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Abstract: The virtual synchronous generator (VSG) and sinusoidal pulse width modulation
(SPWM) are two prominent control strategies that have attracted particular interest recently.
In this paper, we compare these two inverter control strategies in a SMW wind power
conversion chain. The studied conversion chain includes a wind turbine, a permanent
magnet synchronous generator, the power converters, namely the uncontrolled rectifier,
and a two-stage inverter connected to the grid via an LCL filter. Our study of the two
control methods shows that both strategies reduce the total harmonic distortion (THD) while
respecting the grid connection conditions. The simulation results manifest that the VSG
strategy has a better THD reduction of 0.99 % which is improved compared to the SPWM
with a THD of 1.33%.

Key words: maximum power point tracking (MPPT), permanent magnet synchronous
generator (PMSG), sinusoidal pulse width modulation (SPWM), virtual synchronous
generator (VSG), wind turbin

1. Introduction

In recent years, the transition to green energy has become a global concern. Given the
exponential demand for energy and the proven harmful effects of fossil fuels, it is becoming evident
that turning to renewable energy sources is the only way out [1,2]. Among these renewable energy
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sources, wind power has particularly attracted the attention of researchers. The development of
wind energy conversion systems has led to a significant increase in the use of wind turbines which
are considered to have a relatively low environmental impact and lower costs [3,4].

In this paper, the considered power conversion chain consists of a wind turbine with a maximum
power point tracking (MPPT) controller connected to a permanent magnet synchronous generator
(PMSG). The PMSG is followed by power converters, namely the rectifier and the inverter. This
inverter is controlled by the two control strategies SPWM and VSG that are the subject of our
study. The power conversion chain is then connected to the grid via the LCL filter.

The MPPT is important for wind turbines, because it allows maximum wind power to be
extracted under different weather conditions, optimizing wind turbine performance, and maximizing
energy production [5]. MPPT techniques include, among others, tip speed ratio (TSR), power
signal feedback (PSF), and optimal torque (OT) control. TSR control presents the advantage of
being constant for a given wind turbine regardless of wind speed. PSF, on the other hand, is based
on the optimal reference power curve of the wind turbine, which must first be obtained from
experimental results, while OT maintains the system operation in A,y mode, guaranteeing the
transformation of wind energy into a mechanical form [6, 7], which is why we chose to use it here.

The mechanical energy supplied by the wind turbine is converted into electrical energy via an
electrical generator. The PMSG was chosen in this study for its reliability, high efficiency, gearless
construction, and self-excitation characteristics. To interface the wind turbine and generator with
the grid, power electronic converters are required. The output of the rectifier is always a direct
current. Therefore, an inverter is needed to convert it into an alternating current. SPWM can be used
to control the switching signals of the power electronic devices in the inverter. The main advantage
of this switching technique is the reduction of harmonics in the inverter output signal [8,9].

VSG control is an interesting technology for researchers interested in distributed generation
systems. It adds artificial inertia to the grid, which can improve its stability and reliability.
It also enables efficient control of inverters, which provide virtual inertia to ensure frequency
stability [10, 11]. The advantages of VSG control are that it improves grid stability and reliability
by preventing outages and reducing the risk of blackouts by stabilizing grid frequency and voltage.
The VSG also has disadvantages, such as cost, complexity, and the impact on inverter performance,
which can lead to a reduction in efficiency. Despite these drawbacks, the advantages of VSG control
outweigh the disadvantages, as this technology improves the stability and reliability of power grids,
which is important to researchers in this field [12]. Current research in VSG control focuses on
improving the performance of control algorithms, reducing implementation costs, and increasing
flexibility by adapting to different types of power systems and different energy sources [13].

Connecting the wind energy conversion chain to the grid requires certain conditions, including
a total harmonic distortion that meets grid connection requirements. Consequently, filtering
is required to suppress harmonics, and among the filter design methods that have been discussed in
the literature are the L, C, LC, and LCL filters. The LCL filter is the most common choice due to
its greater dynamic range compared to L, C, or LC filters, and its size, simplicity, and efficiency
in reducing reactive power consumption [14, 15].

The motivation of this work is to compare two control strategies; the SPWM control with one
voltage loop and two current loops against the VSG control with a double loop to generate inverter
control pulses from active and reactive power. To prove the efficiency of the VSG control by
comparing the active and reactive power, the total harmonic distortion (THD) of the output current,
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and the phase-locked loop synchronization of both control strategies. Constraints are also used to
prove the robustness of the phase-locked loop (PLL), which enables synchronization with the grid.

The rest of this paper is structured as follows: The schematic diagram of the power conversion
chain, the wind turbine modeling, the state representation of the PMSG model, and the optimal
torque control are presented in the second section, while the third section is dedicated to the
inverter controls, namely SPWM control and VSG control. The results of the simulations for
the two inverter controls are presented and discussed in the fourth section before concluding.

2. Wind energy conversion

The schematic diagram of the wind energy conversion chain illustrated in Fig. 1 consists of the
wind turbine, the permanent magnet synchronous generator, the rectifier, the two-stage inverter,
the LCL filter, as well as the MPPT loop, the multi-variable band-pass filter (MVBPF) block and
the usual dg-PLL, and the inverter control loops.
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Fig. 1. Schematic illustration of the wind energy conversion chain

2.1. Wind turbine modeling

The process of converting wind energy into mechanical torque requires the use of a wind
turbine. The mechanical power of the turbine, which is derived from the power of the wind, can be
used to calculate this torque. The ratio between the mechanical power (P,,) and the wind power
(Py,) is called the turbine power coefficient (C,) [16].
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The “Betz limit” of 0.593 is the theoretical limit of the power coefficient, which is dependent on
the bank angle (8) and maximum speed (2). In actuality, this limit is never achieved, hence the
power extracted from the wind turbine is limited to 59.3% [17].

In terms of maximum speed (1) and angle of inclination (), the power coefficient (C},) is also
represented as follows:

m(A1+0.1)
14.34-0.3(8-2)

Cp(B. 1) = (B - 2)(0.35 - 0.00167) sin —0.00184(1 -3)(B-2). (2)

The mechanical power equation is expressed as follows:
pS
m:g@mTQM 3)

The mechanical torque equation is:

P
Ty = 2. )
wr
where: (T;,,) is the mechanical torque, (P,,) is the mechanical power, (wr) is the turbine rotation
speed, (S) is the area swept by the turbine, (1) is the tip speed ratio, (8) is the blade pitch angle,
(p) is the air density and (Vyinq) is the wind speed in m/s.

2.2. State representation of the permanent magnet synchronous generator

The mathematical model of the PMSG requires the adoption of certain simplifying assumptions,
as this makes it easier to study and operate [18].
In the reference frame (abc), the electrical equations of the PMSG are expressed as follows:

Va R, 0 0]li, d |Pa
vp|==10 Ry Oflip LR %)
Ve 0 O Rs iL Pc

where: (iy, ip, i) are the stator currents, (v, vp, V) are the stator voltages, (Ry) is the stator winding
resistance, and (¢, ¢p, @) are the stator fluxes.
After Park transformation, the following are the voltage equations:

. d dé
va = —Rsig - —:;;d t\qr ) Pa

. deog  (dO ’ ©
Vo = ~Roiq =55 = | 7 | e

The following are the flow expressions along the (d-g) axis:

{QDd = Lgiq + ¢f 7

¥q = Lgig
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The direct and quadrature inductances denoted as (L) and (L), are supposed to be independent
of (6) which is the absolute position of the rotor. (¢r) represents the magnets’ flux.
The following is the expression for the voltage equations along the (d-g) axis.

. dig .
Va = —Rsig — Lg— + wlyiy
dr ®)

i
Vg = —Rsig — qu—f —wLgig — wer

The matrix representation of these equations is as follows:
; B d i .
I L P e e o | B T e | )
Vg 0  Rg||ig 0 —Lg| dr |ig -Lg 0] |ig wr

2.3. Optimal torque control (OT)

Running the system in (Aop) mode ensures that the wind energy that is accessible is transformed
into mechanical form. The principle of this method, presented in Fig. 2, is to modify PMSG torque
by the reference torque of maximum wind turbine power at a specific wind speed [5]. The wind
turbine’s output power as a function of (1) and (wr) can be expressed as follows:

2= 2R (10)
Vwind
1 5. Yr
P = 5pmRCp—, an

where (wr) is the turbine rotation speed and (R) is the blade radius.

Tm_op t

kopt E— PI > Wind Energy
System

v

Tm

Fig. 2. Schematic diagram of the MPPT method for optimal torque control

If the rotor turns at (dopy), it will also operate on (Cp max). The power expression will then be:

1 Cp ma
Pri-opt = Ean5%w%. (12)

/10pt

Considering
koo = R C max (13)
opt — 5 -z
2 2
then

Ton-opt = kopi2. (14)
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This is a method based on torque control, where the reference torque for the controller attached
to the wind turbine is determined by the analytical expression of the optimal torque curve. This
approach is generally easy to use, quick, and effective.

3. Inverter controls

3.1. Voltage and current control

This control is made up of two cascaded loops which are the voltage regulation loop in the first
place and the current regulation loop in the second [19,20]. This control technique is illustrated in
Fig. 3 with the other blocks of the wind turbine power conversion chain.
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Fig. 3. Schematic illustration of the wind energy conversion chain with voltage and current control

Current regulation

The current regulation loop represented in Fig. 4 comprises a PI regulator with four other
blocks, namely the control, inverter, filter, and sampling block.

The following is the expression for the PI controller’s transfer function:

Skp + k;

Fpi(s) = 15)
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Fig. 4. Current regulation loop

The control’s transfer function is expressed as a 1% order system:

F.(s) = ——, 16
)= T (16)
where Ty, = J% is the sampling period.
The following is the expression for the inverter’s transfer function:
F = , 17
inv(s) ST, + 1 (17)
where (7) is the period of switching.
The LCL filter’s transfer function is as follows:
Fine(s) = -4 (18)
filter(S) = 1+ STeq’
. 1 Li + Lg
with Koy = ——— and T,y = .
R; + Rg R; + Rg
The sampling delay can be expressed as follows:
1
Fsampling = T (19)
1+ =T
2 sa
The following is the expression of the closed loop current control’s transfer function:
_ Keg
Teq (ki + sk
Fepr = lf,((lk N (20)
52+ AP+ Kl‘i"k"
T,y eq

Once the closed-loop transfer function has been determined using a second-order system, the
expressions for the PI controller parameters are written as follows:

- . 2
{k, = (L; + Lg)w? o

kp = 2§wn(Ll- + Lg) - (Ri + Rg)

where (£) is the damping factor, and (w,,) is the nominal pulsation.
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Voltage regulation

The reference current at the output along the d-axis is provided by the voltage regulation loop
shown in Fig. 5. It is composed of a PI regulator, the current regulation transfer function, and the
voltage dynamics equation.

liny
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Udc .k
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ol “ | current o 3va 1
loop 24 sCqc

A
v

Vac

Fig. 5. Voltage regulation loop

The DC voltage’s dynamic equation is expressed as follows:

3 va. . dvac
g — iy = Cye—2. 22
2Vdcld liny dc dr (22)
The DC link voltage is represented by (v4.), the DC link capacitance by (Cy. ), and the grid-side
voltages along the d-q axis by (v4) and (vg).
The following is the written expression for the current control’s closed-loop transfer function:

1+ T,

“sa_ 23
1+ 45Ty, (23)

Fepr =

where (T, ) is the sampling time.
The expression for the open-loop DC voltage transfer function can be expressed as follows:

3 1+ sT; 1 Vd
N _ 24
de.BO = 75 %p ( sT; ) (s X 4Ty + 1) (SCchdc) .

To apply the optimum symmetry criterion, the expression of the PI controller parameters is as
follows:

Cd c

18754
Cdc

64872,

kp =
(25)

i

3.2. Virtual synchronous generator control

This technique, shown in Fig. 6, simulates the mechanical and electromagnetic characteristics
and regulates the grid-connected inverter to control the synchronous generator’s rotation and
damping properties. The VSG also synchronizes frequency and phase with the grid and generates
inverter control pulses from the dual loop and the active and reactive power loops [21,22].
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Fig. 6. Schematic diagram of wind energy conversion chain with VSG control system

Active power control design

Applying the fundamental principle of dynamics to a rotating mass, the swing equation is as
follows:

Jay =) T =T, -1, (26)
where: (T,) is the electrical torque, (7;,,) is the mechanical torque, (J) is the total inertia moment

and (a,,) is the angular acceleration of the rotor.
Then the swing equation becomes [23]:

dw,,
Jwy—— =P, — P,. 27
w dr e (27)
To represent the dampers of the synchronous machine, a damping term is added, so that:

dw
med_tm =Pm_Pe_Dp(wm_wref)’ (28)

where: (D)) is the damping factor, (wper) is the reference angular speed, and (w,,) is the rotation
speed. (P,;,) and (P,) are, respectively, the active mechanical and electrical output power.
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Reactive power control design
This type of control improves voltage stability and prevents excessive current flow in the network.
The inverter neutral point voltage control equation is given by the following expression [24]:

V2B = Gls) (V2Urt = V2U, . (29)

where (E,,) is the phase voltage of the inverter, and (Urt) is the inverter reference voltage. (Uy,) is
the inverter’s real output voltage, by the reactive power-voltage Q-V droop equation, is comparable
to the basic voltage regulation function:

Dq\/i(Un - Uref) = Q¢ — Oret- 30)

(U,) is the nominal output voltage that must be matched to the electrical network. (Q.) and
(Orer) are the real output reactive power of the converter and the reference reactive power setting,
respectively, and (D) is the reactive power and voltage droop coeflicient.

According to the two previous equations:

VaEy, = )
q

D (Qe - Qref + Dq (\/EUn - \/zUref)) . (31)
By taking (H(s) = Dg/k;s), where (k;) is the integral gain, the Q-V equation is expressed as
follows:

V2Ey, = % (Qe — Qut + D, («/Eun - x/EUref)) . 32)

Voltage and current loops

The traditional VSG cannot control the voltage output. Therefore, an internal current loop
and an external voltage loop in a double closed-loop control structure is usually added to further
improve voltage and current outputs.

— Voltage control

The inverter’s DC intermediate circuit is represented by [25]:
dv

i = CDCE + iinv~ (33)

*_

Assuming that the rotary marker’s d-axis is parallel to the AC network voltage, v, is equal
VeV _cw V] (34)
V= Vg Vg

to zero:
[fg] _ (L, Coe
lq Rc s q

The transfer function of the PI controller is as follows:

k:
HPI = kp + —l.
S

1
By identification with Eq. (34), k, = = and k; = Cpc.

c
(va), (vg), (i), and (ig) in Eq. (34) are the output voltage and current’s d- and g-axis
components, respectively. (C) is the filter capacitor, as well as (v})) and (v ), the d- and
g-axes, respectively, correspond to the DC bus reference voltage components.
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— Current control
The grid-side conversion chain consists of a DC bus represented by a capacitor, the grid-
coupled filter, and the three-phase inverter, which stands for the point of common coupling

(PCC). The balanced voltages at the grid-side filter’s terminals are expressed as follows in
the d—q reference frame [26,27]:

Lg\ .,
mg = |Rq + Tg (i* — iq) — wLgiq + Vg

L (35)

mgy Rg + (lZ - id) + ngid +vg

By identification with Eq. (35), k, = Rg and k; = L,.

(Lg) and (Rg) in Eq. (35) are the filter’s network-side inductance and resistance, and (w) is the
network voltage’s angular frequency. The d- and g-axis components of the common coupling point
voltage are denoted by (v4) and (v4), respectively. The current loop’s d- and g-axis output reference
values are denoted by (mg) and (mg). (ia), (ig), (i7;), and (i7,) show the components of the d- and g-
axes of the network-side currents and the output reference currents of the voltage loop, respectively.

4. Simulations

The simulations of the two systems presented in this paper are performed using MAT-
LAB/SIMULINK software. To prove the efficiency of the closed-loop wind energy conversion
chain, two simulations are carried out; the first concerns the wind energy conversion chain
with SPWM control, and the second simulation with VSG control. The robustness of the PLL
synchronization loop is also simulated.

In Fig. 7 we compare the total harmonic distortion (THD) of the output current of the two
control strategies SPWM and VSG. Figure 7(b) shows the spectrum analysis of the output current
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Fig. 7. Output current total harmonic distortion with SPWM control (a) and VSG control (b)
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of the VSG control combined with the optimized LCL filter in the wind energy conversion chain.
The total harmonic distortion in this case is well reduced by 0.99% compared to the previous
structure with SPWM control, which has a total harmonic distortion of 1.33% (Fig. 7(a)). The
VSG control shows a better THD reduction compared to the SPWM control, and considering the
grid connection conditions, we can also notice that the third-order harmonics are much reduced
for the VSG control compared to the SPWM control, which explains the efficiency of this method.

In Fig. 8 we compare the active power supplied to the grid for the wind energy conversion
chain with two control strategies namely SMPW and VSG. From the comparison of the two figures,
the active power is more stable with the VSG control. These simulation results show the robustness
of the VSG control strategy considering the grid connection conditions.

Figure 9 shows a comparison of the reactive power with both control methods, the SPWM
and the VSG. The simulation results show that the reactive power remains at zero with a small
transient regime. This demonstrates the reliability of the methods.
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Fig. 8. Active power with SPWM control (a) and VSG control (b)
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In Fig. 10 we compare the theta angle at the output of the PLL synchronization loop without
perturbation and with white noise perturbation. By applying a white noise perturbation to the
input of the PLL synchronization loop, the theta angle () at the output of the loop remains stable.
The comparison of the two diagrams demonstrates the robustness of the synchronization loop.

Time (s)

(a)

L L L i L L L I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-

Fig. 10. Theta angle at the output of the PLL synchronization loop without perturbation (a) and with white

noise perturbation (b)

Table 1 shows the parameters of the systems studied previously, Table 2 shows the parameters
of the filter dimensioned for 5 MW active power, and Table 3 shows the parameters of the PI
controllers studied in this paper, namely optimal torque control, voltage control, and current control.

Table 1. System specifications

Parameter name Symbol Value Unit
Active power P 5 MW
Reactive power 0 0 VA
Network frequency f 50 Hz
Phase voltage Epn 2,5.10* v
Switching frequency fsw 10 kHz

Table 2. Parameters of the filter
Parameter name Symbol Value Unit
Resistance on the inverter side R; 4 373.03 Q
Inductance on the inverter side L; 0.033 H
Damping resistance Rc 217.97 Q
Filter capacity C 8 544.1073 F
Resistance on the grid side Rg 174.93 Q
Inductance on the grid side Lg 5676.107° H
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Table 3. PI controller parameters

Parameter name Symbol Value
k 211.1073
Optimal torque control P
k; 448.1073
k 611.107°
Voltage control p
k; 848.1077
Current control kp 0.074
ki 0,07
k 4 587.1073
Voltage control P 3
Dual control loop ki 2200.10™
k 174 930.1072
Current control p
k; 5676.1076

5. Conclusion

In this paper, we presented a comparative study between two inverter control methods in
a wind power conversion chain, namely Sinusoidal Pulse Width Modulation (SPWM) control and
Virtual Synchronous Generator (VSG) control. Our study examined several comparative aspects,
including active and reactive power, total harmonic distortion of the output current, and the output
of the phase-locked-loop synchronization with and without noise perturbation. Although the
two strategies showed similar and stable results for almost all of these indicators, we still find
a difference when it comes to THD, with VSG showing better THD reduction of 0.99% according
to our simulations compared to the SPWM with a THD of 1.33%. Using the same experimental
setup, future work could investigate the use of a non-linear command of the inverter.
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