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Abstract

By development of the power system in presence of the sustainable energies, the issue of grid frequency control is becoming
more important. In traditional power systems, the frequency is mostly controlled by the hydroelectric power plants. This makes
it troublesome in cases of dry spell or the absence of the hydro power plants. In this paper, a new method based on using wind
farm equipped with PMSG, connected through HVDC link and controlled by fuzzy logic controller, is proposed to investigate
the feasibility of using wind farms to improve the frequency control performance. The proposed system is tested on a four-
area grid and simulated in MATLAB /Simulink. It is concluded that the best performance, which is up to 26% improvement
in settling time of the frequency deviation, is achieved by the proposed system in comparison to using the traditional control
method and using wind farm controlled by conventional controllers.
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1. Introduction

In the power grid containing Wind Energy
Conversion Systems (WECS) and conventional
synchronous generators, frequency stability is a key
index which is commonly supported by the
synchronous generators. Due to the large installation
of WECSs with a high penetration, limited
synchronous generators could not be able to provide
the required active power for frequency regulation.
Stochastic nature of wind energy makes power
balance difficult. Meanwhile, load change may lead
to frequency instability [1]. The limitation on the
regulating ability of the synchronous generator
brings a serious challenge to frequency stability of
an isolated grid. Consequently, there is an urgent
need for WECSs to participate in regulating
frequency [1]. Therefore, the power grid frequency
control is a very vital issue. In traditional power
systems, the frequency of the grid is usually
controlled by the hydro power plants, which are
usually gained by rapid dynamic response.
According to the mentioned issues, it can be realized
that in case of expansion of the power system,
increasing the capacity of hydropower plants is

inevitable. This requires large investment and is not
possible in regions facing drought or water scarcity.
On the other hand, due to the increasing use of
renewable energies, especially wind farms, a large
capacity of power generation is available. This is
very attractive, but the challenge ahead is the
variability and unpredictability of the wind speed as
the input power of wind farms, which makes its
power production dependent on the wind speed.
Therefore, by controlling the output power of wind
turbines in a rapid dynamic, it can be well-involved
in controlling the frequency of the power system. As
wind farms are generally not considered in
frequency regulation due to their technical
limitations, therefore, there is a need to design a
control system for the participation of wind farms in
controlling the frequency of the grid. In the
following, it is assumed to review the relevant
research in this field and investigate their advantages
and disadvantages. The contribution of WECS in
power frequency control is mainly categorized in
three methods. Some are based on energy storage
systems, some of them are based on pitch angle
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control and some other power electronics
equipment. In various researches, several methods
were used to control the frequency of the power grid
in the presence of wind turbines. As an example, in
[2]-[5], researchers evaluated the involvement of
wind farms in frequency support by several energy
storage systems controlled automatically. There are
several similar works such as [6]-[10] used battery
and super capacitor to control wind farm active
power. In [6] researchers proposed a method based
on a super capacitor and a DC/DC converter to
control the output power of a wind turbine. In [7], an
attractive method based on using hybrid energy
storage systems was proposed. The researchers used
the super capacitor and kinetic energy, stored in the
turbine shaft to control the wind turbine power.
Authors in [8] suggested using a battery/wind hybrid
system to overcome unpredictability of the wind
farms generated power. Other similar research
presented a method based on a PV/Wind/Battery
hybrid system considering demand response [9]. In
[10], authors proposed a method based on another
hybrid system. They proposed a new control system
for a wind/super capacitor/ battery to manage wind
turbine power generation in frequency control.
Although in [10] the control system is so attractive,
but it is not appropriate enough to control the
frequency of the large scale systems. Authors in
[11]-[16] used DFIG- based wind turbine with
different configuration to coordinate in power
frequency control of the grid. Although these system
methods may be cheaper than the methods used in
the previous studies, but may not perform well in
severe wind changes. This is because in DFIG
generators, a maximum amount of %30 of the
generator output power can be controlled by the
electronic power control unit. In [17], researchers
used a wind farm to control the frequency of a local
system using a pitch angle control method. Although
it gains from relative simplicity in implementation,
but it is not rapid enough to overcome the
instantaneous  demand  power  fluctuations.
Moreover, it has high depreciation, may not be
responsive in the power grid. Researchers in [18]-
[22] used the rotor inertia to control the frequency of
the grid. However, using rotor inertia or flywheel
systems is appropriate for small systems. Authors in
[23] investigated several aspects of this method to
control the power of wind turbine systems through
pitch angle system. In [23] a case study based on
DFIG base wind turbine connected to the grid was
investigated to contribute the frequency of the grid.
The proposed main technique was based on pitch
angle and speed rate control system of the turbines.
Although the results were satisfying but the case was
not studied in a multi-connected area. Some other
studies, such as [24]-[27] used the PMSG based
wind turbines connected to the grid controlled by
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fuzzy logic controller. Itis illustrated that the system
equipped with wind turbines has performed better in
frequency control of the grid rather than in the
absence of wind turbines. But the issue that was not
considered was the power grid is assumed as an
infinite bus, and the effect of the presence of
different areas and inter-area transmission lines
were not considered. The other important point is
that the wind speed fluctuation in the simulation
process is not considered, and it is assumed constant.
Therefore, the capability of the proposed system in
producing the desired active power in the presence
of wind speed variations is not clear. Another
method based on frequency regulation at a wind
farm using time-varying inertia and droop controls
was investigated in [28]. Authors in [29] presented a
distributed synchronized control system in grid
integrated wind farms to improve the primary
frequency regulation. In [30] researchers proposed a
control method for offshore wind turbines connected
to diode-rectifier-based HVDC Systems to mitigate
the frequency deviation of the grid. Moreover, in
[31], a new control scheme for fast frequency
support from HVDC connected offshore wind farm
in a low inertia system is presented. The proposed
system is generally appropriate for low inertia
systems. A control method based on Two-Level
combined control scheme of VSC-MTDC is
proposed in [32] cooperating wind farm in
frequency control of the grid. A solution based on
double-layer  feedback control ~method for
synchronized frequency regulation of PMSG-based
wind turbines is investigated in [33]. Some other
similar articles such as [34] proposed an optimal
fuzzy logic-based controller equipped with DFIG
wind turbine to control the frequency in an off-grid
power system. The proposed method has a better
performance in frequency control of the grid rather
than other conventional methods and finally, in [35],
the authors overviewed the frequency-control
technologies for wind farms and summarized them.
Fig.Llillustrates a brief analysis and synthesis studies
of power frequency control.
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Fig. 1. Analysis and synthesis studies of power frequency
control [36].

2. Modeling of PMSG-based Wind Turbine

The wind energy conversion system
(WECS) used in this article includes a wind turbine,
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PMSG, back to back HVDC-light link, its VSC
converter and transformer. In this system, wind
energy is extracted by wind turbines and transmitted
to a three-phase PMSG through a constant speed
ratio gearbox. The gearbox converts mechanical
energy into electrical energy and, finally, transmits
it through a HVDC link connected to the grid.

A) Wind Turbine Modeling

The wind turbine extracted power, (Pgxtracted)
and the mechanical torque (T;,,) are as the following
equations [37].

1
PExtracted = EC p (Z'v ﬂ)pAVw3 (1)
Raw
=V, @
_ PExtracted
Tn=—"p 3
where, C(18) is the efficiency of the wind

turbine, which is dependent on the tip speed ratio ()
and the pitch angle (B) of the turbine blades. In the
above equations, # is the air density and is equal to

128kg/m’ - @ s the rotational speed of the turbine in
rad/s Ajs the wind turbine blades sweeping area
in M’ and finally “«is the wind speed in m/s,
Although the pitch angle control system is a
common system for controlling the power of wind

turbines, it can usually not be used to control the
wind turbine during a fault condition due to its slow

dynamic operation. Fig. 1 shows thecp(’lﬁ)curve,
given by Eq. (4), for different pitch angels [37].

<

C. (4, f) =C,(C, %—Csﬂ SC%-Ce t) @)

Where A is given by Eq. (5). The coefficients
¢, — Cq are different for various wind turbines and
are selected as listed in Table 1 [37].

11 G
A A4Cp 11 p° ®)

A) PMSG Modeling in d-q frame

The permanent magnet synchronous generator
(PMSG) is one of the conventional generators used
in wind turbine systems. The modeling of this type
of generator in d-q frame is proposed in the
following. Using the Fig. 3, the direct and
quadrature voltage of the stator can be written as Eq.

(6) [37].
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Cp(Landa,Beta)

Fig. 2. Co(2A) curve [37]

Table.1.
Wind turbine coefficients and parameters [37]
C1 Cz C3 C4 C5 Ce C7 CS C9

044 125 04 002 2 694 165 0.08 0.0035

Ar gop

Fig. 3. PMSG schematic [37]
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Where - , Lq,vd ,Vq , ly ,I‘* andRsare the stator’s

direct and quadrature axis inductances, voltages and
currents and resistance, respectively. Also p is the
Laplace differential operator,?ris the rotational
speed of the rotor and4 is the flux linkage of the
machine. In PMSGs which are not salient pole
machines, the direct and quadrature axis inductances
of the machine are as the same, thus~=%=%, By
applying the Krichhoff’s law on the stator’s winding
Eqg. (7) can be written as below.

d A

at

v — Ryl (7)

By converting the machine’s parameters from
the three-phase frame into the d-q frame, the  Eqg.
(7) can be modified as Eq. (8) and Eq. (9).

d(a, et K
Vg — R, fag e ®

dt
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VooV .

Where % and *%are the stator’s direct and
quadrature axis voltages. Also, the electrical active
power absorbed by the machine can be determined

A
as the following equations. Where the z , % and

@ are the direct and quadrature axis flux linkage
and the synchronous rotational speed.

Lo R S A A
7R(|d +i)+ s (ldf“qwﬂ w(%' —Ale) (11

The electromagnetic torque can be deduced from
Eq. (11).
P —

T, S g P(Agiq = Agiq) (12)

T, :g P Aniq + (Ly = Ligly) (13)

-2pa, (14)

e = _T?T,ib (15)
2P

2.3. VSC Average Model
In this section, the modeling of the VSC is
presented. It is connected to the PMSG to control the
torque, output power and the rotational speed. Fig. 4
illustrates the simplified circuit of this system [37].
Iec

T
L R Jf}dl J[}dzJGdz

s dy dy [} ds
M| i i
9 E r

Fig. 4. Model of the VSC [36].

In Fig. 3, by applying the Kirchhoff’s law, the
Eqg. (16) can be inferred as follows.

dl
L—2+Ri, =V, -U,
dt (16)
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di,

L—> p +Ri, =V, -U,

Ld—|+ Ri, =V, -U,
dt

Where, V.4, Vip, Vi are the output voltages of the
VSC. By using Fourier’s series of these periodical
voltages, the Eq. (16) can be rewritten as follows
[37].

TS 0
L(:T' +Ri, =(-U, +Ti _[V[a(r)dr) + Z[aah cos(hw,7) +b, sin(he,z)]
s T, h=1

di, | o 1 e .
Ld—: +Ri, =(-U, + T J'Vm(r)dr) + ;[au, cos(hw,z) +b, sin(he,r)]
S t-T, =

L%+R| =(-U, +— _[Vm(r)dr)+2[a costha,7) + b, sin(ho,z)]

dt T, ()]

=< J.(V"(r) cos(he,r)dr

SlT

b, —Ti jT (7)sin(ho,7)dr

Eq. (17) is a set of differential equations which has
AC and DC responses. However, by using the
superposition law, these two components can be
separately analysed. The AC component is
negligible if the switching frequency is too larger
than the R/L value. Therefore, the Eq. (17) can be
rewritten as follows.

di

L d'a +Ri, =(-U +—S‘ITV‘a(f)df))

di,
LZE 4RI, = (U, +T—“ITVm 7)dr)) (18)
L%+R| =(-U +—5[_|;V‘C(T)df))

For a sinusoidal PWM, Eq. (19) can be rewritten as
following.

L9 L Ri (U, +m, dC)
dt

d| Ve

d: +Ri, =(-U,+m, %) (19)
Ld © +Ri, (—Uc+mcvﬁ)

dt 2

These equations can be aggregated as a block
diagram as illustrated by Fig. 5.
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Fig. 5. Control Block diagram of VSC

2.4. Fuzzy Logic PI Controller

The amount of wind energy that can be
supplied to the grid and maintain the frequency
stability is determined by wind energy control block.
The decrease in system frequency would require
increased supply of real power from wind generator.
The amount of energy support from wind generators
is difficult to determine under variable wind speed
situations. As the relationship between the real
power adjustment in wind generator and input
variables are highly nonlinear, the fuzzy-logic based
controller is proposed in this paper can help to
control the system appropriately. The Fuzzy rules of
fuzzy reasoning are mentioned in Table 2 and the
membership function of the PI controller is
illustrated in Fig. 6.

EMor=Toow ~ladp, 20
Table.2.
Fuzzy Rules and Fuzzy Reasoning
Error NB N Z P PB
NB NB NB NB N Zz
N NB NB N z P
z NB N Zz P PB
P N z P PB PB
PB 4 P PB PB PB

ot ports )

Fig. 6. Membership function of the Pl Controller

3. Proposed Control Method of the Wind
Farm

In this section, it is assumed to propose the
control system to involve the wind farm in
controlling the frequency of the power system. For
this purpose, it is considered a four-area power
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system in which the wind farm is located in the first
area and is connected to the other areas by
transmission lines. The configuration of the four-
area system is illustrated in Fig. 6. The wind farm is
consisting of N wind turbines, each of them is
connected to a VSC, and is finally connected to the
power grid through a HVDC line. According to the
Fig. 5, to control the output power of the wind farm,

the e signal must be generated properly, as shown

in Fig. 7 this is generated from the "« command and
provides the necessary active power changes
produced by the wind farm. As illustrated in Fig. 7,
the 2P« signal is applied to the wind farm to the
control system by the frequency deviation of the
power system in first area, where the wind farm is
located to finally control the wind farm power and
participate in the frequency control of the power

grid. In Fig. 5, the 9 can be achieved by (22), as
below. In this system, it is assumed that all of the

wind turbines generate the same power. Where Fe, is
the active power set point, generated in Fig. 7.

; 1 Pgq
el ™ " Noear 3 S PNy, @
APref = Pref() — Pe1 (22)

Fig. 7. Wind turbines connection to the power grid to
participate in frequency control

4. Simulation Results

A four-area power system connected by
five tie lines illustrated in Fig. 8 is taken as a test
system in the study. Each area decides steam turbine
contains a governor and a generator.

Fig. 8. Four interconnected control area (five tie lines)

The model of the control block diagram of this
system is illustrated in Fig. 9.
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Fig. 9. Four interconnected control area block diagram system

In this system, three different load demand
variations as a step load increasing in demand power
is applied at t= 3 sec in area 1 and the following
figures, represents comparison between two cases,
the LFC system without wind farm and with 25%
wind farm penetration. The mentioned wind farm
system is installed in area 1. However, the wind
speed is not constant in the simulation process and
is included as a variable parameter by the time as
illustrated in Fig. 10.

The Fig. 11 to Fig. 14, illustrate the frequency
deviation of the 1st to 4th area, respectively in case
of presence and absence of the wind farm while the
AP, =+0.25p.u

The Figs. 15, 16 and 17, illustrate the active
power transmitted from 1st to 2nd, 3rd and 4th area
respectively. The case is studied in presence and

absence of the wind farm while the AP =+0-25p.u

The Fig. 18 to Fig. 21, illustrate the frequency
deviation of the 1st to 4th area, respectively in case
of presence and absence of the wind farm while the

AP, =+0.5pU ang The Figs. 22, 23 and 24,
illustrate the active power transmitted from 1st to
2nd, 3rd and 4th area respectively. The case is
studied in presence and absence of the wind farm
while the APo =+0.5p.u,

Fig. 25 to Fig. 28, illustrate the frequency
deviation of the 1st to 4th area, respectively in case
of presence and absence of the wind farm while the
AP, =+0.75pu The Figs. 29, 30 and 31, illustrate the
active power transmitted from 1st to 2nd, 3rd and
4th area respectively. The case is studied in presence
and absence of the wind farm while the AP =+0.75p.u

PR A g P A e T
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Fig. 10. Wind speed variation due to time
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It can be seen from the previous diagrams that
the sudden increase in load demand causes the grid
frequency to drop suddenly. This is caused by the
sudden increase in load demand and the inability of
the generators of the power system to provide
enough active power rapidly. However, it can be
inferred that while the wind farm is not cooperated
in the task of frequency controlling of the grid, the
frequency dynamics and compensation are much
slower than while the wind farm system is in
operation with the proposed method and control
system. Finally, in Table 3, it is assumed to compare
the parameter of settling time of damping frequency
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fluctuations in the power system during sudden load
changes. For more investigation, three cases of
absence of wind farm (power system with traditional
frequency control method) and presence of wind
farm (proposed frequency control method, with and
without Fuzzy logic controller) are considered. In
this comparison, it is inferred that the proposed
method was able to significantly improve the
parameter of settling time in damping frequency
fluctuations during rapid load changes, which
indicates the appropriate effectiveness of the
proposed system.

Table.3.
Comparison between the presence and absence of the wind farm in settling time parameter of frequency deviation response

1%t Area Settling Time

2" Area Settling Time

3 Area Settling Time

4™ Area Settling Time

(Sec) (Sec) (Sec) (Sec)
AP, AP, AP, AP,
Case 1: =+4+0.25p.udP, 8751 = +0.25p.udP, 8751 =+40.25p.udP, 8751 = +0.25p.udP, 87.51
Without Wind = +0.50p.u4dP, = +0.50p.udP, = +0.50p.udP, = +40.50p.udP,
Farm =+0.75p.u =+0.75p.u =+0.75p.u =+0.75p.u
Case 2: AP AP, APy APy
Wind Farm & = +0.25p.udP, 7.6 = 40.25p.udpP, 12.9 = +40.25p.udP, 13.1 = 40.25p.udpP, 14.2
Conventional = +0.50p.u4dP, = +0.50p.udP, = +0.50p.udP, = +0.50p.udP,
Controller =+0.75p.u =+0.75p.u =+0.75p.u =+0.75p.u
APp APp APy AP
Case 3: = +0.25p.udpP, 5.7 = +0.25p.udpP, 12.2 = +0.25p.udPp, 12.4 = +0.25p.udp, 10.45
Wind Farm & = +0.50p.u4Pp = +0.50p.udpP, = +0.50p.udPpP, = +0.50p.udpP,
Fuzzy =+0.75p.u =+0.75p.u =+4+0.75p.u =+0.75p.u
Controller
From From From From
Case1to2 91.3% Case1to2 85.2% Case1to?2 85% Case1to2 83.77%
Settling Time
Improvement
(%) From From From From
Case1to3 93.4% Casel1to3 86% Case1to3 85.8% Case1to3 88%
From 25% From 5.4% From 5.3% From 26.4%
Case2t0 3 Case2t0 3 Case2t03 Case 2t0 3

5. Conclusion

In this paper, a new control method based on
fuzzy logic controller is applied to the wind farm
system connected to the grid via HVDC link to
cooperate in frequency control of the power system.
The main advantage of the proposed control system
is the accurate controllability of the wind farm in
frequency control of the grid with fast response even
during wind speed variations. To verify the
appropriate performance of the proposed method,
the wind farm system is simulated on a four-area
interconnected grid in three different scenarios.
First, not the presence of a wind farm (using
traditional power system). Second, in the presence
of the wind farm with traditional Pl controller and
finally, in the presence of the wind farm with the
proposed fuzzy logic controller. The load demand
varies for a sudden increase of 0. 25p.u, 0.5p.u and
0.75p.u on the 1st area. The results of three scenarios

were compared to each other accurately. It is
inferred that the dynamic response of the wind farm
system to compensate for the frequency fluctuations
was significantly faster than two other scenarios.
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