somehow to

Fig. 5. Aerodynamic, generator and new generator torques and transient response of
the VSWT.

Table 1
Hydro-Quebec recommended parameters.

Parameter Value

Power Increment (PI) ≥6%
Power Decrement (PD) ≤20%
Activation Time (AT) ≤1 (s)
Support Duration (SD) ≥10 (s)
Transition Time (TT) ≥3.5 (s)
Recovery Duration (RD) ≤20 (s)

cooperate in power system frequency control. According to the Hydro-
Quebec electricity transmission system suggestion, the wind power
plants are employed in frequency control in face of higher than 0.5 Hz
and less than 10 s frequency deviations. The proposed strategy is shown
in Fig. 7. In this figure, ‘‘𝑃𝐼 ’’ and ‘‘𝑃𝐷’’ are power increment and power
decrement, respectively. Furthermore, ‘‘𝐴𝑇 ’’, ‘‘𝑆𝐷’’, ‘‘𝑇𝑇 ’’ and ‘‘𝑅𝐷’’
are activation time, support duration, transition time and recovery
duration. Point 1 is the starting point. From point 1 to point 2, the wind
turbine reaches maximum participatory power. From Point 2 to point
3 the overproduction power is fixed. Decreasing the additional output
power is started from point 3 to point 4. At point 4, the recovery part is
started and continues to point 7. The recommended parameters of this
approach are presented in Table 1. As seen in the table, the maximum
boundary for ‘‘𝑃𝐼 ’’ and the minimum boundary for ‘‘𝑅𝐷’’ were not
reported. In other words, according to the wind turbine dynamic,
it might be impossible to increase its power more than 6% and be
recovered in less than 20 s. To this end, an algorithm is proposed. The
proposed algorithm contains some states which based on the measured
frequency and its ROCOF value is activated. Ramping up and uniform
support states are controlled by the first PID controller and there is
another PID controller for the recovery state.

The structure of the proposed algorithm is demonstrated as below:



International Journal of Electrical Power and Energy Systems 155 (2024) 109535

6

S.A. Hosseini

Fig. 6. The proposed algorithm to find the maximum value for M.

Fig. 7. Hydro-Quebec proposed scheme for VSWT to contribute in frequency regulation.

• Idle state: In this state, the frequency deviation is not enough
to request the wind turbine to collaborate in frequency control.
Here, by intersecting 𝑇𝑎𝑒𝑟𝑜 and 𝑇𝑔𝑒𝑛 curves, the wind turbine hub
speed operating point is obtained.

• Activation state: when the frequency is lower than 49.95 Hz and
ROCOF is negative, the process is started by considering 𝛥𝑇 from
Eqs. (13) and (14) as control signal.

• Ramping up state: the wind turbine output power ramps up in
one second. The wind turbine can be more helpful in maintaining
frequency in the acceptable range, if its output power is as much
as possible. Based on the wind velocity, the maximum allowable
value for 𝑀 is obtained from Fig. 6. If the time after activation is
lower than one second and the frequency is higher than 49.95 Hz,
the turbine stops supporting and transfer to the recovery state.
When time is one second and the frequency is not higher than
49.95 Hz, follow the next state.

• Uniform support state: In this state, the increment power will be
fixed to the maximum 𝑀 . The wind turbine operates in this state
for a maximum of 10 s or when the wind turbine hub speed, 𝜔,
is equal to the minimum acceptable hub speed, 𝜔𝑚𝑖𝑛.
First PID controller is designed to follow ramping up and uniform
support states. In this controller, the introduced 𝛥𝑇 in Eq. (13)
will be the control signal and is increased in two phases. There-
fore, the wind turbine hub speed is reduced according to Fig. 5.

• Recovery state: The final state is the recovery state. In this state,
the wind turbine hub speed will be recovered by second PID
controller. This controller tries to reduce 𝛥𝑇 to zero. Therefore,
the wind turbine hub speed will be set by intersecting the 𝑇𝑎𝑒𝑟𝑜
and 𝑇𝑔𝑒𝑛 in a new wind velocity.

The block diagram of the proposed algorithm is shown in Fig. 8,
where, 𝑈𝑆𝐷 and 𝐴𝑇 are uniform support duration and activation time,
respectively.

Fig. 8. The proposed algorithm for collaborating VSWT in the frequency regulation.

4.3. Alleviating the second frequency dip

To avoid the second frequency dip, the transition and recovery
states of the VSWT should be slow, which can take a considerable
time. As this time increases, recovering the power system frequency
and the VSWT output power will be unfavorably longer. One solution
to decrease the second frequency dip is applying EVs equipped with
the adaptive latency controller. The only challenge is then to identify
the desired moment to apply the EVs in this process. In other words,
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Fig. 9. The stable area based on 𝑘𝑖 and 𝜏 values.

when the second frequency dip occurs, the EVs controller must be
activated. In cases where the VSWT does not participate in power
system frequency regulation when the wind velocity increases, the
VSWT hub speed 𝜔 rises and leads to an increment in the VSWT’s output
power, 𝑃𝑂, and vice versa. In under-rated wind velocities, the below
equation is satisfied:

(𝑑𝜔
𝑑𝑡

) × (
𝑑𝑃𝑂
𝑑𝑡

) > 0. (15)

When the VSWT collaborates in the frequency regulation, 𝑃𝑂 in-
creases and 𝜔 decreases during the ramp-up and uniform support states.
In the recovery state, however, 𝑃𝑂 decreases and 𝜔 rises. Accordingly,
it can be concluded that when 𝜔 rises, ( 𝑑𝜔𝑑𝑡 ) > 0 and 𝑃𝑂 drops ( 𝑑𝑃𝑂𝑑𝑡 ) < 0,
the second frequency dip is emerged. Therefore, when both ( 𝑑𝜔𝑑𝑡 ) > 0
and ( 𝑑𝑃𝑂𝑑𝑡 ) < 0 are met, the EVs controller should be activated to
decrease the amount of second frequency dip.

5. Simulation and case studies

To investigate and compare the performance of the proposed con-
trollers and algorithms, some studies and simulations are applied in
the modified IEEE 39-bus test power system. The specifications of this
power system, EV and wind turbine properties are given in [38]. The
performance evaluation contains four scenarios. It should be noticed
that, in the scenarios that the EVs collaborate in the frequency regula-
tion, it is supposed that near 15 000 EVs are plugged into a charging
spot. In addition, the time constant 𝑇𝑐 in ALC is considered 0.05 s. Fur-
thermore, in the scenarios that the wind turbines support the frequency
control, around 40% of the power is provided by wind farms. The
integral controller parameter in the secondary control loop is adjusted
by employing the Genetic Algorithm (GA). As mentioned earlier, the
first-order Pade approximation may cause instability. Therefore, this
coefficient, 𝑘𝑖, should be tuned to keep the system stable in the face
of different communication delay scenarios. It is assumed that the
maximum communication delay is not greater than 2.5 s. The shaded
area in Fig. 9 illustrates the values of 𝑘𝑖 and 𝜏 that preserve the system
stability. Hence, in order to avoid endangering the stability of this
power system, 𝑘𝑖 should be lower than 0.75. The objective function
of the optimization problem in GA is a weighted summation of the
minimum amount of frequency and 1-norm of frequency response.

• Scenario 1: In this scenario, the proposed methods and con-
trollers in Sections 2 and 3 for evaluating EV participation in the
power system frequency regulation are utilized. This scenario has
three different states and in all of them, at 𝑡 = 5 s, a step load in-
crement 𝛥𝑃𝐿 = 175 MW is applied in the system as a disturbance.
At first state, it is assumed that the power system is just equipped
by the droop speed governors plus automatic generation control
(AGC). The frequency excursion is shown in Fig. 10 with the solid

green curve. The frequency deviation is high, therefore in the
second state, the EV with the proposed virtual inertia controller
is added to the power system. The disturbance is applied and the
frequency excursion is depicted in Fig. 10 with the dashed blue
curve. Employing EV in the power system improves the frequency
regulation. Finally, in the third state, the ALC with 𝜏 = 400 ms is
attached to the virtual inertia controller to decrease the effect of
communication latency. The frequency excursion of this state is
sketched in Fig. 10 with the solid red curve. In comparison to the
other states, the frequency deviation is decreased which shows
the performance of the EV and ALC.
In addition, the EV currents set points in both second and third
states are shown in Fig. 11. When the virtual inertia controller
is not equipped with ALC, the current set point is depicted in
Fig. 11 with the dashed blue curve. It is decreased to 9 A and
then is recovered. The EV current set point in presence of ALC
is represented in Fig. 11 with the solid red curve. In this state,
the current set point is decreased to 8 A and then is recovered. It
can conclude that applying ALC in EV enhances the EV’s ability
to participate in the frequency regulation.

• Scenario 2: In this scenario, the maximum increment power of
the wind turbine for different wind velocities is obtained. To do
this, the proposed algorithm in Fig. 6 is adopted. The results are
reported in Fig. 12. As seen, when the wind velocity is greater
than 10.3 m∕s, the maximum increment power is reduced because
of the VSWT maximum output power constraint violation.

• Scenario 3: In this scenario, the efficiency of the VSWT participa-
tion in the power system frequency regulation is assessed. Here,
𝛥𝑃𝐿 = 175 MW step load increment at 𝑡 = 5 s is applied as a
disturbance. In addition, it is assumed that the power system is
equipped with the governor and AGC systems. In this scenario,
near 40% of the conventional power plants are replaced by wind
power plants. Therefore, the inertia of the power system decreases
from 3.97 s to 2.47 s. Here, there are three states. The first
state includes conventional and wind power plants without any
additional controller on the wind turbines. The second state is
the first state plus considering the proposed Hydro-Quebec con-
troller for wind turbines. The difference between the second and
third scenarios is applying the proposed controller in Section 4.2
instead of Hydro-Quebec controller for the VSWT. After occurring
the disturbance, at the first state, the frequency excursion because
of low inertia decreases too much and is depicted in Fig. 13 by
the solid blue curve. When the Hydro-Quebec proposed controller
is added to the VSWT, the frequency response is shown by the
solid red curve in Fig. 13. In this state, the nadir frequency
improves significantly. As demonstrated in Fig. 14 by the solid red
curve, the wind turbine hub speed is reduced in the supporting
zone and is returned in the recovery zone. Finally, at the third
state, the proposed controller is considered in the VSWT and
the frequency pattern is shown by the dashed black curve in
Fig. 13. The wind turbine hub speed in this state is depicted in
Fig. 14 by the dashed black curve. The nadir and settling time
of frequency as well as wind turbine hub speed are improved
remarkably compared to the Hydro-Quebec proposed controller
which shows the effectiveness of the proposed algorithms.

• Scenario 4: In this scenario, three different states are defined and
in all of them at 𝑡 = 5 s, a step load increment 𝛥𝑃𝐿 = 175 MW
is applied in the system as a disturbance. For the first state, the
power system consists of conventional and wind power plants.
The frequency excursion is shown in Fig. 15 by the solid green
curve. Obviously, the frequency deviation is high and should
be improved somehow. Therefore, the proposed controller in
Section 4.2 is adopted to improve the frequency stability. In this
state, the frequency excursion is shown by the dashed blue curve
in Fig. 15. The nadir frequency is made better. In the third state,
the nadir frequency can be better by employing EV and ALC
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Fig. 10. Power system frequency response with and without participation of EV and ALC.

Fig. 11. EV current set point with and without ALC.

Fig. 12. Wind velocity versus VSWT maximum increment output power.

with 𝜏 = 400 ms in the frequency regulation as described in
Sections 2 and 3. The frequency excursion is shown in Fig. 15
by the solid red curve. In this state with low inertia, the power
system frequency regulation improves significantly which shows
the effectiveness of the proposed algorithms.

• Scenario 5: This scenario investigates the proposed method in
Section 4.3 to find the moment at which the second frequency
dip occurs and another group of EVs as well as ALC are applied to

mitigate it. Three different states are considered. In the first state,
the VSWT based on the proposed controller in Section 4.2 partici-
pates in power system frequency control. The value of the second
frequency dip is significant as shown in Fig. 16 with the solid
red curve. In the second state, when ( 𝑑𝜔𝑑𝑡 ) > 0 and ( 𝑑𝑃𝑂𝑑𝑡 ) < 0 are
satisfied, the EV controller (with 𝜏 = 0.5 s) is applied to the first
state to reduce the amount of second frequency dip as depicted in
Fig. 16 with the dashed blue curve. As it can be seen, the amount
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Fig. 13. Power system frequency response considering the VSWT with Hydro-Quebec and the proposed algorithms.

Fig. 14. Wind turbine hub speed in the Hydro-Quebec and the proposed algorithms.

Fig. 15. Power system frequency response considering VSWT, proposed controller, EV and ALC.

of second frequency dip decreases significantly. To reduce the
effect of the communication delay on EVs participation to control
the second frequency dip, the ALC is attached to the second state
and is considered as the third state. The frequency fluctuation
is depicted by the solid green curve in Fig. 16. The amount of
second frequency dip drops which shows the importance of EVs

activation at an appropriate moment and the efficiency of the
proposed ALC.

6. Comparison to similar studies

At this point, the outcomes of this study are compared to the
findings of other research works to demonstrate the efficacy of the
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Fig. 16. Alleviating of the second frequency dip by employing another group of EVs and ALC at an appropriate moment.

suggested algorithms and controllers connected to employing EV and
VSWTs to improve the power system frequency regulation.

• Comparison of the results presented in Sections 2 and 3 with
the findings of Ref. [20]:
In Ref. [20], a new V2G method was proposed for grid frequency
control in the presence of EVs in a smart deregulated electric-
ity system. To collaborate with EVs in power system frequency
regulation, enhanced fuzzy logic controllers have been adopted.
Fuzzy controllers took into account the SOC of the batteries and
the grid frequency deviation as two input variables. The charge
or discharge power of EV batteries was calculated with regard to
these inputs, taking into account membership functions as well as
fuzzy rules.
The proposed methods in Ref. [20] have been implemented in the
modified IEEE39-bus test power system, the test system of this
paper. Here, the proposed methods and controllers in Sections 2
and 3 and Ref. [20] for evaluating EVs’ participation in the power
system frequency regulation have been utilized. In this scenario,
at 𝑡 = 5 s, a step load increment of 𝛥𝑃𝐿 = 175 MW is applied in the
system as a disturbance. At first state, the EV with the proposed
virtual inertia controller mentioned in Section 2 is added to
the power system. The disturbance is applied and the frequency
excursion is depicted in Fig. 17 with the dashed blue curve. In the
second state, the algorithms and methods described in Ref. [20]
have been put into practice. The frequency fluctuation in the face
of a similar disturbance is shown in Fig. 17 with the solid green
curve. Although the second state’s findings have a slightly shorter
settling time than the first state, the first state’s nadir frequency is
noticeably better than the second state’s which demonstrates the
superiority of the suggested strategy in Section 2 of this paper.
Finally, in the third state, the ALC with 𝜏 = 400 ms is attached to
the virtual inertia controller, the first state, to decrease the effect
of communication latency. The frequency excursion of this state is
sketched in Fig. 17 with the solid red curve. In comparison to the
other states, the frequency deviation and nadir frequency amount
have improved which shows the performance of the proposed
algorithms and controllers related to EV and ALC in Sections 2
and 3.

• Comparison of the results presented in Section 4 with the
findings of Ref. [33]:
Ref. [33] presents novel controllers for wind turbines based on
doubly fed induction generators (DFIG). These controllers not
only optimize the transient behavior of DFIGs, but also actualize
their involvement in the frequency control duty of the power sys-
tem. One primary speed controller and two auxiliary controllers
are offered as controllers. To provide the best transient response,
the main speed controller is a fuzzy-based controller whose pa-
rameters are tuned using the genetic algorithm (GA). It uses the

rotational speed signal to cause the DFIG to swiftly return to the
maximum power point (MPP) following any turbulent changes
in wind speed. Furthermore, two smart auxiliary controllers are
proposed: frequency deviation and wind speed oscillations con-
trollers. The frequency deviation controller offers DFIG frequency
support, whilst the wind speed oscillations controller mitigates
the effects of wind speed changes on wind turbine output power
by utilizing wind turbine kinetic energy.
The proposed methods in Ref. [33] have been implemented in the
modified IEEE39-bus test power system, the test system of this
paper. At this point, the proposed algorithms and controllers in
Section 4 and Ref. [33] for evaluating VSWTs’ participation in
the power system frequency regulation have been utilized. In this
scenario, around 40% of the power is provided by wind farms
to support frequency control. Furthermore, at 𝑡 = 5 s, a step
load increment 𝛥𝑃𝐿 = 175 MW is applied in the system as a
disturbance. Here, there are three states. The first state includes
conventional and wind power plants considering the proposed
Hydro-Quebec controller for wind turbines. In the second state,
the proposed controller in Section 4.2 is replaced by the Hydro-
Quebec controller. In the third state, the proposed controllers in
the Ref. [33] are applied to the power system and manage VSWTs
to collaborate in the power system frequency regulation. After oc-
curring the disturbance, at the first state, the frequency excursion
is depicted in Fig. 18 by the solid red curve. When the proposed
controller of this paper is added to the VSWT, the frequency
response is shown by the dashed black curve in Fig. 18. The nadir
frequency improves greatly in this situation because VSWTs can
collaborate more to recover frequency based on the value of ′𝑀 ′.
Finally, at the third state, the proposed controller in Ref. [33] is
considered in the VSWT and the frequency pattern is shown by
the solid blue curve in Fig. 18. The nadir and settling time of the
frequency fluctuation are improved remarkably compared to the
proposed controller in Ref. [33] which shows the effectiveness of
the proposed algorithms.

7. Conclusion

In this paper, to realize further improvement in the power system
frequency response in presence of wind power plants, the electric
vehicle (EV) and variable speed wind turbine (VSWT) were added to
the power system. Based on the IEC 61851 standard, the virtual inertia
controller containing the modification phase for avoiding EV output
current oscillation was proposed for EV collaboration in the power sys-
tem frequency. To increase the effectiveness of the EV in the frequency
control, an adaptive latency controller (ALC) was proposed to decrease
the effect of communication latency. To extract the ability of VSWT in
frequency adjustment, an algorithm was proposed. In that algorithm, in
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Fig. 17. Comparison between the frequency response using the proposed methods in Sections 2 and 3 and methods applied in Ref. [20].

Fig. 18. Comparison between the frequency response using the proposed methods in Section 4 and methods applied in Ref. [33].

face of disturbances, the VSWT output power is increased in one second
to the maximum allowable value and will be fixed. Notice, another
algorithm for finding the maximum increment power was presented.
After operating in the uniform support state for 10 s or when the VSWT
hub speed reaches lower than minimum acceptable hub speed, 𝜔𝑚𝑖𝑛,
the VSWT will be recovered. Two PID controllers were designed for
operating in support and recovery zones. The proposed algorithms were
applied to the modified IEEE 39-bus test power system and the results
confirmed the superiority of the suggested methods. Applying the EV
and the VSWT in the power system separately enhances the frequency
response. The most efficient way to improve the system frequency
behavior was obtained when both EV with the designed ALC and the
proposed algorithm in VSWT were utilized simultaneously.
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