JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 10, NO. 3, May 2022

617

Practical Realization of Optimal Auxiliary
Frequency Control Strategy of Wind
Turbine Generator

Ming Sun, Student Member, IEEE, Yong Min, Xuejun Xiong, Lei Chen, Member, IEEE, 1L.e Zhao,
Yuyao Feng, and Bingran Wang

Abstract—Adding the auxiliary frequency control function to
the wind turbine generator (WTG) is a solution to the frequen-
cy security problem of the power system caused by the replace-
ment of the synchronous generator (SG) by the WTG. The aux-
iliary frequency control using rotor kinetic energy is an econom-
ical scheme because the WTG still runs at the maximum power
point during normal operation. In this paper, the functional op-
timization model of the auxiliary frequency control strategy of
WTG is established. The optimal auxiliary frequency control
strategy is obtained by solving the model numerically. As for
the practical realization of the control strategy, the coordination
of the auxiliary frequency control with the maximum power
point tracking (MPPT) control is studied. The practical auxilia-
ry frequency control strategy is modified to adapt to different
power disturbances in the system, and the parameter setting
method is also proposed. The sensitivity of system frequency to
control parameters is studied. Finally, the simulation results ver-
ify the effectiveness and practicability of the proposed control
strategy.

Index Terms—Power system frequency security, wind turbine
generator, auxiliary frequency control, rotor kinetic energy, en-
ergy constraint.

[. INTRODUCTION

ITH the deterioration of the global environment,
more attention is paid to new energy power genera-
tion including wind power, photovoltaic, and others. The
new energy power generation is connected to the power sys-
tem through power electronic devices, and under the conven-
tional control strategy, it does not have the inertia and the
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primary frequency control ability like the synchronous gener-
ator (SG). With the new energy generation constantly replac-
ing the traditional SG, the inertia and frequency control abili-
ty of the power system decrease significantly, and the fre-
quency security problem becomes critical [1]-[3], which seri-
ously affects the power system security and the sustainable
development of new energy generation.

To solve the problem, the auxiliary frequency control func-
tion is added to the wind turbine generator (WTG). Different
modes to provide energy reserve for frequency control have
been proposed, including the power reserve mode [4], [5]
and rotor kinetic energy utilization mode [6]. The use of ro-
tor kinetic energy can make the WTG operate in the maxi-
mum power point tracking (MPPT) mode and is more eco-
nomical than the power reserve mode. Therefore, our re-
search mainly focuses on the rotor kinetic energy utilization
mode.

The power shortage and power surplus are two situations
of frequency control in the system. For the auxiliary frequen-
cy control using rotor kinetic energy, when the system pow-
er is excessive, the WTG can reduce the electric power and
achieve the effect of frequency regulation by adjusting the
pitch angle or making the rotor accelerate away from the
maximum power point, which is relatively easy to achieve.
However, when the system power is insufficient, the WTG
can only increase the electric power by reducing the rotor
speed and releasing the kinetic energy stored in the rotor.
Due to the limited kinetic energy of the WTG rotor, its elec-
tric power increase is temporary and more complex to real-
ize. Therefore, this paper focuses on the auxiliary frequency
control of the WTG using the rotor kinetic energy in the situ-
ation of power shortage in the system.

The auxiliary frequency control of WTG using rotor kinet-
ic energy can be realized by supplementary power control,
virtual SG control, or variable phase-locked loop (PLL) con-
trol. The supplementary power control is the easiest to real-
ize and is studied in the paper. The widely studied control
strategies are the frequency droop control (damping control)
[7]-[11] and virtual inertia control [12]-[18]. The frequency
droop control emulates the primary frequency control of the
SG. The electric power increment of the WTG changes pro-
portionally with the frequency deviation of the system. The
virtual inertia control uses the frequency differential, i.e.,
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rate of change of frequency (ROCOF), as the input signal,
and emulates the inertial response of the SG under power
disturbance. In the initial stage of system frequency response
(SFR), the frequency deviation is small, but the frequency
differential is large. Therefore, the WTG with virtual inertia
control can provide more power support in the initial stage.
The combination of the frequency droop control and virtual
inertia control is also called synthetic inertia control [19].

The WTG using rotor kinetic energy to participate in fre-
quency regulation runs at the maximum power point during
normal operation. When there is a power shortage in the sys-
tem, the energy is released by rotor deceleration to partici-
pate in frequency regulation. However, the rotor speed has a
lower limit. When the rotor speed is lower than the lower
limit, the WTG will stop. Therefore, if the rotor speed drops
to the lower limit, the WTG will terminate the auxiliary fre-
quency control function and the electric power of WTG de-
creases instantaneously, which is a negative power impact on
the power system and results in a secondary drop in the sys-
tem frequency. Therefore, this issue must be considered
when designing the auxiliary frequency control of the WTG
[20]. In [21] and [22], the rotor speed recovery is considered
in the design of the control strategy. In [23], the synthetic in-
ertia control is believed to be approximately the optimal fre-
quency control strategy of power electronic equipment under
energy constraints.

In the existing research, the common idea of designing
the auxiliary frequency control strategy of WTG is to make
the WTG emulate the response of SG, including inertial re-
sponse and primary frequency control response. However,
whether this kind of emulation is necessary or optimal is
rarely studied. The inertial response of SG is its inherent
physical characteristic, and the primary frequency control of
SG has the disadvantage of slow response. The controllabili-
ty of the electric power of SG in the electromechanical time
scale is relatively poor. On the contrary, the control of the
electric power of the WTG with a power electronic interface
is much faster and more flexible than that of SG. However,
WTG has the defect of limited energy for frequency support.
Therefore, the research of the auxiliary frequency control
strategy of WTG should not be limited to the framework of
virtual inertia control or frequency droop control. It should
make full use of the advantages of rapidity and flexibility of
WTG electric power while considering the energy constraint
to obtain better SFR.

In our previous research [24], the optimal auxiliary fre-
quency control strategy of WTG is obtained by electric pow-
er curve optimization and curve fitting. In this paper, the
functional optimization model of WTG auxiliary frequency
control is established. The form of the optimal auxiliary fre-
quency control strategy of WTG is obtained by numerically
solving the model and then transfer function fitting. Further-
more, the practical realization of the auxiliary frequency con-
trol strategy is studied. The simulation results verify the ef-
fectiveness and practicability of the proposed practical auxil-
iary frequency control strategy. The main contributions are
as follows.

1) The functional optimization model of the auxiliary fre-
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quency control strategy of WTG is established and numeri-
cally solved. The control strategy is obtained by transfer
function fitting.

2) The practical design of the optimal auxiliary frequency
control strategy of WTG is proposed. The coordination of
the optimal auxiliary frequency control with the MPPT con-
trol is studied. The auxiliary frequency control strategy of
WTG for the situation of power surplus and frequency rising
is studied. The parameter setting method in practical power
systems is proposed and discussed in detail.

3) The influence and sensitivity of control parameters of
the practical optimal auxiliary frequency control strategy of
WTG on the system frequency are studied to provide guid-
ance for parameter setting.

4) The feasibility and robustness of the proposed control
strategy of WTG are studied.

The remainder of the paper is organized as follows. Sec-
tion II presents the theoretical basis of the optimal auxiliary
frequency control strategy of WTG. Section III designs the
practical optimal auxiliary frequency control strategy of
WTG. Section IV studies the influence on system frequency
of control parameters and their sensitivity to system frequen-
cy. Section V presents the simulations that verify the effec-
tiveness of the proposed control strategy. Section VI presents
the conclusions.

II. THEORETICAL BASIS OF OPTIMAL AUXILIARY
FREQUENCY CONTROL STRATEGY OF WTG

In this section, the theoretical basis of the optimal auxilia-
ry frequency control strategy of WTG is introduced.

As shown in Fig. 1, the system model for theoretical anal-
ysis of auxiliary frequency control of WTG consists of one
SG, one WTG, and one load.

AP
Ky ¢
APp, - APy 1 Af
+
AP, Kt
1+sTg

Fig. 1. Diagram of system model for theoretical analysis of auxiliary fre-
quency control of WTG.

Our goal is to find an optimal control strategy for WTG.
This is actually a functional optimization problem. The opti-
mization goal is to maximize the frequency nadir Af,,.,
which is a functional (a mapping from a set of functions, i.e.,
control strategy Gy, (s), to a numerical value), as shown in
(1). Gy.(s) is the function that needs to be optimized. The

constraints are presented in (2)-(10).
max (Af,;, )

Gy ()

(M

g: L(APDU'i'APm_APL"'APWe)

dt Ty 2
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dAP,, 1
d[ :_TG(APm-i_KGJAf) (3)
AP =K, ;Af “)

dw
TwathW =Pyn—Puye Q)
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Py, =f(ww)=K(w +B|e™ (©6)
w

wW 2 mein (7)
Oy (Feng )= Oy (3)
PWe (tend ):PWSO (9)
Py (64)20 (10)

where Af is the system frequency deviation from the nomi-
nal value; AP, is the power disturbance in the system; AP,
is the frequency regulation power of SG; AP; is the frequen-
cy regulation effect power of the load; APy, is the frequency
regulation power of WTG; w,, is the rotor speed of WTG;
Py, is the mechanical power of WTG; Py, is the electric
power of WTG; T is the inertia time constant of SG; K is
the power-frequency coefficient of SG prime mover; 7 is
the time constant of SG prime mover and governor; K| ; is
the power-frequency coefficient of the load; T}y, is the inertia
time constant of WTG; K, 4, B, and C are the coefficients of
wind power captured by WTG; wy,,, is the lower limit of
WTG rotor speed; wy, is the WTG rotor speed before frequen-
cy regulation; Py, is the WTG electric power before frequen-
cy regulation; ¢, is the start time of primary frequency regula-
tion; and 7., is the end time of primary frequency regulation.

Constraints (2), (3), (4), (5), (6), and (7) represent the sys-
tem frequency characteristic, the frequency regulation of SG,
the frequency regulation effect of the load, the rotor motion
equation of WTG, the mechanical power of WTG, and the
minimum speed limit of WTG, respectively. WTG has to re-
turn to the original operating point before frequency regula-
tion so that (8) and (9) are obtained. The maximum ROCOF is
not worse than that of the situation when WTG does not partic-
ipate in frequency regulation, so that (10) is obtained. A de-
tailed explanation of the constraints can be found in [24].

It is difficult to obtain an analytical solution of the above
functional optimization model. Therefore, a numerical meth-
od is required to solve the functional optimization problem.

In [24], the WTG electric power APy, is set as optimizing
decision variables, and then the functional optimization prob-
lem is transformed to the problem of finding the optimal
electric power curve, which is further discretized to a series
of points. The optimal electric power curve and optimal SFR
are obtained. The optimal control strategy is obtained by
curve fitting. However, this curve fitting method is not rigor-
ous enough. In this paper, a numerical solution to the func-
tional optimization model is proposed.

According to [24], the optimal SFR is shown in Fig. 2,
which can be divided into two stages (stage 1 and stage 2).
In stage 1, the system frequency decreases and remains un-
changed. In stage 2, the system frequency recovers to steady-
state frequency.
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Fig. 2. Optimal SFR.

The SFR in stage 1 is almost a first-order response. The
initial ROCOF is almost the same as that of the situation
when WTG does not participate in frequency regulation.
Therefore, the transfer function from AP, to Af can be ob-
tained as:

1

Gy (5)= Kot 5Ty

(11)
where K is an undetermined parameter. We only need to
determine the form of control strategy. Therefore, the system
model can be simplified as shown in Fig. 3.

APrp, 1 Af

— =y =
Ksys+STJS

Fig. 3. Diagram of simplified system model.
Comparing Fig. 1 with Fig. 3, we can obtain:
K.
1+sT,

_KL,f_ +GWc (S)Z_Ksys (12)

Thus,

KWDZ

BLCTRN - (13)
1+sT, WL 1 48T yp

where Ky, :Ksys_KL.f; Ky, =K and Ty =T,
Accordingly, we can obtain the optimal auxiliary frequen-
cy control strategy as shown in (14), which needs further

practical design before application.

GWc (s)z_Ksst'_KLAer

Ky
APy, (S):_(me - )Af(s) (14)

1+sTwp

III. DESIGN OF PRACTICAL OPTIMAL AUXILIARY
FREQUENCY CONTROL STRATEGY OF WTG

In Section II, an optimal auxiliary frequency control strate-
gy is obtained by numerically solving the functional optimi-
zation problem. However, the coordination with MPPT con-
trol is also very important for the practical realization of the
optimal auxiliary frequency control strategy. The method for
switching between the MPPT mode and the optimal auxilia-
ry frequency control mode needs further investigation.

In this section, the practical optimal auxiliary frequency
control strategy of WTG is designed. The detailed flow chart
of the control strategy and the methods to determine control
parameters are presented. The advantages of the proposed
control strategy are also discussed.
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A. Flow Chart of Practical Optimal Auxiliary Frequency
Control Strategy

In the beginning, the WTG operates in the MPPT mode.
To obtain the time for WTG to switch from MPPT mode to
frequency regulation mode, a dead zone is set for the fre-
quency. When the system frequency is inside the dead zone,
WTG does not participate in the frequency regulation, and
its electric power is determined by the MPPT power order,
i.e., Py.=Kw3, where K is the parameter of the MPPT con-
trol of WTG. Once the frequency is out of the dead zone,
the WTG electric power at this time is taken as the refer-
ence value, denoted as Py, After checking that the rotor
speed is within the proper range, which means there is rotor
kinetic energy for frequency regulation, the WTG electric
power is changed to (15), or the control mode will be
switched to MPPT mode immediately.

Pye=Pyey+ APy, (15)

Notice that with the decrease of rotor speed, the MPPT
power order will decline. Therefore, when WTG switches to
the frequency regulation mode, Py, has to remain un-
changed until WTG switches back to the MPPT mode.

The scenarios of frequency disturbance include the fre-
quency drop and frequency rise. It is necessary for the auxil-
iary frequency control strategy to consider both scenarios.
Therefore, the control strategies in stage 2 are different.
When the system frequency decreases and the frequency reg-
ulation signal is smaller than the MPPT signal, or the system
frequency increases and the frequency regulation signal is
bigger than the MPPT signal, WTG switches back to the
MPPT mode. The flow chart of the practical optimal auxilia-
ry frequency control strategy of WTG is shown in Fig. 4.

|Record current WTG electric power as Py

)

PWez7(Kw01_—1_*_;)v}?2 )
WD

Py <Ky — Py and Af<—£,?

‘ PWe:PWe0+APWe ‘

I

Fig. 4. Flow chart of practical optimal auxiliary frequency control strategy
of WTG.
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B. Parameter Setting of Judgement Conditions

Since the installed capacity of thermal power is higher
than that of hydro power in most power systems in China,
the frequency dead zone value of WTG f; can be set to be
the frequency dead zone value of the thermal generator,
which is +0.033 Hz for better coordination between the
WTG and the thermal generator. If f; is too small, the WTG
will start the frequency regulation earlier than the SG. As a
result, the frequency regulation capacity of the WTG is ex-
hausted too quickly and the WTG will terminate the frequen-
cy regulation too early. Such a situation is not good for
SFR. If f; is too big, WTG will start the frequency regula-
tion too late and its advantages of power control rapidity
cannot be fully utilized. Therefore, f; is set to be the same as
the frequency dead zone value of the thermal generator. Dur-
ing normal operation, the rotor speed of WTG also changes
according to the wind speed, so it is not a problem for WTG
to change its rotor speed frequently for frequency regulation.

C. Parameter Setting of Ky, and Ty

According to [24], Kyp, should be equal to K, and Ty
should be equal to T, to achieve better coordination between
the frequency regulation of WTG and SG. This means Ky,
and Ty, are decided by SG parameters. However, in real
power systems, the frequency regulation characteristic of
SGs is very complex. Different SGs have different parame-
ters. It is difficult to obtain the equivalent K and T, from
SG parameters directly. Therefore, for practical use, the fol-
lowing procedure can be adopted.

1) Establish the governor and prime mover models of SGs.

2) Input the step signal of frequency Af(f)=cu(f) to the
model, where u(¢) is the unit step signal and c is the preset
magnitude.

3) Add the power increment signals of each governor and
prime mover to obtain the total power increment signal AP, ;.

4) Fit AP, with an exponential function, and obtain

Aszch%Gif(l -e /s Ju(t), where 1%(” and T, . are the fitting
parameters.
5) Obtain Kyp, =K and Ty,=Tg.

D. Parameter Setting of Ky,

The optimal Ky, is decided by Ky, and Typ. If Ky, is
larger, the frequency support effect will be better (the fre-
quency nadir will be higher), but the rotor speed of WTG
will drop faster. The rotor speed will stop dropping when the
electric power is equal to the mechanical power. Therefore,
if the rotor speed is higher than the lower limit at the mo-
ment when the electric power is equal to the mechanical
power, the rotor speed will not reach the lower limit. Ky,
should be as big as possible in the feasible region. Ky, can
be decided by trail in the system.

Apply a power shortage disturbance AP, on the system,
and find the biggest Ky, that can guarantee the rotor speed
higher than the lower limit. The AP, used to determine
Ky, should consider the most severe power shortage that
may occur. The K, obtained from more severe power
shortage can be adapted to the situation with a less severe
power shortage.
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To avoid the rotor speed of WTG in the proposed control
strategy decreasing below the lower limit, Ky, should be ad-
justed according to the rotor speed of WTG, while K, and
Ty should remain the same. When the wind speed decreas-
es during operation, Ky, should decrease as well. Further-
more, Ky, should be conservative to deal with the situation
that the wind speed decreases during the frequency regula-
tion process of WTG. The degree of conservatism depends
on the possible fluctuation range of wind speed in the time
scale of primary frequency regulation.

E. Advantages of Proposed Control Strategy

The proposed control strategy not only realizes the coordi-
nation between WTGs and SGs in the frequency regulation
[24], but also has the following advantages.

1) The WTG switches smoothly between the MPPT mode
and frequency regulation mode, especially from the frequen-
cy regulation mode to the MPPT mode, to avoid secondary
frequency drop.

2) The control strategy can be applied to both scenarios of
frequency drop and frequency rise.

3) The control strategy is concise and easy to implement.

4) The WTG will return to the original operating point af-
ter the frequency regulation.

Figure 5 shows the trajectory of the WTG electric power
under the proposed control strategy, where P, P, ., and
Pyueer are the output electric power, the mechanical power
of the turbine, and the power order of the MPPT control, re-
spectively. The WTG operates at point A before the frequen-
cy regulation. When a power shortage occurs, the system fre-
quency drops and the WTG electric power increases accord-
ing to its control strategy and comes to point B. Since the
WTG electric power is higher than the mechanical power, it
will decelerate and come to point C. At point C, the WTG
electric power is equal to the mechanical power. Then, the
WTG electric power will continue to decrease and become
lower than the mechanical power. After that, the rotor will
accelerate and comes to point D. At point D, the WTG elec-
tric power is equal to the MPPT power order. Then, the
WTG switches back to the MPPT mode and returns to point
A with MPPT control.

09 10 1.1 12 13
oy (p-u.)

0.8

Fig. 5. Trajectory of WTG electric power under proposed control strategy.

From the process, we can know that the proposed control
strategy has three advantages.
1) The WTG increases the electric power to support fre-
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quency quickly after the frequency drop.

2) The WTG decreases the electric power automatically af-
ter supporting frequency to avoid its rotor speed being too
low.

3) The WTG returns to the original operating point after
the frequency regulation to ensure that the steady-state fre-
quency is the same as that in the situation when WTG does
not participate in the frequency regulation.

The proposed control strategy achieves a good balance be-
tween the frequency support and rotor speed recovery.

The steady-state frequency remains the same as that in the
situation when WTG does not participate in the frequency
regulation. The WTG supports the system frequency only
temporarily, but its rotor kinetic energy is released at the
most appropriate time. Therefore, a higher frequency nadir
and better SFR are obtained.

IV. INFLUENCE OF CONTROL PARAMETERS ON SYSTEM
FREQUENCY AND THEIR SENSITIVITY TO SYSTEM FREQUENCY

Section III provides a parameter setting method for the
proposed strategy. According to [24], the coordination with
SG is affected by Ky, and Ty, which are decided by the
parameters of SG shown in Section IIl. Ky, is decided by
Ky, and Typ. The influence of Ky, Kyp,, and Ty, on the
frequency is studied in this section.

To explore the influence of control parameters, a simula-
tion is done in the four-generator two-area system. The struc-
ture of the system is shown in Fig. 6. G2 is a hydro genera-
tor, while G3 and G4 are thermal generators. The frequency
dead zone values of the hydro generator and the thermal gen-
erators are +0.05 Hz and +0.033 Hz, respectively. The WTG
model, SG model, and prime mover and governor model are
taken from [25], [26], and [27], respectively. The WTG gen-
eration power accounts for 25% of the total system genera-
tion power. The disturbance in the system is a 10% power
shortage. The wind speed is 8.5 m/s. Because there are multi-
ple generators in the system, the system frequency as de-
scribed below is actually system average frequency, which is
the frequency of the center of inertia of the system.

Fig. 6. Structure of simulation system.

When Ky, Ky, and Ty, are optimal, if Ky, becomes
bigger, K, becomes smaller, or Ty, becomes bigger, the
WTG rotor speed will drop to the minimum speed limit.
Therefore, we only discuss the situations of smaller Ky,
bigger Kyp,, or smaller Ty,

It can be observed from Fig. 7 and Table I that when K,
decreases, the frequency nadir becomes lower, while the
time for the frequency to reach the steady state is shortened.
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It can be observed from Fig. 8 and Table II that when Ky,
increases, the frequency nadir becomes lower, while the time
for the frequency to reach the steady state is shortened. It
can be observed from Fig. 9 and Table III that when Ty, de-
creases, the frequency nadir becomes lower, while the time
for the frequency to reach the steady state is shortened.

0
0.1}
5021
g 03| — Optimal Ky,
< —— 90% of optimal Ky,
0.41F —— 80% of optimal Ky,
No control

0.5 . . . X . 4
0 20 40 60 80 100 120

1(s)

Fig. 7. Comparison of system frequency with different Kyp,.

TABLE 1
COMPARISON OF FREQUENCY NADIR WITH DIFFERENT Ky,

TABLE III
COMPARISON OF FREQUENCY NADIR WITH DIFFERENT Ty,

Improvement of proposed control

Parameter min Af (Hz) strategy relative to no control (%)
Optimal Ty, —0.3253 30.61
90% of optimal Ty, —0.3396 27.56
80% of optimal Ty, —0.3565 23.96
No control —0.4688 0

The sensitivity comparison of minimum frequency to dif-
ferent control parameters is shown in Table IV. The sensitivi-
ty refers to the percentage of change of the lowest frequency
of the system when the control parameters change by 1%.
From Table IV, it can be observed that the system frequency
nadir is more sensitive to Ky, and Ky, than that to Ty,

TABLE IV
SENSITIVITY COMPARISON OF MINIMUM SYSTEM FREQUENCY TO DIFFERENT
CONTROL PARAMETERS

Improvement of proposed control

Parameter min Af (Hz) strategy relative to no control (%)
Optimal Ky, —0.3253 30.61
90% of optimal Ky, —0.3552 24.24
80% of optimal Ky, —-0.3904 16.72
No control —0.4688 0
0
-0.1¢
5 -02¢
RS .
< 03l —— Optimal Kywpa
< — 110% of optimal Ky,
S04} —— 120% of optimal Ky,
No control
-0.5 v . . : - <
0 20 40 60 80 100 120
t(s)

Fig. 8. Comparison of system frequency with different Kyp,.

TABLE II
COMPARISON OF FREQUENCY NADIR WITH DIFFERENT Ky,

Improvement of proposed control

Parameter min Af (Hz) strategy relative to no control (%)
Optimal Ky, —0.3253 30.61
110% of optimal Ky,,, ~ —0.3535 24.60
120% of optimal Ky,,,  —0.3874 17.36
No control —0.4688 0
0

0.1+

5021

Z 02l —— Optimal Ty,
03 —— 90% of optimal Ty,
04} — 80% of optimal Ty,
— No control
-0.5 ‘ : . ‘ : >
0 20 40 60 80 100 120
1(s)

Fig. 9. Comparison of system frequency with different 7',

Parameter Sensitivity
Kyp: 0.92
Kyps —0.87

Typ 0.44

V. ADAPTABILITY OF PROPOSED CONTROL STRATEGY TO
MULTIPLE SCENARIOS

To verify the effectiveness and adaptability of the pro-
posed control strategy to multiple scenarios, simulations of
various scenarios are done in this section. All of these sce-
narios are compared with a benchmark scenario in aspects of
the disturbance types and severity, WTG control parameters,
and the WTG operation condition. All simulations are done
in the four-generator two-area system shown in Fig. 6. The
synthetic inertia control, which is a variable coefficient inte-
grated inertia control, is taken from [14]. The values of the
droop control coefficient and virtual inertia control coeffi-
cient change with the WTG rotor speed.

A. Benchmark Scenario

In the benchmark scenario, the WTG generation power ac-
counts for 25% of the total system generation power. The
disturbance in the system is a 10% power shortage. The
wind speed is 8.5 m/s. The comparison of the system fre-
quency between the optimal control and synthetic inertia con-
trol is shown in Fig. 10.

0
-0.1¢

5021

= -03}
< —— Optimal control

—— Synthetic inertia control
No control

04l

0.5 . . . . . 4
0 20 40 60 80 100 120

1(s)

Fig. 10. Comparison of system frequency of benchmark scenario.
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The comparison of the WTG rotor speed in the bench-
mark scenario is shown in Fig. 11, while the comparison of
the WTG electric power in the benchmark scenario is shown
in Fig. 12.

1.00
095+

= 090}

&

= 0.85+ .

3 —— Optimal control
0.80 + —— Synthetic inertia control

—— No control

0.75 :

0 20 40 60 80 100 120

t(s)

Fig. 11.  Comparison of WTG rotor speed in benchmark scenario.
8.5r —— Optimal control
—— Synthetic inertia control
8.0+
— No control
6.0 . . . . . v
0 20 40 60 80 100 120
£(s)
Fig. 12.  Comparison of WTG electric power in benchmark scenario.

As shown in Fig. 11, if the synthetic inertia control is ad-
opted, the WTG rotor speed will drop all the time. If the
WTG rotor speed decelerates to the minimum speed limit
and the WTG switches back to the MPPT mode, the electric
power drop and secondary frequency drop in the system will
be caused, which will deteriorate the frequency nadir. To
avoid the deterioration of SFR caused by the secondary fre-
quency drop, the electric power increment of the synthetic
inertia control should not be too large to avoid too fast drop
of WTG rotor speed.

It will restrain the frequency support effect of synthetic in-
ertia control. However, if the proposed control strategy is ad-
opted, the WTG rotor speed will return to the initial speed at
the end of frequency regulation, which will not cause a nega-
tive power impact on the system and achieve a much better
balance between the frequency support and WTG rotor
speed. This is because the proposed control strategy consid-
ers the limited rotor kinetic energy at the beginning of the
design to overcome the drawback of the auxiliary frequency
control strategy of WTG using rotor kinetic energy. It realiz-
es the reasonable allocation of the limited frequency regula-
tion energy of WTG and its coordination with SG in the pri-
mary frequency regulation.

It can be observed from Fig. 11 and Fig. 12 that if the
proposed control strategy is adopted for the WTG, the elec-
tric power will increase rapidly in the early stage of the fre-
quency regulation to support the system frequency, and then
the electric power will decrease to recover the rotor speed.

In the later period of frequency regulation, the frequency
regulation power of the SG has been fully released. At this
time, the main task of the WTG is to quickly reduce the
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electric power to below the mechanical power to restore the
rotor speed without causing the secondary frequency drop.

The proposed control strategy can make the frequency reg-
ulation of the WTG and SG achieve better coordination. In
comparison, if the synthetic inertia control in [14] is adopted
for the WTG, the electric power in the whole process of fre-
quency regulation is higher than the mechanical power, so
that the rotor speed decreases continuously and the mechani-
cal power decreases. Although the coefficients of synthetic
inertia control decrease as the rotor speed decreases, the elec-
tric power is still higher than the mechanical power. There-
fore, it is difficult for the WTG to recover the initial speed
after the frequency regulation, and it may even lead to a sec-
ondary frequency drop. The limited rotor kinetic energy of
the WTG is not reasonably distributed in the frequency regu-
lation process under the synthetic inertia control, but it is
much better distributed under the optimal control.

B. Different Types of Disturbances

Two different types of disturbances, i.e., the 5% power
shortage disturbance and the 5% power surplus disturbance,
are tested in this subsection. The optimal control parameters
of the WTG remain the same as the benchmark scenario of
a 10% power shortage.

For the power shortage disturbance, it can be observed
from Fig. 13 and Fig. 14 that the frequency nadir of the pro-
posed control strategy is still better than the synthetic inertia
control, while the rotor speed decelerates less than the bench-
mark scenario. Parameters of the more severe situation can
be applied to the less severe situation. Therefore, the parame-
ters can be set by considering the maximum power shortage
in the system.

0
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Af (Hz)

-0.15¢+ .
—— Optimal control

020+ —— Synthetic inertia control
—— No control
-0.25 - - - - - <
0 20 40 60 80 100 120
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Fig. 13. Comparison of system frequency under 5% power shortage distur-
bance.
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Fig. 14.  Comparison of WTG rotor speed under 5% power shortage distur-
bance.

For the power surplus disturbance, it can be observed
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from Fig. 15 that the maximum frequency of the proposed
control strategy is lower than that of the synthetic inertia
control. It can be observed from Fig. 16 that the rotor speed
can return to the original value before the frequency regula-
tion. Meanwhile, it can be observed from Fig. 17 that the
comparison of WTG electric power of 5% power surplus dis-
turbance. Thus, the proposed control strategy can also be ap-
plied to the situation of power surplus disturbance.

030
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Fig. 15. Comparison of system frequency under 5% power surplus distur-
bance.
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Fig. 16. Comparison of WTG rotor speed under 5% power surplus distur-
bance.
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Fig. 17. Comparison of WTG electric power under 5% power surplus dis-
turbance.

C. Decrease of Wind Speed

A lower wind speed (8 m/s) within the range when WTG
adopts the MPPT control is verified in this subsection. When
the wind speed decreases, the WTG rotor decelerates and its
kinetic energy decreases. Therefore, Ky, should be smaller
when the wind speed decreases.

It can be observed from Fig. 18 that in the scenario of
lower wind speed, the proposed control strategy still per-
forms well. The frequency nadir is improved compared with
the synthetic inertia control. Meanwhile, the rotor speed can
return to the original value after the frequency regulation, as
shown in Fig. 19. Thus, the proposed control strategy can be
applied to the scenario of lower wind speed as well. The
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WTG rotor speed does not decrease below the minimum
speed limit when the wind speed decreases owing to the de-
crease of Kyp,.
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Fig. 18. Comparison of system frequency with lower wind speed.
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Fig. 19. Comparison of WTG rotor speed with lower wind speed.

D. Inaccurate System Model Parameters

Assume that the system model parameters have a random
10% error. Use the parameters of the benchmark scenario to
obtain the WTG control parameters and derive the SFR.

It can be observed from Fig. 20 that even if system model
parameters are inaccurate, the frequency nadir of the pro-
posed control strategy is higher than that of the synthetic in-
ertia control. Therefore, the proposed control strategy can ad-
just to the inaccuracy of system model parameters, which
demonstrates that the proposed control strategy is robust to
system parameters.
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Fig. 20. Comparison of system frequency with inaccurate system model
parameters.

E. Summary

Table V presents the comparison of frequency nadir (fre-
quency peak value for power surplus) of the proposed con-
trol strategy and synthetic inertia control of WTG in various
scenarios. It can be observed from Table V that in all scenar-
ios, the improvement of the proposed control strategy rela-
tive to synthetic inertia control is significant.
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TABLE V
COMPARISON OF FREQUENCY NADIR OF PROPOSED CONTROL STRATEGY AND SYNTHETIC INERTIA CONTROL OF WTG

min Af (max Af for power surplus) (Hz)

Improvement of proposed control strategy

Scenario

No control  Synthetic inertia control Proposed control strategy ~ relative to synthetic inertia control (%)
Benchmark scenario —0.4688 —0.4295 —0.3253 22.23
5% power shortage —0.2387 —0.2176 —0.1662 21.53
5% power surplus 0.2523 0.2264 0.1781 19.14
Lower wind speed (8 m/s) —0.4688 —0.4424 —0.3462 20.52
Inaccurate system model parameters —0.4776 —-0.4292 —-0.3234 22.16

VI. CONCLUSION

In this paper, the functional optimization model of the op-
timal auxiliary frequency control strategy of WTG is estab-
lished and numerically solved. The form of the control strate-
gy is proposed and studied. A practical optimal auxiliary fre-
quency control strategy of WTG is proposed. The proposed
control strategy makes full use of the advantages of WTG
and SG, which has the following advantages.

1) The control strategy is concise and easy to implement.
After the frequency transient support, the WTG returns to
the MPPT mode. Therefore, it can be well integrated into
the WTG power control link.

2) The secondary frequency drop is avoided as the WTG
smoothly switches between the MPPT mode and frequency
regulation mode. The WTG electric power can drop automat-
ically after the frequency support.

3) The coordination of WTG and SG in the frequency reg-
ulation is enhanced by the proposed control strategy. The fre-
quency regulation of WTG is fast but the available energy is
limited while the frequency regulation ability of SG is
enough but the response is slow. The proposed control strate-
gy combines the advantages of WTG and SG and obtains
better SFR.

4) The proposed control strategy adapts to different distur-
bances and different wind speeds. It is also robust to system
parameters. Therefore, the proposed control strategy can
adapt to different working conditions of the power system.

However, the coordination between different WTGs is al-
so a very complex problem. Different WTGs have different
working conditions with different frequency regulation abili-
ties. Therefore, a control strategy to coordinate the auxiliary
frequency control of different WTGs is required and will be
our future work.
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