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Abstract: This paper proposes adaptive virtual inertia for the synchronverter model implemented in
a wind turbine generator system integrated into the grid through a back-to-back converter. A linear
dynamic system is developed for the proposed adaptive virtual inertia, which employs the frequency
deviation and the rotor angle deviation of the synchronverter model as the state variables and
the virtual inertia and frequency droop gain as the control variables. In addition, the proposed
adaptive virtual inertia uses a linear quadratic regulator to ensure the optimal balance between
fast frequency response and wind turbine generator system stress during disturbances. Hence,
it minimizes frequency deviations with minimum effort. Several case simulations are proposed
and carried out in MATLAB/Simulink software, and the results demonstrate the effectiveness
and feasibility of the proposed adaptive virtual inertia synchronverter based on a linear quadratic
regulator. The maximum and minimum frequency, the rate change of the frequency, and the integral
of time-weighted absolute error are computed to quantify the performance of the proposed adaptive
virtual inertia. These indexes are reduced by 46.61%, 52.67%, 79.41%, and 34.66%, in the worst case,
when the proposed adaptive model is compared to the conventional synchronverter model.

Keywords: synchronverter; virtual inertia; frequency stability; wind turbine generator system

1. Introduction

Renewable energy resources based on wind and photovoltaic plants are promising
energy sources in the transformation of the power system. This transformation is focused
on the continuous reduction of greenhouse gas emissions to the atmosphere by fossil fuels
by replacing these power plants with green sources [1]. At the end of the last decade, i.e.,
during 2019, the wind energy generation supported around 6% of the global electric energy
requirements; if wind power growth continues at the same rate, then by 2030, wind power
is expected to cover around 29% of electricity consumption worldwide. The integration of
wind turbine generator systems (WTGSs) in power grids has important challenges due to
the wind energy resource variability, including power quality, system stability, and grid
expansion planning. The current design of WTGS is currently dominated by the usage of
wind turbines with horizontal rotational axis connected with a three-blade rotor [2]. The
WTGSs are built with wind turbine generators that convert the wind movement energy
into mechanical power after this power is transformed into electrical power via electrical
machines. These machines can be connected directly to the electrical networks or connected
through the power electronic devices [3,4]. This connection depends on the configuration
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type employed. They have some limitations or disadvantages, such as high capital cost, a
constant fluctuation of generation, sound pollution, and the fact that they can be damaged
with large variation in wind speed (e.g., hurricanes or tornadoes) [3,5].

In this research, we consider a type-IV wind turbine model, which can be intercon-
nected into an electrical grid by an induction machine or a permanent magnet synchronous
generator (PMSG) [2]. Typically, the PMSG is connected to the power system with a com-
plete converter, i.e., back-to-back voltage source converter [6]. The usage of PMSG instead
of induction machine has some advantages: (i) there are no copper losses; (ii) the PMSG
is smaller in comparison with an induction motor with the same rated power capability,
which implies that the energy density of the PMSG is larger than the induction motor;
(iii) the PMSG does not require reactive power from the converter due to its self-excitation,
which allows providing higher power factors; and (iv) a WTGS integrated into the network
system with a PMSG can work with low-speed rates, which implies that the gearbox can
be removed. This entails that the reliability of the entire system increases.

Even if a WTGS can take advantage of the usage of a permanent magnet machine
instead of induction generators, the control task of this device is not easy, since the WTGS
continues to be a nonlinear plant that requires advanced control techniques to operate
correctly under strong operative conditions such as large disturbances on the power
system and sudden wind speed variations. In the specialized literature, multiple control
methodologies applied to WTGS can be found, some of which are listed in Table 1.

Table 1. Control techniques applied to WTGS.

Control Method Control Objective Reference
Fuzzy sliding mode control Disturbance rejection without wind speed measures [7]
Integral sliding mode control Maximum power point tracking (MPPT) [8]
Second-order sliding mode control MPPT [9]
Backstepping control MPPT [10]
Neuroadaptive speed controller MPPT with uncertain dynamics [11]
Model predictive control MPPT [12]
Feedback-PI controller Speed control with disturbance rejection [13]
LQG (versus linear/nonlinear control) Speed control with disturbance rejection [14]
PI control MPPT with tip-speed ratio [15]
PI control PMSG WT [16]
PI control PMSG with variable-speed fixed-pitch [17]
LQR-PI control PMSG [18]
Passivity-based control (PBC) MPPT [19]
PI-PBC MPPT with estimator wind speed [20]
Robust PI-PBC controller MPPT [21]
Adaptive standard PBC MPPT with estimator wind speed [22]
Exact feedback linearization DIFG [23]
Feedback linearization MPPT [24]
Exact feedback linearization DIFG and voltage compensation [17]
Feedback linearization MPPT [24]

Note that most of the works reported in Table 1 focus on solving the MPPT and shaft
speed problem with linear and nonlinear control techniques. However, these techniques
require a phase-locked loop (PLL) unit to work properly, which may significantly affect the
system stability [25]. The slow response of the PLL unit affects the control performance
degrading its system stability [26]. To solve this problem, various approaches have been
proposed in which the power electronic converter is modeled as a virtual synchronous
generator that avoids using the PLL unit and simultaneously emulates the inertia and
damping. In the current literature, power electronic converters’ operation as a synchron-
verter has been introduced in [27]. The main idea in [27] is to mimic the synchronous
generators” dynamic behavior regarding the classical frequency- and voltage-drooping
mechanisms [6]. The synchronverter machine model has become a promising control
technique in several applications, such as integration of renewable energy resources [28,29],
high voltage direct current transmission [30], and modular multilevel converter [31]. In [28],
a synchronverter-based control technique was applied to a configuration of a back-to-back
converter where both converters were controlled using a synchronverter model. In [26],
a self-synchronization of a wind farm based on the synchronverter machine model was
studied. In [29], the authors analyzed the usage of renewable energy resources as virtual
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inertia supporters for integrating a grid-photovoltaic plant in a low-voltage distribution
network. In [32], the authors presented the power-sharing concept in DC microgrids using
the adaptive virtual inertia concept; numerical results demonstrate the advantages of using
an adaptive drop control gain to support the grid voltage compared with the static control
case. In [33], the authors proposed the synchronverter concept for damping inter-area oscil-
lations in two-area power systems. The main problem of the synchronverter model is the
tuning of its parameters, since, in the application as wind or photovoltaic power, it cannot
be directly computed with the conventional methods. In order to improve the performance
of the synchronverter, methods for the adaptive virtual inertia have been implemented that
allow adjusting at the operation point of the system. However, these methods use artificial
intelligence, which requires constantly learning. To avoid this, we propose using a linear
quadratic regulator (LQR) to provide adaptive virtual inertia (AVI) support with the WTGS
to the grid using the power electronic converter as a virtual synchronous generator. Note
that the proposed AVI allows power electronic converters to support voltage and frequency
in weak power systems when a large disturbance occurs. Even currently in the literature,
therthe adaptive virtual inertia and the synchronverter concepts in power systems are
present, but there are no applications that work with a type-4 WTGS that provides AVI to
power systems using an LQR controller, which is a gap in the literature that this research
tries to fulfill. The following are the main contributions of this paper:

v" An AVImodel based on linear dynamic systems is proposed. The proposed linear
dynamic system’s state variables are the frequency deviation and the rotor angle
deviation, and the control inputs are the virtual inertia and frequency droop gain.

v" The proposed AVI model is computed with an LQR control in order to minimize
frequency deviations with minimum effort and, therefore, to manage an optimal
balance between fast frequency response and WTGS stress during disturbances.

v" The performance of the proposed AVI model is evaluated in three different cases
of wind speed considering a short-circuit. Furthermore, the proposed AVI model is
compared with the conventional synchronverter model (SM), where, in all cases, the
proposed AVI model has a better performance.

This study is organized as follows: Section 2 presents the main characteristics of the
WTGS integrated with a permanent magnet machine and each one of its components;
Section 3 describes the virtual synchronous machine modeling that allows working with a
power electronic converter such as a dynamic frequency compensator; Section 4 presents
the proposed linear quadratic regulator to provide adaptive virtual inertia to power systems
using WTGS; Section 5 presents all the computational validation of the proposed control
methodology using three different simulation cases: (i) short-circuit event with constant
wind speed, (ii) short-circuit event with wind speed decreasing after fault, and (iii) the
wind speed decreasing when short-circuit fault is presented. Finally, Section 6 presents the
concluding remarks derived from this work.

2. Wind Energy Conversion System

The wind energy conversion system (WTGS) integrated into the grid through a back-
to-back converter is depicted in Figure 1. The WTGS is composed of a wind turbine drive
train, a permanent magnet synchronous machine (PMSG), a back-to-back converter, an
RLfilter, and a transformer. The most important component of the WTGS is described in
this section.
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Figure 1. Schematic configuration of the synchronverter model and WTGS.

2.1. Wind Turbine Model

The wind turbine transforms the kinetic energy of the wind into mechanical kinetic en-
ergy in rotational form. Therefore, it is possible to obtain a relationship between mechanical
power and aerodynamic wind turbine as follows,

pr = 3PAC (MBI, 0

where p is the air density, A is the area covered by the turbine blades (A = R7?, where R
denotes the radius of the area covered by the blades), C, (A, B) is the power coefficient, and
V is the wind speed.

The power coefficient C,(A, B) is a function of the pitch angle B and speed ratio A [3]
as follows,

11 2
Cy(A, B) = 05176 <'r6 048 — 5) e +0.00681, @)
with
11 003 .
¥ A+0.0088 pB+17
wTR
A= QIR 4
® @

where wr is the angular speed in the wind turbine.
The pitch angle 8 is maintained at zero and is only controlled if V overpasses the rated
wind speed so that the PMSG continues delivering its rated active power [16].
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On the other hand, combining (1)-(4), it is possible to obtain the turbine output power
as follows
Pt

T = . 5
=2 ©)
Figure 2 depicts the relationship between the angular speed wr and turbine output
power T;. This figure shows that the maximum power output can be achieved at a particular
angular speed while the pitch angle is zero. Therefore, the speed ratio A must be in its

optimum values A,y to maximize the power extracted from the wind energy system [3].

e < e I
o > N o

Turbine output power [pu]
o

-0.2

-0.4

1 1 1 1 1 1 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Turbine speed [pu]

Figure 2. Turbine power characteristics with f = 0.

2.2. Permanent Magnet Synchronous Generator Model

The PMSG is installed between the wind turbine and the electrical network through a
back-to-back converter, as shown in Figure 1. The mechanical and electrical equations in
the dg reference frame that detail the dynamic behavior in values per unit of the PMSG can
be written as

Lolgw = — Ruw + Lowrin — U4y,
Lwiqzu = — Ry — LyWrigy + PuwWen — Oqw, (6)
2H;

Wr =Tt — Tew,
o0

where v, and i4,, represent the stator voltages and currents of the PMSG in dq reference
frame, respectively. L, and R, denote the stator winding’s inductance and resistance of
the electrical machine. In values per unit, w; is equal to wey, w, is the based rotational
speed, and ¢y, is constant permanent magnetic flux on the PMSG, which is as a function of
the construction and material employed in the rotor of the PMSG [34]. H; is wind-turbine
inertia time constant and 7, is the electrical torque, which is defined as

Tew = Pw iqw . (7)

3. Virtual Synchronous Machine Model

This section describes the synchronverter model, which was initially proposed in [27]
in order to emulate the synchronous machine features using a voltage source converter.
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The schematic configuration of the synchronverter model implemented in the WTGS

was illustrated in Figure 1. For simplicity, the operation modes of self-synchronized

synchronverter were shown in Figure 1. The operation modes can be consulted in [31].
The virtual shaft of the synchronverter model can be represented as follows

d

]Ews = Ty — Te — Dp(wy — ws), 8)
d
EGS - (Us, (9)

where w; and w; are the synchronous frequency and its set-point, respectively. T, and
T, are the mechanical and electrical torques, respectively. ] and Dy, are the virtual inertia
and the frequency droop gain, respectively, and 6s is the rotor angle. The mechanical and
electrical torques are determined as

p*

= —, 10

Tm w5 (10)
P

= —, 11

Te w5 (11)

where P* is power torque applied to the shaft and P is real power delivered by synchron-
verter machine, which can be calculated as

P = s (igpe, Sinbs), (12)
with
~ . . 2 . 2 \1"
sinfs = |sin (6s), sin | 65 + 57'( , sin ( 65 + 57'[ , (13)

where (., .) represents the conventional inner product in R3. igpe = [ia, ip, iC}T is the output
phase currents vector of the synchronverter, while ¢ is its virtual flux, and it is calculated
as follows,

d * *
Kq,alp:Q —Q+ Dy(v* —vy), (14)
with
Kl[) = Dquw:,

where Q and Q* are the output active power of the synchronverter and its set-point,
respectively. vs and v} are the output voltage magnitude of the synchronverter and its
set-point, respectively. Ky denotes the reactive power controller integral, Dy is the voltage
droop gain, and 1, is its time constant. The output reactive power of the synchronverter
can be defined as

Q= —Yws <iabcr C/\0595>' (15)

In steady-state, ws ~ w}, and hence, the mechanical and electrical torques can be
approximated as follows

P*

T =~ aT;' (16)
P

T R (17)

*’
ws
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In this case, the power torque is computed to control the dc-link voltage, which is
determined by a PI controller as presented in Figure 1 and can be given by

Vdc

P = (k;’ﬁc + kis

) (Udc - zﬂd}) (18)

where k;‘” and k?dc are the proportional and integral gains of the dc voltage controller,
respectively. vy, and v}, are the dc voltage and its set-point.

Next, we need to define the phase terminal voltage ( v, = [va, ©p, vC]T) of the
synchronverter to obtain its complete model. The phase terminal voltage can be written as

. d.
Ogbe = Rslubc + LSElabc =+ €abe (19)

where R; and L; are the stator winding resistance and inductance matrices, respectively.
eape = lea, ep, eC]T is the back electromotive force (EMF) of the synchronverter, which is
the control input of pulse-width-modulation. The EMF can be written as

Cape = Pwssinds. (20)

4. Adaptive Virtual Inertia

The adaptive virtual inertia developed in this study is focused on proposing a linear
dynamic system that uses the frequency deviation (Aw) and the rotor angle deviation (Af)
as the state variables and the virtual inertia and frequency droop gain as the control vari-
ables. We consider that the virtual inertia and frequency droop gain can be formulated as

JT_[h]. [
o) = o)+ Lo e

where subscript 0 denotes initial values and A] and AD), represent the adaptive inertia and
adaptive frequency droop gain, respectively, which can be represented as

Al | o |Dws|  [Kin Ky [Aws
[ADJ B K{ A(J B [Kzl Kzz} {M} 22
where K is the feedback matrix gain.

The problem in (22) is to find a relationship between the adaptive values and the state
variables to obtain a suitable K matrix. For this purpose, we linearize (8) and (9) as follows,

. Timo Te0 Qo By Dp, wy Dy, wy
Aws = — “2A] — B Aws — A0+ 2] — - Aws — —>AD, + AJ,
’ J3 4 oo " o A’ oo Jo J3 J (23)
Ab; =Aws,
where Py, 1,0, and T, are the initial conditions.
The linear system (23) can be rewritten as the state-space model
Ax = AAx + BAu,
(24)
y = CAx + DAu,
with
To+D Q —Tmo+Po—D Uw: _CLS*
A=| IopU _]00:|,B_|: ]Sp Jo },C_[lo,D— 00],
1 0 0 0 0 1 00
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Mi=[A] AD, ], Ax=1[ Aws A6 ]

Observe that we have a relationship between the adaptive values and the state vari-
ables described by (24). Next, in order to ensure the optimal balance between fast frequency
response and WTGS stress during disturbances, an optimization problem is proposed to
minimize frequency deviations with minimum effort as follows

min [~ 3 (AxTFAx + AuTDAu)dt
oAt = AAx + BAu @5)
' Au = —KAx

where F = diag(Fy, F,) > 0 represents the error penalty matrix and D = diag(Dj, D;) > 0
denotes the control signal penalty matrix. The optimization problem (25) permits finding
the optimal feedback matrix gain K = D~'B G, where G is the solution to the following
algebraic Riccati Equation (for more details about the LQR to see [35]):

0=ATG+GA—-GBD 'B'"G+F. (26)

Note in (22) that the frequency deviation can take the positive and negative values.
This means that sometimes adaptive inertia and adaptive frequency droop gain can take
negative values; hence, the total system inertia will decrease, deteriorating the performance
of the system. In order to avoid this, adaptive inertia and adaptive frequency droop gain
are computed:

J=To+8]l, (27)
Dy = Dyo + |ADy|. (28)

Figure 3 illustrates the implementation of the proposed adaptive model on the syn-
chronverter model.

Adaptive model
Aw
7 <
Il e K Jas [ Jaw
-« 1 e
AD
Dy Y wi
! wsl 4 | 8%
Tl T H
7y
Synchronverter model
AJ

Figure 3. Proposed adaptive virtual inertia model.

5. Test System and Simulation Results
5.1. The Test System

A grid-connected WTGS was implemented in Matlab /Simulink 2020b platform with
Simscape Electrical in order to demonstrate the effectiveness of the proposed adaptive
virtual model. The simulations were run with fixed-step, and the solver used was discrete
(no continuous state). The simple time was configured as 5 x 10~° s. The test system is
illustrated in Figure 4, which consists of a 100-kW type-IV WTGS using a configuration
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back-to-back converter connected to a 25-kV step down to a 260 V grid. The WTGS-
side converter had an optimal torque MPPT algorithm, and the grid-side converter was
implemented with the synchronverter algorithm described in Section 3. The parameters of

WTGS and the synchronverter are presented in Tables 2 and 3, respectively.

WECS (see
Figure 1)

Bus-1 L=1575mH Bus2 L=1575 mH Bus3 | . Bus-4
VST G 00566 uE 3T C=04586 uF 3 ° x=0l6pu PUEyop_o
T-model 1-model
25 kV/125 kV
47KVA 47MVA
2-MW, 1-Mvar 30-MW, 2-Mvar

Figure 4. Grid-connected WTGS implemented with a synchronverter model

Table 2. Parameters of the synchronverter.

Parameter Value Parameter Value
DC-link voltage (v}, 500 V Rated power (S) 100 kVA
Rated grid voltage (vjjne) 260 V Rated grid frequency (f*) 60 Hz
Rated angular frequency (w}) 376.99 rad/s Inverter filter inductance (Lg) 0.25 mH
Inverter filter resistance (Ry) 1.885 mQ) Inverter filter capacitance (Cy) 15.35 uF
Frequency droop gain (Do) 10.4 W/(rad/s) Voltage droop gain (Do) 5.2 Var/V
Reactive power set-point (Qx) 0 Var Moment of inertia (Jo) 0.104 kgm?
Proportional regulator gain (K;‘“) 5pu Integral regulator gain (K;'d[) 0.02 pu

Table 3. Parameters of the WTGS.

Parameter Value Parameter Value
Rated power of the PMSG 100 kVA Rated output power of the turbine 100 W
Rated rotational speed w;, 2790 Rated wind speed (V) 12m/s
Stator winding “s resistance (Ry,) 0.006 QO (SLtjtoi“sz;mg s inductance 0.3 mH

w = Lqu
Magnetic flux (ip,,) 0.8 Wb Pole pairs (N,) 90
Inertia (H;) 20,000 kgm? Viscous damping 0.01 Nms

5.2. Simulation Cases

Three cases are proposed to demonstrate the effectiveness of the proposed adap-
tive virtual model. In addition, the proposed model is compared with the conventional

synchronverter model (SM). The proposed cases are:

e Case 1: The wind speed is constant while a short-circuit at grid-side converter (bus-1)

with a period of 100 ms is assumed.

* Case 2: A drop in wind speed is considered after a three-phase to ground (bus-1) with

a period of 100 ms.

* Case 3: A drop in wind speed is considered during a three-phase to ground (bus-1)

with a period of 100 ms.

Figure 5 illustrates the wind speed and the active power delivered in dc-link by WTGS

in each case considered.
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Figure 5. Wind velocity and active power delivered by WTGS for all cases.

On the other hand, the integral of time-weighted absolute error (I) is also employed
to assess the performance of the proposed adaptive virtual inertial (AVI) based on the
LOR optimization. The I is computed for the frequency of the synchronverter and dc-link
voltage as follows

ty
I, = / tws — wildt',
0 (29)

fr -
IU:/O t'|vge — vj.ldt’,

where £ is the total simulation time. The maximum and minimum values are also calcu-
lated to quantify the performance of the proposed model. Furthermore, the rate change of
the frequency (RoCoF) is employed for the frequency.

5.3. Simulation Results
5.3.1. Case 1

In this case, the ability of the proposed adaptive virtual inertia was studied when a
short-circuit at grid-side converter occurs. Figure 6 shows the dynamic responses of the
synchronverter frequency, the active power at bus 1, and dc-link voltage. The performance
indexes for case 1 are shown in Table 4.
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Figure 6. Dynamic responses for case 1: (a) frequency, (b) active power, and (c) dc-link voltage.

Table 4. Performance indexes.

Frequency Dc-Link Voltage
. RoCof .
| Max. [pu]l  Min. [pu] [pu/s] I, Max. [pu]l  Min. [pu]

Case 1 SM 0.9219 1.0008 0.9969 0.3513 70.8756 1.0496 0.8500
AVI 0.3649 1.0004 0.9985 0.0723 60.7015 1.0383 0.8443

Case 2 SM 0.8991 1.0005 0.9968 0.3505 57.0816 1.0013 0.8488
ase AVI 0.5874 1.0001 0.9985 0.0604 44.3128 1.0013 0.8431
Case 3 SM 1.1072 1.0023 0.9968 0.3614 105.2154 1.0633 0.9362
AVI 0.5389 1.0005 0.9984 0.0556 87.1536 1.0220 0.9344

Observe in Figure 6a that the synchronverter frequency stabilizes in a shorter time
when the AVI is implemented. This is supported by contrasting I, for both approaches
in Table 4. This index is reduced by 60.42%. Additionally, the maximum and minimum
frequency values are lower for the proposed adaptive model than the SM approach, which
are reduced by 46.61% and 53.74%, respectively, (see Table 4). The RoCoF also is reduced
by 79.41% when the AVI is implemented.

Figure 6b shows that the active power delivered by synchronverter at bus 1 presents a
better behavior for the proposed adaptive model than the SM approach, since the active
power stabilizes in a shorter time. However, this better behavior only occurs after the fault
ends since both approaches have the same performance during the fault.

Figure 6¢ shows that the dc-link voltage shows an enhanced response when the
adaptive virtual inertia is considered by recovering the dc-link voltage in a shorter time
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with a lower overpass. This implies that the proposed model helps to improve the dc-link
voltage regulation. This improvement is easy to notice in Figure 6, where the proposed
model’s response is clearer when the approaches are compared. This analysis is supported
by comparing I, between the approaches (see Table 4), where this index is reduced by
15.34% for the proposed AVIL.

5.3.2. Case 2

This case investigates the ability of the proposed model to enhance the synchronverter
response when there is a high drop in the wind speed immediately after a short circuit
occurred. The synchronverter frequency, the active power at bus 1, and dc-link voltage for
case 2 are depicted in Figure 7, while Table 4 lists the performance indexes.

1.0005 - 1
1.0000
0.9995 |- 2
0.9990 |- 2
0.9985 - 2
0.9980 |- 2
0.9975 - :

0.9970 - SM —— AVI
L L L

(a) Frequency [pu]

(b) Active power [pu]

(c) de-link voltage [pu]

N

2.5 3

0 0.5 1 1.5
Time [s]

Figure 7. Dynamic responses for case 2: (a) frequency, (b) active power, and (c) dc-link voltage.

Figure 7a shows that the proposed AVI continues showing better performance for the
frequency compared with the synchronverter model. Hence, the WTGS system’s response
behavior has been improved. This can be verified by comparing the I, and RoCoF in
Table 4 for case 2, where these indexes are reduced by 34.66% and 84.61%, respectively.
Additionally, the maximum and minimum values of the frequency are also reduced by
67.03% and 52.67%, respectively, when the proposed AVI is implemented.

The dynamic response of the active power delivered (see Figure 7b) by synchronverter
at bus 1 has a similar behavior as presented in case 1. In this case, the active power
continues stabilizing in a shorter time when the proposed adaptive model is considered.
As in case 1, this better response only happens after the fault.

In Figure 6¢, it can be noted that the dc-link voltage continues to recover faster for the
AVI approach than for the SM approach. Here, I, continues to be reduced for the proposed
AVI (see Table 4), which is reduced by 22.36%.
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5.3.3. Case 3

This case analyzes the AVI approach’s ability to improve the WTGS response inte-
grated to the grid with the synchronverter model when a high drop in wind speed is
considered during a three-phase to ground. Figure 8 illustrates the dynamic responses of
the synchronverter frequency, the active power at bus 1, and dc-link voltage. Table 4 shows
the performance index.
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Figure 8. Dynamic responses for case 2: (a) frequency, (b) active power, and (c) dc-link voltage.

Note in Figure 8 that dynamic responses of the synchronverter model with the AVI
approach continue presenting an enhanced response for frequency as well as dc-link
voltage, even when the wind speed continues to drop compared to the conventional
synchronverter model. This demonstrates that the proposed AVI improves the transient
response of the system. This is supported by analyzing the performance indexes in Table 4,
where I, and RoCoF are lower for the proposed AVI than the SM approach, with a reduction
by 51.32% and 84.61%, respectively. For the dc-link voltage (see Figure 8), observe that
the proposed adaptive model continues recovering the dc-link voltage faster than the SM
approach, where I, is reduced by 17.16%.

6. Conclusions and Future Works

An adaptive virtual inertia model for the synchronverter model implemented in a
WTGS was proposed to improve the dynamic response under large disturbance. The WTGS
was integrated into the grid through a back-to-back converter, and its grid-side converter
implemented the synchronverter model with and without the proposed AVI. The proposed
AVIwas developed under a linear dynamic system that used the frequency deviation and
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the rotor angle deviation as the state variables, while the virtual inertia and frequency
droop gain were used as the control variables. This linear dynamic system was solved
with an LQR in order to reduce the proposed AVI frequency deviations with minimum
effort. Several case simulations were implemented and compared with the conventional
synchronverter model to prove the effectiveness and feasibility of the proposed LQR-based
adaptive virtual inertia synchronverter. The maximum and minimum frequency, RoCoF,
and I, were used to validate the advantages of the proposed AVI. The frequency response
showed better performance and lower frequency oscillations than the synchronverter
model with constant inertia. In the worst cases, the maximum and minimum frequency
were by 46.61% and 52.67% when the proposed AVI was implemented. At the same time,
RoCoF and I, were also reduced by 79.41% and 34.66%.

As future works it will be possible to develop the following research: (i) applying the
proposed model in the photovoltaic system; (ii) integrating the proposed model in isolated
renewable hybrid power systems; (iii) computing the adaptive inertia and droop gain with
other methods as a model-predictive control.
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Abbreviations

The following abbreviations are used in this manuscript:

Aopt Optimum value of the speed ratio

wy Angular speed in the PMSG shaft

wr Angular frequency reference of the synchronverter machine
P Permanent magnetic flux on the PMSG

0 Air density

Ty Time constant for the voltage droop controller

A Area covered by the turbine blades

Cg Inverter filter capacitance of the system

Dy Frequency droop gain of the synchronverter machine

D, Voltage droop gain of the synchronverter machine

Do Initial frequency droop gain

Dgo Initial voltage droop gain

f* Rated grid frequency of the system

Hy Wind-turbine inertia time constant

J Virtual inertia of the synchronverter machine

Jo Initial moment of inertia

Ky Reactive power controller integral

ki Integral gain of the dc voltage controller

ke Proportional gain of the dc voltage controller

Lg Inverter filter inductance of the system

Ls Stator winding’s inductance of the synchronverter machine
Ly Stator winding’s inductance of the PMSG

p* Power torque applied to the synchronverter machine shaft
Q* Reactive power reference by synchronverter machine

R Radius of the area covered by the blades

R Inverter filter resistance of the system

Rs Stator winding’s resistance of the synchronverter machine
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Ry Stator winding’s resistance of the PMSG

S Rated power of the system

v* Output voltage magnitude reference of the synchronverter machine
vy, dc-link voltage reference

Vline Rated grid voltage line-to-line of the system
Variables

B Pitch angle

ADy Adaptive frequency droop

AJ Adaptive virtual inertia

Aw Frequency deviation

AB Rotor angle deviation

A Speed ratio

K Feedback matrix gain

Ws Angular frequency of the synchronverter machine
wT Angular speed in the wind turbine

Wew Electrical angular speed of the PMSG

P Virtual flux of the synchronverter machine

Te Electrical torque of the synchronverter machine

T Mechanical torque of the synchronverter machine

Tt Turbine output power

Tow Electrical torque of the PMSG

05 Rotor angle of the synchronverter machine

Cp(A,B)  Power coefficient

Cabe Electromotive force of the synchronverter machine
iabe Output phase currents vector of the synchronverter machine
€qdw Stator currents of the PMSG in dq reference frame

P Real power delivered by synchronverter machine

Pt Turbine power

Q Reactive power delivered by synchronverter machine
1% Wind speed

v Output voltage magnitude of the synchronverter machine
(7P dc-link voltage

Vdguw Stator voltages of the PMSG in dq reference frame
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