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Abstract—This paper proposes an inverter control strategy
that combines virtual synchronous generator control with
harmonic detection based on Fourier linear combiners with
adaptive gain. In the proposed strategy, the virtual synchronous
generator control calculates the current in the fundamental
frequency component, responsible for the control inertial
characteristic, and harmonic voltage detector based on Fourier
linear combiners selectively detects the harmonic voltages to be
damped. The 5™ harmonic order adaptive gain is calculated from
voltage and current measurements on a bus of interest in the
system. Real-time simulation results were developed in a
hardware-in-the-loop test-bench to show that the proposed
control can simultaneously mitigate the grid voltage and current
harmonics and reduce the peaks of frequency oscillations after
transients.
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I. INTRODUCTION

ECHNOLOGICAL innovations and changes in the

regulatory environment have led to the growing presence
of distributed generation (DG) units in the electrical system,
such as photovoltaic panels. However, some DG units do not
provide inertia to support the grid frequency stability [1]. The
virtual synchronous generator (VSG) is proposed as a control
strategy for DC-AC converters to emulate the inertial behavior
and electromechanical oscillations damping nature of
synchronous machines [2]. As well as the growth of DG units
in the electrical system, the proliferation of devices based on
power electronics, that consume harmonic currents, can
deteriorate the electrical system power quality. The
application of active power filters (APF) is an alternative to
mitigate the harmonics present in the electrical system [3]. As
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VSG and APF controls are applied on DC-AC converters, it is
possible to embed both controls in a single inverter.

Some authors have proposed works that combine the
functionality of VSGs with harmonic compensation, which
seek to simultaneously improve system stability and mitigate
voltage distortions and harmonic currents present in an
electrical system. In [4], the authors propose the application of
the VSG control combined with a harmonic detector based on
the synchronous reference system (Park Transform) in a three-
phase four legs inverter. In [5], the authors propose an inverter
control that combines VSG strategy and amended fractional
order repetitive control (AFORC). In [6], the authors compare
the combination of VSG control with three harmonic detection
strategies based on the instantaneous power theory (p-q
Theory), highlighting the pros and cons of each harmonic
detection strategy. In [7], the authors propose the combination
of VSG control with a hybrid harmonic suppression strategy to
simultaneously eliminate the distortions of the inverter’s local
voltage and the power grid current. Harmonic detection is
done through the multiple harmonic sequence components
observer (MHSCO). In [8], the authors propose the
Synchronfilter, the combination of an active filter operating
with the virtual inertia functionality based on the control of a
Synchronverter, with selective harmonic detection performed
through proportional-resonant controllers. In [9], the authors
propose the combination of VSG control with a harmonic
voltage reduction strategy based on harmonic VSG that
selectively mitigates voltage harmonics. In addition to adding
inertial characteristics to the fundamental component of the
current, this strategy also adds inertial characteristics to the
compensating harmonic currents. Among the works presented,
[71-[9] selectively detect the harmonic orders to be
compensated. The emulated electrical systems of the works
presented in [4]-[9] are quite limited, with only two buses, one
in which the system voltage source and another in which the
loads and the DG unit are connected. This system limitation
restricts these works’ contributions, i.e. making it impossible
to visualize the system’s interaction with multiple DGs.

This work proposes an inverter control strategy that
combines VSG control with harmonic detection based on
Linear Fourier Combiners (FLC) with adaptive gain. The
proposed strategy has internal and global control loops using
local and system measurements, respectively. This
arrangement enables the interaction of multiple DGs with a
minimum of global information.

Fig. 1 shows the proposed control strategy that combines
VSG control with a harmonic detection strategy based on



FLC. This strategy provides synthetic inertia for the system
fundamental component of the current and selectively
compensates for the 5%, 7 11% and 13" harmonic orders.
Harmonic compensation is selective in both sequence and
harmonic order, with a kys adaptive gain for the 5 order, a kyz
gain for the 7™ order, a ky11 gain for the 11%, and a ki3 gain for
the 13™ harmonic order. The adaptive gain is updated from
measurements of the amplitude of 51" harmonic order currents
and voltages of a bus of interest (GRIDgys). Harmonic voltage
detection on the DG bus (DGgys) is done using three-phase
weighted-frequency Fourier linear combiner / sequence
detector Fourier linear combiner (3WFLC/SDFLC), which
measures only the voltage at the DGgys to detect voltage
harmonics, and the amplitude of 5" harmonic voltages and
currents on GRIDgys are done using three-phase weighted-
frequency Fourier linear combiner / Fourier linear combiner
(BWFLC/FLC). The global external loop is updated every
0.2's (Ty) and the sampling time (Ts) of the DG unit control
internal loop is 0.1 ms.
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Il. VIRTUAL SYNCHRONOUS GENERATOR

The VSG model used in this work is based on the model
presented in [10]. A three-phase synchronous machine (SM)
model is used to calculate the reference currents. The three-
phase model reproduces the SM stator circuit and the
mechanical subsystem. In place of a field circuit, an induced
voltage in the stator is considered.

Equations (1) and (2) describe the rotor electromechanical
dynamics [11].

P, P dw
—T.—D- = _°_D-Aw=]— 1
T —T.— D Aw da‘” - D-Aw =] 1t 1)

EZ(U (2)

Where T,, is the mechanical torque, T, is the electrical
torque, B, is the mechanical power, P, is the electrical
power, w is the angular velocity, A, is the angular velocity
deviation, 6 is the rotor angle, D is the damping factor, and
J is the virtual moment of inertia.

The inverter can respond to frequency variations in the
system like a synchronous machine with the addition of
mechanical equations (1) and (2) in active power control [2].

The VSG current reference can be represented in the
Laplace domain, as shown in (3).

Uysc = (6 — Vpg)/(Rysg + Lysg * 5) (3)

Where é=[es €, e:]T is the induced electromotive
force (EMF) at stator windings, vps = [Va Vb Vc]7 is the
voltage at the DG point of common coupling (PCC), s =
[ia ip i]T is the VSG current reference, Rys; is the
stator virtual resistance, and Lyg; is the stator virtual
inductance, which in this work is chosen to be to the value of
series association of the LCL filter inductances L, em L.

The induced EMF amplitude is given by (4) and (5). If the
control aims to regulate the voltage at the PCC, (4) should be
used. if the control aims to control the reactive power supplied
by the inverter to the system, (5) should be used.

Ep =E"+ (V" - V)(KpVVSG + KiVVSG/S) (4)
E, =E* + (Q" — Q)(Kpqvsc + Kigusc/S) ®)

Where E*is the induced EMF reference, V* is the
reference peak voltage at the PCC, V is the peak VSG output
voltage, K,yysc and Kjyse is the voltage controller
proportional and integral gains, respectively, Q* is the
reference inverter reactive power, Q is the inverter reactive
power, and Kp,oysq and Kjoyse is the voltage controller
proportional and integral gains, respectively.

The VSG-induced EFM is shown in (6).

é=E,[sin(8) sin(6 —2m/3) sin(6 + 2m/3)]" (6)

Simplifications of the three-phase model of the SM result
in the lack of transient and subtransient components of the
stator current [10].

I1l. FOURIER LINEAR COMBINER

The use of FLC is an alternative to detect the fundamental
and harmonic components of a periodic signal. The FLC is
based on the Least Mean Square (LMS) algorithm and
estimates the weights of a Fourier series of a periodic signal
[12]. The FLC works with an adaptive step p and the
adaptive weights are updated according to Equations (7)-(9).

sin(rwgk) ,1<r<M
Xrk = _ (7)
cos((r M)a)ok),M +1<r<2M
& = S — Wi X (8)
Wirr = Wi + 2uXy gy €)



Where W, is the adaptive weight vector, X, is the vector
of x,,, M isthe number of harmonics in the model, r is the
harmonic index, €, is the system deviation, and s; is the
input signal for a k sample. The number of harmonics M to
be extracted from the measured signal defines the size of the
W, and x,, vectors.

Weighted-Frequency Fourier Linear Combiner (WFLC)
[13] allows the tracking of the highest magnitude component
present in the periodic signal and can readjust its frequency.
This adaptation is achieved using a modified LMS algorithm,
shown in Equation (10).

M

Wop,y = Wo, + 20k Z r(wrkx(M+r)k — O+ Xy
r=1

(10)

Where wgis the frequency of the greater magnitude
component and u, is the adaptive step for the modified LMS.

The combination of FLC and WFLC algorithms can track
the amplitude, phase, and frequency of periodic signals. In
combined FLC and WFLC applications, it is common to use
the WFLC only to adjust the frequency. The block diagrams of
FLC and WFLC algorithms are shown in Fig. 2.
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Fig. 2 - Fourier linear combiners algorithms: (a) Original FLC and (b) WFLC

The three-phase weighted-frequency Fourier linear
combiner (3WFLC) is an improvement of the FLC algorithm
and is applied in three-phase systems. In the 3WFLC
algorithm, the adaptive frequency w, is the average of the
frequencies obtained by the WFLC algorithm in each phase.

The combination of one 3WFLC and three FLC can be
used to decompose three-phase periodic signals into a Fourier
series. From the decomposed signal, a Fortescue transform is
used to determine the positive, negative, and zero sequences of
each harmonic component tracked by the FLCs. This structure
is the sequence detector Fourier linear combiner (SDFLC)
[14]. The 3WFLC/SDFLC [15] block diagram is shown in
Fig. 3. From the signal decomposed by the 3WFLC/SDFLC, it
is possible to choose which harmonic orders and sequences of
the signal will be compensated and a different controller can
be applied to each component to mitigate the selected
harmonic.

- | Decomposed
output signal

o
15
2
=
(=]
5

Fig. 3 - 3WFLC/SDFLC block diagram

IVV. PROPOSED ADAPTATIVE HARMONIC MITIGATION

In the proposed work, an adaptive gain k,s, was defined
for the 5™ harmonic order, a gain k,, for the 7" harmonic
order, a k1 gain for the 11%, and a ky3 gain for the 13®
harmonic order. The update time (T,) of the adaptive gain is
200 ms, which is the time window usually used in harmonic
measurements [16] and this gain is adjusted according to the
error between the average values of the 5™ voltage harmonic
in a bus of interest in the system (vs, e Vs 1y respectively)

and the current that feeds this bus (s, e is(k_l), respectively)
at instants k and k-1. The voltage vg is the average of the
instantaneous 5" harmonic order voltages on the bus and the

current is is the average of the instantaneous harmonic
currents that feed the bus, as shown in (11) e (12).

11)
(12)

[Vglp=s = (Va5 + Vps + vc5)/3
liglh=s = (ias + ips +ic5)/3

Where v,s, 1,5, and v.s are the 5" harmonic voltages
and izs, ips and i.s are the 5™ harmonic currents in a bus of
interest in the system.

The average values of the 5" harmonic order voltage on a
bus of interest in the system (vs,) and the current that feeds
this bus (i5, ) are calculated in a time window of 200 ms.

The adaptive gain of the proposed strategy is given by (13).

kys, =k — Akys. €45 — Akys. €45 (13)

V5(k-1)

Where Akys is the gain voltage step, Akis is the gain current
step, and kvs(k_l) is the adaptive gain at the instant k-1, &,s

and ¢;; are the voltage and current deviations at instants two
consecutives instants  (vs, —vs(k_l)) and (is, _is(k—1)) ,
respectively.

The adaptive gain of the proposed strategy tries to
minimize the 5" harmonic order voltage and current
harmonics on a bus of interest in the system. Fig. 4 shows the
flowchart of the harmonic detector based on FLC with
adaptive gain proposed in this work.

The adaptive gain is limited in order to guarantee the stable
operation of the harmonic controller. The minimum gain value
is represented by k.,sp;ny and the maximum value by kyspyax
in Fig. 4.
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Fig. 4 - Flowchart of the gain adjustment of the harmonic detector FLC-based
with adaptive gain

Harmonic current reference is given by (14).

kyn - Vhp
h=5,7,11,13

(14)

Where k,;, is the h™" harmonic order gain and vy, is the
phase p h™ harmonic order voltage. This strategy aims to
dampen the system harmonic voltages (vj,) through a local
current harmonic compensation (iy,).

V. STABILITY DISCUSSION

Stability analysis studies of various VSG implementations
are presented in [17] and [18]. According to these articles, a
current-controlled virtual synchronous machine (CCVSM),
similar to the VSG implemented in this article, has good
inherent characteristics in terms of stability [17] and the
eigenvalue analysis also showed that it is more influenced by
the control parameters and has the highest stability margins
among the studied approaches [18].

Regarding active power filters, [19] and [20] present
stability analysis studies of three types of harmonic
compensation methods commonly used in active filters. In
terms of stability, the control strategy based on voltage
detection, that is used in this work, is the most suitable for
active parallel filters [19].

Some articles that propose combining VSG control with
harmonic compensation [4][5][7][8] present stability analysis
studies that demonstrate that the combination of these controls
can be stable.

These papers show that VSG and harmonic compensation
controls, when used together or separately, can be stable. A
stability analysis study of the proposed control in this paper
will be developed in future work.

VI. RESULTS

In this section, two inverters using the proposed detection
strategy are applied in a four-bar system. The converter and
grid/load system will be simulated in real-time in Hardware-
in-the-Loop (HIL) Typhoon HIL404 module. Texas
Instruments' digital signal processor TMSF28379D was used

to implement the VVSG and harmonic detection controls. The
signals shown in this section were captured using the HIL
SCADA from Typhoon HIL Control Center toolchain. Fig. 5
shows the HIL bench used to obtain the results.
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Fig. 5 - HIL test-bench used for real time simulation

Fig. 6 shows the overview of the simulated system with
four buses. The proposed circuit is simulated in Typhoon HIL
Control Center environment. Inverters are connected to buses
3 and 4 and two non-linear loads are connected to buses 2, 3,
and 4. Based on measurements of the voltage on bus 2 (v,)
and the feeder current (i), the inverter controllers connected
to buses 3 and 4 act to dampen the 5 harmonic order voltage
on bus 2. The grid voltage source consists of an inertial
voltage source with a 0.05 pu 5" harmonic which represents
the harmonic distortion present in a distribution system due to
the circulation of harmonic currents in the feeders. The
renewable energy source (RES) is emulated by a DC voltage
source (Vp) and is connected to the grid through a three-phase
inverter, which, in turn, is connected to the system through an
LCL filter. The inverter switches are IGBTs with anti-parallel
diodes connected across and the current controller is a
proportional integral-resonant (PI-RES) controller [21]. The
simulated system has three loads: load 1 is a three-phase
rectifier with a RL load; load 2 is composed of a single-phase
rectifier with a RL load connected between phases a and b, a
single-phase RL load connected between phases a and ¢, and a
single-phase RL load connected between phases b and c; and
load 3 is a balanced three-phase RL load. In the simulation,
load 1 is always connected to the system, load 2 is connected
at 0<t<2s, and load 3 is connected at t>3s. Load 1 is
connected to bus 4 and loads 2 and 3 are connected to bus 2.
The inertial grid, distribution system and VSG parameters are
shown in Table I, the parameters used for the design of the
LCL filter, designed according to [22] are shown in Table II,
PI1-RES controller gains are shown in Table 111, and active and
reactive powers of the loads are shown in Table IV. To verify
the adaptive gain behavior, the system load was changed in
two moments. Fig. 7 shows the inertial grid diagram. In Fig. 7,
H.q is the inertia, R is the droop gain, py, is the reference
electrical power, w, is the base angular velocity, w, is the
angular velocity, 8, is the grid angle, and V, is the voltage
magnitude. For the results presented in this section, the VSG
control references are P* = 0 and Q" = 0.
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TABLE |
INERTIAL GRID, DISTRIBUTION SYSTEM AND VSG PARAMETERS
Parameter Value
Inertial grid voltage magnitude (Ve) 179.6051 V
Inertial grid base power (Sp) 500.0 kW
Inertial grid base angular velocity () 376.9911 rad/s
Grid inertia (Heg) 50s
Grid droop coefficient (R) 0.0002
Grid reference active power (pgo) 1.0 p.u.
Line resistance, section 12 (Rq2) 0.02Q
Line inductance, section 12 (Lg>) 0.18 mH
Line resistance, section 23 (Rys) 0.05Q
Line inductance, section 23 (Lss) 0.18 mH
Line resistance, section 34 (Rg4) 0.05Q
Line inductance, section 34 (Lsss) 0.18 mH
DC-link voltage (Vpc) 500.0 V
VSG resistance (Rysc) 0.05Q
VSG inductance (Lysc) 0.32239 mH
VSG moment of inertia (J) 0.3 kg.m2
VSG damping coefficient (D) 20.0
VSG droop coefficient (Dp) 200.0
TABLE I
LCL FILTER SPECIFICATION AND PARAMETERS
Parameter Value
Switching frequéncy (fs) 10 kHz
Grid frequency (f,) 60 Hz
Converter rated power (Py) 50 kW
Source ph-ph voltage (E) 220V
Current ripple (AI) 5%
Reactive power absorbed under rated conditions (x) 5%
Inverter side inductance (L;) 0.27944 mH
Grid side inductance (Ly) 0.04295 mH
Capacitance (Cy) 137.01 pF
Resistance (Rq) 0.75Q
TABLE Il
PI-RES CONTROLLER GAINS
Parametros Value
Proportional gain (K;) 1.0
Integral gain (K;) 50.0
Resonant gain (K,) 25.0

TABLE IV
LOADS ACTIVE AND REACTIVE POWERS AND THD

Load Type PL (kW) Qv (kvar)
1 3ph rectifier 26.85 -
1ph rectifier 8.91 -
2 RL 3.39 1.67
RL 2.62 0.9
3 3ph balanced RL 4.30 4.10

A. Adaptive harmonic damping contribution

This simulation shows the behavior of adaptive gain in a
scenario where there is load change att=2 sand t=3s. The
controller gains are k,; =2.0 and k,; = k,;3 = 1.0.
Adaptive gain k,s has initial gain k.5 = 0.5, voltage step
gain Ak,s = 0.4, current step gain Ak;s = 0.3, minimum gain
value kysp;n = 0.5, and maximum gain value kysyax = 3.5.

The profile of the 5" harmonic voltages and currents of the
feeder on bus 2 and the k,; adaptive gain are shown in
Fig. 8.

As can be seen in Fig. 8, at t = 0.0 s the adaptive gain is
activated. At t = 0.4 s the gain is updated and the 5™ order
harmonic voltage and current of bus 2 are reduced. At t = 0.6
s, the gain is updated again and reduces the 5" order harmonic
current and the 5™ order harmonic voltage does not change
significantly. From t = 0.8 s, changing the adaptive gain value
does not significantly change the 5" order harmonic voltage
and current on bus 2. From t = 0.8 s, the difference between

the voltages measured at instants k and k-1 (vs, and
sy respectively) decreases and the adaptive gain ks

tends to stabilize. Although the voltage stabilizes, changing
the load causes the gain to change slightly at t=2.0s and
t=3.0s. At t=2.0s, the error between the currents measured

at times k and k-1 (is, and 551 respectively)
decreases, causing the adaptive gain to increase. At t=3.0s,

the error between is, e is,_, increases, causing the
adaptive gain to decrease.
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Fig. 8 — Amplitude of 5" harmonic (a) voltages and (b) currents on bus 2 and
(c) the ks adaptive gain



Fig. 9, 10, and 11 show the voltages on buses 2, 3, and 4 at
intervals at three different times. The use of a harmonic
voltage damping strategy can significantly mitigate voltage
distortion on buses 2, 3, and 4, as seen in the Fig. 9, 10, and
11.
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Figure 9 - Voltage on bus 2 (a) without and (b) with compensation; voltage on
bus 3 (c) without and (d) with compensation; and voltage on bus 4 (e) without
and (f) with compensationatt=2s
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Fig. 10 - Voltage on bus 2 (a) without and (b) with compensation; voltage on
bus 3 (a) without and (b) with compensation; and voltage on bus 4 (a) without
and (b) with compensation att=3s

Table V shows the individual harmonic distortions (IHD)
and THD of the voltages on buses 2, 3, and 4 before and after
the compensation and the limits established by the IEEE Std
519-2022 [23]. Before compensation, the 5th and 7th order
IHDs and the THD on the three phases of the three buses
analyzed are above the limits established in the standard. With
compensation, these values are within the values established in
the standard and the other IHDs and THDs have their values
reduced, as shown in Table V.
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Fig. 11 - Voltage on bus 2 (a) without and (b) with compensation; voltage on
bus 3 (c) without and (d) with compensation; and voltage on bus 4 (e) without
and (f) with compensation att =4 s

TABLEV
IHDsS AND THDS OF VOLTAGES ON BUSES 2, 3, AND 4 WITHOUT AND WITH
COMPENSATION
w/o comp. (%) w/ comp. (%) |IEEE
1) Bus h a B c a b c 519
5 101 | 104 | 92 | 28 | 26 | 25 5.0
2 7 6.1 6.5 58 [ 01]01]|01 5.0

THD | 124 | 132 | 11.2 | 30 | 3.0 | 29 8.0

5 1411150 ] 142 | 15| 11| 10 5.0

2 3 7 115] 11.7 | 106 | 0.8 | 1.3 | 1.3 5.0
THD | 19.0 | 196 | 179 | 24 | 2.7 | 2.2 8.0

5 178 |1 19.0 | 182 | 21 | 22 | 2.2 5.0

4 7 152 ] 152 | 137 | 1.7 | 16 | 1.0 5.0

THD | 238 | 247 | 230 | 35 | 38 | 3.2 8.0

5 99 | 9.2 | 95 | 25|22 22 5.0
2 7 5.6 6.4 6.2 | 04|07 |07 5.0

THD | 11.7 | 115 | 11.7 | 29 | 25 | 25 8.0

5 1431141 | 145|108 | 1.4 | 09 5.0

3 3 7 108 |1 108 | 98 | 11| 1.2 | 05 5.0
THD | 184 | 182 | 179 | 25 | 24 | 2.0 8.0

5 180 ] 183|181 |21 |18 ] 21 5.0

4 7 146 | 143 | 142 | 15| 11| 16 5.0

THD | 235 | 235 | 232 | 32 | 25 | 33 8.0

5 93 | 9.6 96 |22 |22 |27 5.0
2 7 6.0 | 57 59 {08 ]09]02 5.0

THD | 115 | 115 | 115 | 24 | 26 | 3.1 8.0

5 137 1139 | 144 | 17| 11|12 5.0

4 3 7 114 ] 113 | 106 | 1.4 | 1.6 | 1.0 5.0
THD | 18.2 | 183 | 183 | 3.0 | 28 | 2.2 8.0

5 172 1174 1179 | 14119 | 20 5.0

4 7 146 | 146 | 140 | 21 | 1.4 | 1.9 5.0

THD | 228 | 230 | 230 | 3.2 | 30 | 35 8.0

Table VI shows the IHDs and THD of the feeder currents
of sections 12, 23, and 34 before and after compensation and
the limits established by the IEEE Std 519-2022. Before
compensation, the 5" order IHDs and 7" order IHDs on
sections 12 and 23 are above the limits established in the IEEE
Std 519-2022. With harmonic compensation, IHDs and THDs
decrease and, in some cases, stay within the limits established
by the standard. The 71" order IHD on sections 12, 23, and 34



stay within the limits proposed by the standard. As this
harmonic detection strategy aims to dampen the voltage
harmonics present in the electrical system, the mitigation of
harmonic currents in the feeders is not as efficient as the
damping of harmonic voltage propagation.

TABLE VI
IHDS AND THDS OF CURRENTS ON FEEDERS 12, 23, AND 34 WITH AND
WITHOUT COMPENSATION

w/o comp. (%) w/ comp. (%) |IEEE

t(s) | Sec. h

a b c a b c 519

5 17.1 | 196 | 187 | 7.3 6.5 | 10.5 7.0

12 7 123 | 146 | 146 | 06 1.9 1.4 7.0

THD | 21.2 | 245 | 239 | 74 7.0 | 10.7 8.0

5 17.3 | 199 | 199 | 153 | 165 | 128 4.0

2 23 7 148 | 129 | 127 | 3.1 3.1 11 4.0
THD | 23.2 | 24.4 | 239 | 15.7 | 16.8 | 129 5.0

5 7.0 9.1 9.1 2.9 3.6 2.6 4.0

34 7 2.0 0.4 1.9 3.3 2.6 4.2 4.0

THD | 10.4 | 115 | 11.2 | 4.8 5.0 5.7 5.0

5 28.6 | 28.8 | 283 | 13.2 | 134 | 137 7.0

12 7 220 | 227 | 220 | 1.9 1.9 15 7.0

THD | 36.2 | 36.9 | 36.0 | 13.5 | 135 | 13.8 8.0

5 195 ] 19.1 | 193 | 123 | 13.0 | 13.0 4.0

3 23 7 126 | 13.0 | 127 | 1.8 1.2 1.2 4.0
THD | 23.4 | 233 | 234 | 126 | 131 | 13.1 5.0

5 8.8 8.8 9.0 2.9 2.5 2.4 4.0

34 7 1.7 1.6 2.0 3.6 4.1 3.8 4.0

THD | 10.8 | 10.8 | 109 | 5.1 55 5.2 5.0

5 225 | 225 | 228 | 11.3 | 120 | 124 7.0

12 7 176 | 179 | 181 | 11 0.6 1.3 7.0

THD | 28.7 | 289 | 29.2 | 11.4 | 121 | 125 8.0

5 199 ] 192 | 194 | 133 | 13.0 | 129 4.0

4 23 7 132 | 128 | 127 | 1.2 1.0 0.7 4.0
THD | 24.2 | 233 | 235 | 13.4 | 131 | 129 5.0

5 9.3 8.6 9.1 3.2 2.8 3.6 4.0

34 7 2.2 1.6 2.1 2.8 3.7 3.7 4.0

114 | 11.0 | 110 | 5.1 5.2 5.8 5.0

B. Virtual inertia contribution

To verify that the proposed control combination can
contribute to improving the frequency and ROCOF (rate of
change of frequency) of the system, two simulations were
done to compare the contribution of the constant PQ control
based on p-q Theory [24] and the VSG control combined with
the harmonic detection strategy proposed in this article. For
the results presented in this section, the VSG control
references are P* =10 kW and Q" = 0.

Fig. 12 shows DG1 and DG2 active power, the frequency,
and the ROCOF on buses 2, 3, and 4 for combinations of the
proposed detection strategy with constant PQ and VSG
controls. Table VI shows the frequencies and ROCOFs after
the transients att =2 sand t = 3 s, respectively.

The ROCOF is given by (15) [25].

ROCOF(t) = (15)

af ) fO)—ft-Ty)
ac T,

Where T is the sampling time.

In simulations, the sampling time for ROCOF calculation is
0.1 ms and the average ROCOF is calculated in a window of
0.1 s [26]. Comparing Fig. 12 (a) and (d), while the PQ control
keeps the active power practically constant during transients,

the VSG control injects a flow of active power into the system
at these moments. With the variation of the system frequency,
a variation of the angular velocity would be observed, causing
the inverter to inject an active power flow into the system to
compensate for the momentary unbalance.

As seen in Table VII, the VSG control can reduce the peaks
of the oscillations that happen at instants t=2 s and t=3s.
Thus, it was possible to verify that the VSG control can
contribute to the improvement of the frequency nadir and the
ROCOF in the PCC.
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Fig. 12 - (a) DG1 and DG2 active powers, (b) frequency, and (c) ROCOF on
the buses 2, 3, and 4 with the application of the combination of PQ control
with the proposed detection strategy and (d) DG1 and DG2 active powers, (€)
frequency, and (f) ROCOF on the buses 2, 3, and 4 with the application of the
combination of VSG control with the proposed detection strategy

TABLE VII
FREQUENCY AND ROCOF VALUES DURING TRANSIENTS USING PQ AND VSG

CONTROLS

Freq (Hz) ROCOF (Hz/s)

te) Ctrl Bus Min. Max Min. Max.

2 59.99 60.11 -1.02 0.97

PQ 3 59.99 60.13 -1.08 0.89

2 4 59.98 60.12 -1.08 0.82

2 60.01 60.09 -0.75 0.63

VSG 3 60.00 60.08 -0.65 0.38

4 60.00 60.07 -0.67 0.33

2 59.99 60.02 -0.25 0.25

PQ 3 59.98 60.02 -0.33 0.30

3 4 59.98 60.01 -0.25 0.22

2 60.00 60.02 -0.19 0.21

VSG 3 59.99 60.01 -0.14 0.16

4 59.99 60.00 -0.12 0.12

VII. CONCLUSIONS

This article proposes a control that combines the features of
the VSG control with an FLC-based harmonic detector with
adaptive gain. With the proposed control, a single inverter can
simultaneously contribute the system stability and power
quality improvement. The adaptive gain is adjusted according
to the error of the 5™ harmonic order voltages and currents of a
bus of interest in the grid. Simulations in a four-bus system




using the Typhoon HIL Control Center toolchain were done to
show that the combination of the VSG and the FLC-based
voltage harmonic detection with adaptive gain can
simultaneously improve system stability and power quality
across the grid

From the data shown in Tables V and VI, the proposed
controller can reduce the voltages and harmonic currents of
the system and, thus, improve the system power quality. In
some cases, the harmonics are within the limits proposed by
the IEEE Std 519-2022, after harmonic compensation. Fig. 6
shows that the adaptive gain stabilizes after transients.

Table VII shows that the VSG control can reduce the peaks
of the frequency oscillations and improve the ROCOF after
the transients at t=2 s and t = 3 s, and thus contribute to the
system stability.
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