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Abstract: As the penetrated level of wind in power grids increases, the online system inertia
becomes weak. Doubly-fed induction generator (DFIG)-based wind turbine generators (WTGs) are
required to provide virtual inertia response to support system frequency. The present inertia
control strategy with fixed control gain is not suitable and may cause stall of the DFIG-based WTG,
as the virtual inertia response potential from the DFIG-based WTG is different with various wind
speed conditions. This paper addresses a virtual inertia control method for the DFIG-based WTGs
to improve the system frequency stability without causing stalling of the wind turbine for various
wind speed conditions. The effectiveness of the proposed virtual inertia control method is
investigated in a small system embedded with the DFIG-based WTG. Results demonstrate that the
proposed virtual inertia strategy improves the frequency stability without causing the rotor speed
security issue. Thus, the proposed control strategy can secure the dynamic system frequency
security of power systems under the scenarios of full and partial loads, and, consequently, the
proposed method provides a promising solution of ancillary services to power systems.
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1. Introduction

As a renewable energy, the wind power integrations have been continuously increasing during
the last few years due to air pollutants and energy shortages. Variable-speed wind turbine
generators (WTGs) are the most dominating type of wind generation and replace the conventional
synchronous generators due to their advantages, namely, maximum mechanical power capture,
reduced acoustical noise, and reduced mechanical stresses on the turbine [1,2]. The types of
variable-speed WTGs include: doubly-fed induction generator (DFIG)-based WTG (type III) and
full-scale converters-based WTGs (type IV). Compared to the full-scale converters-based WTGs, the
DFIG-based WTGs are economically viable, as a partial-scale converter system is employed. Thus,
as stated in [3], DFIG-based WTGs constitute more than 50% of the installed WTGs.

However, large integrations of DFIG-based WTGs may bring severe challenges on electric
power systems. Frequency stability, which is one type of severe challenge, must be solved. The
reason is that DFIG-based WTGs decouple the rotor speed from the system frequency; thus, they are
unable to provide inertia response. Furthermore, the online system inertia becomes weak [4,5]. Such
inertia issues become significant with the penetrated level of wind increase. Therefore, the worsened
maximum rate of change of system frequency (df/dt) and system frequency nadir may trigger under
frequency load shedding relays [6,7]. Hence, DFIG-based WTGs are required to provide frequency
support capability to guarantee the system frequency stability of power systems with high
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penetrated wind energy [8,9]. As studied in [10], the kinetic energy available from the DFIG-based
WTG is 5.25 times that of a synchronous generator when the DFIG-based WTG operates at rated
wind speed. Hence, DFIG-based WTGs are better options for supporting the dynamic system
frequency.

In [11], DFIG-based WTGs can provide frequency support capability using two possible ways
[12-20]. The first way injects active power to the electric power grid using reserve power from
DFIG-based WTGs [12,13]. However, to obtain reserve power, de-loading operation is needed. This
means that DFIG-based WTGs deviate from maximum power point tracking (MPPT) operation
using pitch-angle control or over-speed control of the DFIG-based WTG, thereby resulting in
significant wind energy loss. The second way injects active power to the electric power grid by
releasing the kinetic energy from DFIG-based WTGs without de-loading operation [14-20].

To provide dynamic frequency support, the authors of [14] suggest employing the df/dt loop
and the frequency deviation (Af) loops as the additional control loops to emulate virtual inertia
control response and droop control response, respectively. As the focus of this paper is
investigating the effect of the df/dt loop on the dynamic system frequency, only the virtual inertia
control is discussed here. In [15,16], the calculated df/dt is used as the input signal to derive the
additional power for virtual inertia control. In [17], the performance of virtual inertia control from
the DFIG-based WTG with different control gains is investigated. To increase the frequency stability,
the authors of [18] suggested using the maximum df/dt for virtual inertia control. However, the use
of the fixed control gain of the virtual inertia control limits the contribution to supporting the
dynamic system frequency and has a possibility of resulting in stalling of the DFIG-based WTG in
the low region of the rotor speed. In [19,20], a rotor speed-dependent inertia of virtual inertia
control is addressed to improve the frequency stability; however, the performance of improving the
frequency stability is limited due to the small control gain, particularly for a disturbance.

This paper designs a virtual inertia control strategy with purposes of increasing the system
frequency stability and preventing the wind turbine from stalling. In addition, this paper assumes
that the DFIG-based WTG operates in MPPT operation mode without preset power reserve.
Dynamic performances of the proposed control strategy are investigated in an under-frequency
disturbance using electromagnetic transient program restructured version (EMTP-RV) simulator
under the scenarios of full and partial loads.

2. Frequency Control of an Electric Power System

Keeping the frequency in the reasonable range is essential for reliable operation of power
systems, as the frequency reflects the relationship between the power generation and the load
demand. When a frequency event happens, the power system strives to work against the system
frequency variation via the inertia response as well as the primary and the secondary frequency
controls of synchronous fleets [21]. In other words, conventional synchronous fleets intrinsically
release their kinetic energy with a purpose of compensating for the power deficit. Conventional
synchronous generators increase input mechanical power to stabilize frequency and arrest the
frequency decrease according to the measured rotor speed deviation; afterward, the fast-starting
conventional synchronous generators, such as diesel and open-cycle generators, initiate to restore
the frequency to 50 Hz or 60 Hz. The relation of the inertia response and the primary frequency
control can be given as:

qaf
AP, =2H  x f, x—2 1
in sys f\y.s d t ( )
1
APP/ =~ E X (fsys - fnnm ) (2)

7

where fiys, from, Hsys, and R respectively are system frequency, nominal frequency, system inertia, and
droop gain of a power system. APi» and APyindicate the additional output power of the inertia
response and the primary frequency control, respectively.
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As aforementioned, DFIG-based WTGs decouple the rotor speed from the system frequency.
As aresult, the frequency deviation and the maximum df/dt become severe and may even trigger the
under frequency load shedding relays to prevent the frequency decline further.

3. Model and Control of the DFIG-Based WTG

As shown in Figure 1, wind turbine, two masses, induction generator, converters, and control
system constitute a DFIG-based WTG.
3.1. Wind Turbine Model

The mechanical power captured from wind —which is a nonlinear function of the wind speed
condition (vw), blade profile, etc. —is defined as below:

P . =0.5pAvic,(1,8), 3)

m

where p means the air density, A means the swept area of the wind turbine, A indicates the tip-speed
ratio, ¢y represents the power coefficient, and § indicates the pitch angle.
As in [22], ¢y in (3) is represented as:

~5-04(2.5+B)+1164,

cp(4, B) = 0.645{0.009121 + o 1, 4)
JRIp)
where
1 0.035

4 00825 B 1+25+p8) ©)

and A is given as:

o R
A==,

) (6)

3.2. Two Masses Model

For indicating the dynamics between wind turbine and generator, a two masses model is used
[23].
The dynamics between mechanical torque ™ and low speed shaft torque (Ti) are represented
as:
do,

2H, =L =T, T,

s 7
T, -, )

where H: means the inertia constant of the turbine; w: is the turbine rotor speed.
Dynamics between the electromagnetic torque of a generator (Ten) and high-speed shaft torque
(Trs) can be defined as:
dw
2, — =T~ T, ®)
where Hg means the inertia constant of the induction generator; wr is the induction generator rotor
speed.
Tis is derived by:

T, =K(0,-6,)+B(w,-0,), 9)

where K, 0 and 0: are spring constant, angular displacement of the wind turbine, and angular
displacement of the low speed shaft, respectively. B and wis are the damping constant and the low
speed shaft rotor speed, respectively.



Appl. Sci. 2020, 10, 3376 4 of 15

3.3. Control of the DFIG-Based WTG

The control system of the DFIG-based WTG includes a pitch angle, a rotor-side converter, and
grid-side converter controllers. The function of the pitch-angle controller is to prevent the rotor
speed (ar) from exceeding the maximum value (@max), or it is used to enable the de-loading mode
according to the command from a high-level controller. The rotor-side converter controller, which
achieves decoupled control of reactive power and active power, focuses on maintaining the stator
voltage at the regulated value and controls the active power. The gird-side controller focuses on
controlling the direct current (DC)-link voltage.

As shown in Figure 2, a rotor speed error between wr and wmax is passed through a
proportional-integral-derivative (PID) controller to calculate the reference of pitch controller. In
addition, the rate and the angle limiters are considered; the setting of maximum pitch angle limit is
30°, and the setting of pitch rate is +10°/s, as in [24].

In (3), ¢p is a function of A and has a maximum value (cr, max) at the optimal A (Agr). At the value
of Aopt, the DFIG-based WTG can capture the maximum P from wind [25,26]. Substituting (6) in (3),
the power reference for MPPT operation can be represented as:

Py = lpﬂRz(w’—Rch,mx =k, (10)
2 A
where ks represents a constant and is set to 0.512. In addition, cp, max is set to 0.5; Aopis set to 9.95 in this
study.
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Figure 1. Typical configuration of the doubly-fed induction generator (DFIG)-based Doubly-fed
induction generator (WTG).
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Figure 2. Pitch angle controller.
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Figure 3. Mechanical power curves and MPPT operation curve of a DFIG-based WTG.

Figure 3 indicates Pn curves and Pumprr of the DFIG-based WTG. The o operating range of the
DFIG-based WTG ranges from 0.70 p.u. to 1.25 p.u., as represented by black dashed lines. The red
and the blue solid lines indicate the MPPT curve and the Pw curves, respectively.

The DFIG-based WTG can provide virtual inertial response by adding the df/dt loop to the
MPPT control loop, as shown at the bottom of Figure 1. Further, the primary frequency control
(droop control) loop is not implemented, as this paper solely studies how to improve the frequency
stability from the aspect of the virtual inertia control from a DFIG-based WTG.

4. Proposed Virtual Inertia Control Method of the DFIG-based WTG

As in [15,18], the additional power, AP, calculated by the virtual inertia control is expressed:

daf .,

AP = K x X
in f‘xy.\ dt

(11)
where K indicates the control gain of virtual inertia control loop.

The effect of different control gains on the virtual inertia control is investigated under a low
wind speed condition (see Figure 4). Three different control factors of 0, 10, and 50 are considered in
the investigation under a low wind speed. The use of a large control gain displays better
performance on the maximum df/dt and frequency nadir, as more power is injected to the grid
during the initial stage of disturbance. However, when a larger control gain is applied, such as 50 in
the investigation, the rotor speed decreases to the minimum value; as a result, stalling of the
DFIG-based WTG occurs. Even the released energy in the initial stage of disturbance is more than
that when control gain is set to 10, and the maximum frequency deviation is large. Therefore, the
use of a large gain can improve the dynamic frequency stability; however, it may have a possibility
of causing stalling of the DFIG-based WTG and further worsening the frequency nadir. The use of a
small fixed control gain for the conventional strategy is inevitable to prevent the stalling of the
DFIG-based WTG, thereby restricting the contribution to improving the frequency stability during
disturbance.

To improve the maximum df/dt and frequency nadir and prevent the DFIG-based WTG from
stalling, this paper proposes a kinetic energy-dependent control gain. The following sections
describe how to define the proposed control gain.

The kinetic energy available of the DFIG-based WTG (Ew) at wr can be expressed as:

Eav =0.5x "]DFIG x (a)r2 - a):ﬂn) (12)

where Joricindicates the moment of inertia of the DFIG-based WTG. In this study, the kinetic energy
of a DFIG-based WTG is normalized by its rated capacity; thus, the unit of the normalized kinetic
energy is seconds.
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For the DFIG-based WTG, the capability of virtual inertia control is dependent on the Ea, thus,
the control gain, Kpro, in the proposed strategy can be represented as:

K,, =Cx(o] —ay,), (13)
where C and womean the virtual inertia control factor and the rotor speed before disturbance,
respectively; the second term of (13) indicates the kinetic energy available from the DFIG-based
WTG prior to disturbance.

Figure 5 displays the proposed control gain at various rotor speeds when C is set to 100. The
control gain is proportional to the rotor speed of the DFIG-based WTG. In the high-rotor-speed
region, the use of a large control gain releases more kinetic energy to improve the frequency
stability; the use of a small control gain for the low speed region can release suitable energy to
support the dynamic system frequency while preventing the DFIG-based WTG from stalling.

As shown in Figure 1, to remove the noise components of the measured system frequency in
the virtual inertia control loop, a first order low pass filter is implemented; T is set to 100 ms in this
research. Further, Prs calculated by virtual inertia control strategy is limited by the rate of change of
power and maximum power limiters to prevent the excessive mechanical stress. The setting of the
maximum power limiter is 1.1 times that of the nominal power of the DFIG-based WTG; the setting
of the rate of change of power limiter is 0.45 p.u./s [27].

It should be note that only virtual inertia control is implemented in the DFIG-based WTG to
support the dynamic system frequency. The adoption of droop control can improve the frequency
stability. However, this is out of the scope of this research, as the focus of this paper is investigating
how to improve the system frequency stability via virtual inertia control strategy.

60.1 -
60.0
59.9
59.8
59.7
59.6
595
59.4
59.3
59.2
59.1 . . . .

0 10 20 30 40 50 60 70

Time (s)

(@)

Fixed gain =0

o Fixed gmn =10

Fixed gain = 50

System frequency (Hz)

90.0 -
200 - Fixed gain =0
204 1 = Fixed gain = 10
60.0 -
50.0 +
40.0 \

30.0 5 =

Fixed gain = 50

Active power MW)

10.0 T T T T

Time (s)

(b)



Appl. Sci. 2020, 10, 3376 7 of 15

0.90 -

Fixed gain =0
e Fixed gain = 10

2 0.80 A Fixed gain = 50

E
=
2 075 - _
g 0.70
<
4
0.65 A
0.60 T T T T T T ]
0 10 20 30 40 50 60 70
Time (s)
(9

Figure 4. Influence of different control gains of the virtual inertia control strategy at the wind speed
of 6.5 m/s: (a) system frequencies; (b) active powers; (c) rotor speeds.
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Figure 5. Proposed control gain of virtual inertia control at different rotor speeds when C = 100.

5. System Layout

Figure 6 displays a test system including six steam turbine-based synchronous generators, a
static load, a motor, and a wind power plant to study the performance of virtual inertia control
methods. The specification parameters of synchronous generators and the DFIG-based WTG are
represented in Table 1 and Table 2.

Synchronous generators with the IEEEGI1 steam governor model (type B) are selected. Figure 7
represents the topology model of the IEEEG1 steam governor, and Table 3 displays its coefficients,
as in [28].

Three simulation scenarios on wind speed conditions of 10.0 m/s, 8.0 m/s, and 13.0 m/s are
carried out to investigate the performance of virtual inertia control strategies. As a disturbance,
SG6 —which generates 90 MW load —trips out from the grid at 10.0 s. Further, the system frequency
is calculated by using a phase-locked loop.

To verify the effectiveness of the suggested virtual inertia control method, frequency nadir,
maximum df/dt, nadir-based frequency response, and released kinetic energy from the DFIG-based
WTG of the proposed strategy are compared to the conventional strategy. Moreover, C is set to 100
to obtain the better performances on improving the maximum df/dt and the frequency deviation.
For the conventional strategy, K is set to 10, as in [15].

As in [29], the nadir-based frequency response (NBFR)—which is a metric for assessing the
rigidness of an electric power grid —can be expressed as:

NBFR = — Lo (14)

Soon = Soaa
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where Piss denotes the loss of active power generation and is 90.0 MW in this research. fuuir is the
minimum system frequency during a disturbance.

SGy, SGe 3
150 MVA ( ) >
SGs. SGy :
200 MVA ( :) @
SGs, SGe :

100 MVA

Motor
310 MW

Static load
290 Mw
100 MVAr

26.4/
154 kV

N

154/
13.8 kV

154/33 kv

DFIG-based WPP

Figure 6. Test system embedded a DFIG-based WTG.

Table 1. Parameters of synchronous generators.

Item SG1/SG2 SG3/SG4 SG5/SG6
Nominal Apparent Power (MVA) 150 200 100
Inertia Constant (s) 4.0 5.0 43
2l PHF
Fo K K, K
P 1 2 3
+ U{) Lo y r / }
Aw [K(l+sT) - ) ot ] 1 ] |1 L
IERVA 4 Ty g 1457, 1+57; 14575
- ¢ Py
APreri
Figure 7. IEEEG1 model (type B).
Table 2. Parameters of the DFIG-based WTG.
Item Values Units
Nominal Stator Voltage 2.3 kV
Nominal Apparent Power 5.5 MVA
Nominal Active Power 5.0 MW
Magnetizing Reactance 2.9 p-u.
Stator Leakage Reactance 0.18 p.u.
Rotor Resistance 0.016 p-u.
Rotor Leakage Reactance 0.16 p.u.
Stator Resistance 0.023 p-u.
Inertia Constant 5.0 S
Stable Operating Range of w, 0.70-1.25 p-u.
Rated, Cut-in, and Cut-out Speeds 11,4,and 25 m/s

Table 3. Parameters of the IEEEG]1 steam governor model.

K K K K Th T T3

20 03 04 03 0.1 1.0 0.25
T4 Ts Ts U, U, Pmax  Pnmin
03 10 04 0.1 -0.2 1 0.4
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6. Dynamic Simulation Results

The virtual inertia control capability of a DFIG-based WTG is critically dependent on the kinetic
energy available from the DFIG-based WTG, which is related to the wind speed conditions. Thus,
the following subsection investigates the capability of virtual inertia control strategies when wind
speed conditions are set to 10.0 m/s, 8.0 m/s, and 13.0 m/s, respectively.

6.1. Case 1: Wind Speed = 10.0 m/s

Figure 8 displays the simulation results, where the wind speed condition of the DFIG-based
WTG is 10.0 m/s (partial load case). Thus, the kinetic energy available from the DFIG-based WTG is
3.96 s, which is 74% that of the total kinetic energy available. In this case, the pitch angle controller
is not activated due to the lower wind speed.

The maximum df/dt in the proposed strategy, the conventional strategy, and the MPPT
operation are —0.390 Hz/s, -0.475 Hz/s, and -0.503 Hz/s, respectively (see Figure 8a). The frequency
nadirs in the MPPT operation, the conventional strategy, and the proposed strategy are 59.174 Hz,
59.194 Hz, and 59.265 Hz, respectively. In the MPPT operation, no power is injected to the grid, an
as a result, there is no change in the rotor speed. For the conventional strategy, a small amount of
power is injected to the power gird so that the rotor speed reduces, and the performances in terms
of the system frequency nadir and the maximum df/dt are better than those of the MPPT operation.
In the proposed strategy, a large amount of active power is injected to the power grid due to the
proposed control gain in (13); as a result, the reduction in the rotor speed is large, and the
performances of the frequency nadir and the maximum df/dt are better than the conventional
strategy (see in Figure 8b,c).
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Figure 8. Results for Case 1: (a) system frequencies; (b) active powers; (c) rotor speeds; (d) control gains.
MPPT: maximum power point tracking.

Furthermore, the nadir-based frequency response of the proposed strategy is 122.45 MW/Hz,
which is more than in the conventional strategy by 10.82 MW/Hz and more than that of the MPPT
operation by 13.49 MW/Hz. This is because of the high frequency nadir. As displayed in Figure 8¢
and Table 4, the released kinetic energy from the DFIG-based WTG in the proposed method is 0.563
s, which is more than that of the conventional method by 0.422 s due to the large control gain in the
proposed strategy.

6.2. Case 2: Wind Speed = 8.0 m/s

Figure 9 displays the simulation results, where the wind speed condition of the DFIG-based
WTG is 8.0 m/s (partial load case). Thus, the kinetic energy available from the DFIG-based WTG is
1.66 s, which is 30% that of the total releasable kinetic energy and is 42% of the available kinetic
energy in Case 2.

The maximum df/dt for the proposed strategy is —0.421 Hz/s, which is smaller than those of the
conventional strategy and the MPPT operation by 0.055 Hz/s and 0.084 Hz/s, respectively. The
frequency nadir for the proposed strategy is 59.232 Hz, which is more than those of the
conventional strategy and the MPPT operation by 0.036 Hz and 0.057 Hz, respectively (see Figure
9a). Comparing the results to Case 1, the performances of frequency nadir and the maximum df/dt
in the MPPT operation are almost the same as in Case 1, because the power injection is from
synchronous generators. The performances of frequency nadir and the maximum df/dt in the
conventional strategy are the same as in Case 1 due to the same control gain of virtual inertia
control. The performances of the frequency nadir and the maximum df/dt for the proposed strategy
are less than that of Case 1 because of the smaller control gain, as displayed in Figures 8 and 9.
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Further, as in Case 1, the proposed method ensures better nadir-based frequency response,
which is more than those of the conventional method and the MPPT operation by 5.25 MW/Hz and
8.1 MW/Hz, respectively. The kinetic energy released for the proposed virtual inertia control
strategy is more than that of the conventional strategy by 0.221 s. In addition, the kinetic energy
released for the conventional method in Case 2 is the same as in Case 1 due to the same control
gain.
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Figure 9. Results for Case 2: (a) system frequencies; (b) active powers; (c) rotor speeds; (d) control
gains.
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6.3. Case 3: Wind Speed = 13.0 m/s

Figure 10 displays the simulation results, where the wind speed condition of the DFIG-based
WTG is 13.0 m/s (full load case). In this case, the wind speed is greater than the rated wind speed so
that the pitch angle controller is activated.

The maximum df/dt in the proposed strategy is —0.388 Hz/s, which is better than that of the
conventional strategy and the MPPT operation (see Figure 10a). The frequency nadir in the
proposed strategy is 59.267 Hz, which is greater than that of the conventional strategy and the
MPPT operation by 0.650 Hz and 0.090 Hz, respectively. In the proposed strategy, a large amount of
active power is injected to the power grid due to the proposed control gain in (13); as a result, the
reduction in the rotor speed is large, and further, the large rotor speed deviation results in the large
reduction in the pitch angle due to the large control gain of the proposed strategy (see Figure 10e).
Consequently, the performances of the frequency nadir and the maximum df/dt are better than the
conventional strategy (see in Figure 10b,c).

Furthermore, the nadir-based frequency response of the proposed strategy is 122.78 MW/Hz,
which is more than in the conventional strategy by 9.72 MW/Hz and more than that of the MPPT
operation by 13.42 MW/Hz. This is because of the high frequency nadir. As displayed in Figure 10c,
the released kinetic energy from the DFIG-based WTG in the proposed method is 0.017 s, which is
more than that of the conventional method by 0.007 s due to the large control gain in the proposed
strategy. As shown in Figure 10e, the pitch angle of the proposed strategy decreases to 5.39°,
whereas the pitch angle of the conventional strategy decreases to 6.11°.

The above simulation results display that the suggested virtual inertia control strategy is
capable of ensuring better performance on the maximum df/dt and the frequency nadir by using the
kinetic energy-dependent control gain under the scenarios of full and partial loads.
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Figure 10. Results for Case 3: (a) system frequencies; (b) active powers; (c) rotor speeds; (d) control

gains; (e) pitch angle.

Table 4. Comparison of numerical results for three cases.

Index Strategies Case 1 Case 2 Case 3
Maximum rate of change of MPPT operation —-0.503 —-0.505 —0.502
system frequency Conventional strategy —0.475 -0.476 —0.474
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(Hz/s) Proposed strategy -0.390 —-0.421 —0.388

. MPPT operation 59.174 59.175 59.177

Freque;‘;y nadir Conventional strategy 59.194 59.196 59.202

(Hz) Proposed strategy 59.265 59.232 59.267

. MPPT operation 108.96 109.09 109.36

Nadir-based frequency Conventional strategy 111.63 111.94 113.07
response (MW/Hz)

Proposed strategy 122.45 117.19 122.78

Released kinetic energy from Conventional strategy 0.108 0.108 0.010

the DFIG (s) Proposed strategy 0.563 0.329 0.017

7. Conclusions

This study addresses a virtual inertia control strategy from the DFIG-based WTG to increase
the frequency stability without causing the rotor speed stall. To accomplish this, a kinetic
energy-dependent control virtual inertia control gain is proposed.

Simulation studies indicate that the suggested virtual inertia control strategy can increase the
frequency stability more than that in the conventional strategy by releasing more kinetic energy
from the DFIG-based WTG under the scenarios of full and partial loads. Moreover, the proposed
control strategy can prevent the wind turbine from stalling, even when a large control gain is used.

The advantages of the proposed virtual inertia control method are that the control gain varies
with the wind speed conditions. The virtual inertia control factor is used to regulate the
performance of the frequency stability. Further, the control gain reduces with the wind speed and is
zero at the minimum rotor speed so that the proposed strategy is capable of preventing the
DFIG-based WTG from stalling, thereby avoiding the rotor speed security issue.
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