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Selection of Wind Farms to Add Virtual Inertia
Control to Assist the Power System Frequency
Regulation
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Abstract—Due to the randomness and uncertainty of wind
energy, modern power systems integrating large-scale wind
generation will be significantly impacted in terms of system
performance and technical challenges. System inertia with high wind
penetration is decreasing when conventional thermal generators are
gradually replaced by wind turbines, which do not naturally
contribute to inertia response. The power imbalance caused by wind
power or demand fluctuations leads to the instability of system
frequency. Accordingly, the need to attach the supplementary virtual
inertia control to wind farms (WFs) strongly arises. When multi-wind
farms are connected to the grid simultaneously, the selection of
which critical WFs to install the virtual inertia control is greatly
important to enhance the stability of system frequency. By building
the small signal model of wind power systems considering frequency
regulation, the installation locations are identified by the geometric
measures of the mode observability of WFs. In addition, this paper
takes the impacts of grid topology and selection of feedback control
signals into consideration. Finally, simulations are conducted on a
multi-wind farms power system and the results demonstrate that the
designed virtual inertia control method can effectively assist the
frequency regulation.

Keywords—Frequency regulation, virtual inertia control,
installation locations, observability, wind farms.

I.  INTRODUCTION

OWER system with integrating significant amounts of
wind generation is confronting with a series of challenges.
The power imbalance will be caused by wind power
fluctuation, which may result in some frequency stability
issues [1]-[3]. As WFs are connected to the grid through the
power electronic interfaces, the relation of the rotation speed
and grid frequency is decoupled. Wind turbines with lower
inertia cannot respond to the change of system frequency [2].
With increasing penetration of wind energy, the participation
of wind turbines in frequency regulation have become an
inevitable demand for enabling power system safe and stable
operation. In recent years, more and more regions have raised
relevant requirements for the participation of frequency
regulation from wind turbines in different degrees [3].
The participation of wind turbines in frequency regulation
can be implemented as follows: wind turbines operate in sub
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MPPT mode with power reserve [4]-[6], and the stored kinetic
energy is released by using the supplementary control. The
sub MPPT operation mode can be achieved by modifying the
pitch or speed control system, which reduces the utilization of
wind energy. The supplementary control strategies include the
followings: 1) virtual inertia control with the derivation and
deviation of frequency [7]-[9]; 2) virtual inertia control with
super capacitor [10]; 3) virtual inertia control based on optimal
power tracking [11]; 4) virtual synchronous control method
[12]; 5) coordination with units, such as energy storage
devices and FACTS [13].

For the sake of the supplementary control of WFs, the
existing control methods for frequency regulation have not
taken the dynamic distributed characteristics of grid frequency
into consideration. When the power system operates in
transient process, frequency responses at different buses are
different from each other. In a real power system, the
frequencies at different locations are measured via frequency
measurement devices, such as Phasor Measurement Units
(PMUs) and Frequency Disturbance Recorders (FDRs) [14].
In U. S power systems, Frequency Monitoring Network
(FNET) was proposed to monitor the changes of system
frequency all over the U. S, which can be used to identify a
disturbance event within a power grid. Based on the frequency
dynamic characteristics of the power system, this paper does
further research on the frequency support provided by WFs.

The proposed model in [16] for frequency regulation cannot
be applied to a power system with an infinite bus. When a
power system contains an equivalent infinite bus, the
frequency deviation will converge to zero in the steady state.
As a result, the model does not take the dynamic distributed
characteristics of system frequency into account. The
presented method cannot assess the impact of the installation
locations of WFs on system frequency. Hence, it is necessary
to develop an effective method that suitable for the evaluation
of a power system model with multi WF inputs and multi bus
frequency outputs.

Most papers paid more attention on the frequency
regulation and the optimal selection of the inertia control
coefficients [3]-[10]. When multi-wind farms are connected to
the main grid simultaneously, however, there are hardly any
papers focus on the selection of WFs to add virtual inertia
control to assist the power system frequency regulation. If
multi-wind farms are connected to the power system,
recommendations can be made for the selection of critical
WFs to install virtual inertia controllers. By establishing the
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small signal model of wind power systems with considering
frequency regulation, the distributed characteristics of bus
frequency can be evaluated. According to the observability of
the bus frequency, critical WFs are then selected to add the
virtual inertia controller to assist the power system frequency
regulation. The system used for case study is the modified
WSCC 3-machine 9-bus system with an infinite bus.

II. DYNAMIC FREQUENCY CHARACTERISTICS

A. Bus Frequency Measurement

Fig. 1 shows a schematic diagram of a general power
system consisting of synchronous generators (SG), wind
generators (WG) and loads.
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Fig. 1 Schematic diagram of a general power system

Based on the superposition theorem, the ith bus voltage can
be written as:

Ui(t):iUi’j(t):iU”cos(27rfj+t9i’j) D

where U, (1) is the ith bus voltage due to jth SG, f; is the

frequency of jth SG. Note that ith bus voltage U,(t) is

composed of multi-frequency voltages [15]. In steady state
operation, a power system has a unified frequency f;=50 Hz.
The equivalent admittance matrix of the power system
includes the original admittance matrix, WGs, loads and the
internal impedances of SGs. The components corresponding to
WGs and loads are expressed by using the equivalent injected
current. For simplification, U;(t) can possess (?) its own bus
frequency

mea
fi

, then (1) can be rephrased by:

U™ ®)=U" cos2r fit+07") (@
where 6™ represents the phase angle of ith bus voltage.

Equation (3) is obtained by using (1) and (2):

ng
Uimea COS(2”fmeat+9imea) = zUi,j COS(27Z'fj +0i,j) (3)

bus,i
j=1

Therefore, the estimated dynamic frequency at ith bus can
be expressed as:

fmea _ iui’j cos(0™ -6
bus,i . U mea
] i
B. Two-Machine System
In order to investigate the dynamic distributed
characteristics of bus frequencies, a two-machine system will
be examined, as shown in Fig. 2. The parameters of
synchronous machines SG1 and SG2 are identical and bus 1-5
are frequency monitoring points along with transmission line.
H; and H, are the inertia constants of the SG1 and SG2
respectively.
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Fig. 2 Two-machine system

According to [16], the internal voltage angles can be
expressed as: (1) =04 +ksin(et) , 6,(t) =, —ksin(egt), 5,

and ¢ ,, are the steady-state values of &, and &,, and @, is

the system natural frequency.
The voltage angle along with transmission line can be
written as:

0(z,1) =[0,4 — 0y +2K sin(a)nt)]l_TZ +0,q —ksin(a,t) (5)

where | is the total length of the transmission line, containing
Xi1 and Xy, which (represent) the distances from bus 1 and 5 to
internal bus of SG1 and SG2, respectively. z is the distance
from the internal bus of SG1 to bus 1. According to (5), the
frequency at any point on the transmission line can be set as a
function of z:

Aaxz,t) = 85;’0

~ka, cos(a)nt)[2|_|—z 1] ©6)

Note that the bus frequency deviation Aw(z,t) will be zero
when z=1/2. According to the concept of center of inertia,
HA(2,1)] . +H,A0(z, 1),

H,+H,

, bus 3 is the center of

Aw(t) =

inertia.

If the frequency monitor equipment (FDR or PMU) is
installed to the center-point, the frequency deviation cannot be
observed. Based on (6), the farther the point from the center-
point, the larger the frequency deviation will be. The system in
Fig. 2 is used for simulation to verify the things mentioned
above. As shown in Fig. 3, the frequencies measured at each
bus are presented. Therefore, the simulation results are in
accordance with the theoretical derivation conclusion.

B. Distributed Characteristics of Bus Frequency

When performing a small-signal analysis, the linearized
model of a power system can be given in a state space as:
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AX = AAX + BAu
N

Ay = CAx + DAu

where A is the system state matrix, B is the input matrix, and
C is the output matrix, D is the feedforward matrix, x is the
state vector, u is the control vector, and y is the output vector.

In order to characterize the relationship of bus frequencies,
the geometric measures of observability (8), associated with
the ith frequency mode is used.
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Fig. 3 Bus frequencies
: il
gmg; (i) = cos(d(cy, f;)) = TeeT (®)
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where C; is the jth row of C, corresponding to bus j; f, is the
ith right eigenvector of A; 6(c;, f;) is the geometrical angle

between the jth vector and the ith right eigenvector; |¢| and

denote the modulus and Euclidean norm, respectively.

Fig. 4 shows the observabilities gm,; of bus frequencies.
To simplify analysis, gm,; s are normalized which means the
largest value is equal to 1. Thus, the gm,; index can indicate

the difference among bus frequencies, and then be used to
choose the feedback signal of frequency controller.

1
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Fig. 4 Observabilities of bus frequencies
When machine 2 is replaced by an infinite bus, the bus
frequencies and their observabilities are shown in Figs. 5 and
6 respectively, respectively. It is quite obvious that the

simulation results are same as the previous two-machine
system.

I1I. FREQUENCY REGULATION BY USING VIRTUAL INERTIA
CONTROL

In order to enable WFs to participate in frequency
regulation, virtual inertia control signal is attached to the local
real power controller by using a first order filter and a wash
out filter. The signal is given as:

dAf,, ©)

AP\/\*/Fref = _Kpf Afbus - Ky dt

where K is the droop control coefficient, K is the inertia
control coefficient and Af,, is the bus frequency deviation
from the reference value f,. The control scheme is presented
in Fig. 7.
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Inertia control can provide frequency support by applying
the derivative of the bus frequency to modify the power
reference output. The stored kinetic energy supplied by inertial
response is released by slowing the speed of wind turbine. The
droop control can be utilized for WFs with power reserve
margin to regulate system frequency primarily. Here we focus
particularly on inertial control loop.

IV. SIMULATION STUDY

Time domain simulation results are presented to verify the
situations discussed in the previous sections. The power
system shown in Fig. 8 [17] is used for this study, which
consists of two generators, two DFIG-based WFs, three
aggregated static loads, and one infinite bus. The detailed
modelling of the DFIG is discussed in [9]. The power base is
set to be 100 MVA. All the generators are conventional
synchronous machines represented by the sub transient models
and equipped with both excitation systems and governors.
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Fig. 8 WSCC 3-machine 9-bus system with WFs

The observabilities of the bus frequencies are shown in Fig.
9. The result shows that the observabilities of bus 1, 2 and 3
are smaller compared with those of bus 4, 5 and 6. Therefore
WE2 which is connected to bus 9 is selected to install the
virtual inertia controller.
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Fig. 9 Observability of bus frequency

A. Frequency Regulation against Sudden Load Change

Fig. 10 (a) shows the bus frequency variations following a
step increase in load at bus 5. As shown in Fig. 10 (b),
frequency overshoot and settling time are significantly

enhanced when WFs are participating in frequency regulation.
More importantly, the frequency behaviour when both WF1
and WF2 are installed with inertia controller is almost same to
the case when only WF1 is installed with the virtual inertia
controller. In Figs. 10 (c¢) and (d), the transient performances
(real power and rotor speed) are presented. When no virtual
inertia control is added to WFs, the real power and the rotor
speed of wind turbines are not practically affected. On the
other hand, when both WF1 and WF2 are installed with virtual
inertia control, the rotor speed decelerates, resulting in an
increase in real power output. From Fig. 10 (c) it can be seen
that real power injected by WF1 is significantly larger than
WF1.

B. Frequency Regulation against Generator Tripping

Fig. 11 (a) shows the bus frequency variations following the
loss of the generator located at bus 2. The sizes of the bus
frequencies are in accordance with their observabilities. As
shown in Fig. 11 (b), it is also observed that the result verifies
the previous analyses in Section IV-A and demonstrates that
when virtual inertia controllers are installed in WF1 and WF2,
the frequency behavior is similar to the result when only WF1
uses inertial control. Fig. 11 (c) also shows that the real power
output of WF1 is larger than WF1 when the virtual inertia
control is implemented in both WF1 and WF2. WF rotor speed
is presented in Fig. 11 (d).
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Fig. 10 Dynamic responses of system variables to sudden load
change. (a) bus frequency without virtual inertia control, (b)
frequency response at bus 2, (c) real power injected by WFs with
virtual inertia control, (d) WF rotor speed
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Fig. 11 Dynamic responses of system variables to generator tripping.
(a) bus frequency without virtual inertia control, (b) frequency
response at bus 2, (c) real power injected by WFs with virtual inertia
control, (d) WF rotor speed

V. CONCLUSION

This paper presents a method for selecting critical WFs to
add virtual inertia control to assist the power system frequency
regulation. A frequency measurement method is introduced to
analyze the dynamic characteristics of bus frequency. Based
on the established small signal model of wind power systems
with taking frequency regulation into consideration, the
critical WFs are selected to install the virtual inertia
controllers. By using the proposed method, PMUs or FDRs
can be installed at the critical WFs to monitor dynamic
frequencies. A case study has been presented to demonstrate
that the frequency regulation effectiveness by using selected
WFs is equal to that using of overall WFs.
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