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Abstract: To reduce the impact of the imbalance of mixed non-linear loads on an inverter voltage
output in the microgrid, we improve the disadvantage of the lack of damping and inertia for
traditional droop control. This paper proposes a comprehensive virtual synchronous generator (VSG)
control strategy for harmonic suppression and imbalance suppression of a multi-inverter parallel
microgrid. On one hand, an improved VSG control strategy is proposed to increase the damping
and inertia of distributed generations (DGs) in the microgrid, and secondary control is introduced to
improve system stability. On the other hand, the frequency division suppression control strategy is
used to eliminate the influence of harmonics, and the negative sequence component is compensated
to eliminate the influence of imbalance. Then small-signal analysis is used for analysis of the stability
of the strategy. Finally, we verify the comprehensive control strategy proposed in this paper through
experiments. The experimental results suggest a significant improvement on the voltage, frequency,
power optimization, handling of non-linear load and capacity distribution precision, as well as
providing inertia support for the system.

Keywords: harmonic suppression; imbalance suppression; microgrid; imbalance mixed non-linear
loads; virtual synchronous generator

1. Introduction

Scholars recently proposed that the microgrid has become an essential form of multiple
DGs integration, which is an important complementary of a traditional power network via
inverters [1,2]. The microgrid has been studied extensively in its structures, modeling and
operation [3], stability analysis and enhancement [4], power quality improvement [5], and
other issues, presently.

The existing inverter control strategy can be adopted when these DGs are connected
to the microgrid. However, as the DGs scale gradually increases, the conventional control
strategy may fail to work properly. Therefore, scholars proposed a VSG technology with
the characteristics of self-balancing feasibility, rotational inertia and droop characteristics
of a synchronous machine, that can be used in DGs and microgrid inverter control to
improve system stability [6-10]. Ref. [11] compared the dynamic characteristics of droop
control and VSG control, then concluded that droop control is a special form of VSG control
(J =0, D =0). Compared with traditional droop control, VSG control has advantages,
such as virtual damping and inertia. Ref. [12] proposed using a VSG control strategy in
microgrids, which improves the closed-loop system dynamic response without changing
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the frequency accuracy compared to traditional droop methods. In [13,14], VSG provides
virtual damping and inertia to realize the dynamic frequency regulation during the short
period in a microgrid, respectively. These studies take advantage of a VSG to enhance the
stability and reliability of a microgrid; in [15], a simplified VSG virtual inertia controller
is introduced by Zhang B. It analyzes the impact of main control parameters on system
stability and dynamic response. In addition, data-driven and reinforcement learning
methods are gradually applied to the control field. Ref. [16] proposed a data-driven virtual
synchronous generator (VSG) optimization control strategy, enabling DGs to adjust their
control variables, according to current observations in a model-free manner, control system
frequency and power dynamics. Although numerous studies on using a VSG control
strategy for renewable energy have been conducted, they rarely consider the power quality
problems caused by the imbalance mixed non-linear loads for the microgrid.

Compared with the traditional grid, there are more deterioration risks of power quality
in energy production and transformation stages in the microgrid. On the power supply
side, some renewable energy resources, such as solar and wind energy, have prominent
fluctuation, randomness, and intermittent characteristics. It will cause fluctuations in
the frequency and voltage of the microgrid, further reducing the power quality of the
microgrid. When the microgrid operates in the island mode, it is also necessary to design a
decentralized control strategy to ensure stable operation [17,18]. Ref. [19] proposed a novel
controller for inverters to improve the frequency response of the microgrid under distur-
bances involving large frequency deviations, combining the advantages of droop control
and master—slave control. Ref. [20] proposed a novel decentralized and communication-less
controlled strategy for frequency and voltage regulation of the PV-Storage island microgrid.
Ref. [21] proposed a closed-loop control law for linearization and control. The model is used
to adjust the power through the model to change the grid voltage and frequency, thereby
improving the quality of the system. On the load side, the increase in the imbalanced
mixed non-linear load has a serious impact on the imbalance and the harmonic content of
the outlet voltage of the microgrid inverter [22-24]. Additionally, DGs inverters carrying
three-phase imbalance mixed non-linear loads create a significant amount of harmonics,
especially the 5th and 7th. These can significantly degrade the voltage quality in the micro-
grid as well as the associated greater grid, which affects customers, demanding high power
quality [25]. A unified power quality conditioner (UPQC) can be installed to limit harmonic
distortion and improve the voltage and frequency of the macro-grid [26], but it is a kind of a
costly solution. To autonomously mitigate harmonic voltage, harmonic compensation and
imbalance control function can be embedded in the control system of the inverter. In [27,28],
the droop characteristics of reactive harmonic power to the conductance are taken into
consideration of the droop control. Therefore, grid harmonics can be suppressed by volt-
age controllers by subtracting the voltage and conductance harmonic current from the PI
controller’s current reference. A control strategy for voltage imbalance and harmonic sup-
pression was proposed in [29] by realizing virtual impedance using resistive and inductive
composites based on TOGI and SOGI. The overall system output impedance is controlled
via PI control and the parallel connection of multiple proportion integral resonance (PIR)
voltage controller to reduce the voltage imbalance and harmonics. Nevertheless, we did
not verify the stability of this control strategy. Additionally, for power allocation issues
of an imbalanced mixed non-linear load, harmonic and imbalance droop controllers were
designed in [30] to share the harmonic power and the imbalance power among distributed
generation units and improve the voltage quality at the point of common coupling. A
novel fuzzy integral sliding mode current control strategy was proposed in [31], which
can eliminate harmonics to the maximum, but the limitation is the method applied to the
generator side for a direct-driven wind energy system. Ref. [32] proposed a comprehensive
control strategy for voltage imbalance and harmonic suppression of multiple inverters
based on droop control. It can effectively improve the power quality, but the inertia of the
microgrid is not considered.
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According to the shortcomings of existing research, a comprehensive VSG control
strategy for the harmonics and imbalanced voltage suppression of the multi-inverter
parallel microgrid strategy is applied to solve the power quality problems caused by
imbalanced mixed non-linear loads in the microgrid. The main contributions of this paper
are as follows:

(1) Propose a harmonic and voltage imbalance suppression comprehensive strategy for
distributed control of a multi-inverter parallel microgrid. This comprehensive strategy
has an inertia section, which improves the lack of inertia in the traditional control
method. Apart from improving the power quality of the microgrid, the secondary
adjustment of the frequency is realized by the distributed control strategy.

(2) A small-signal state-space-based model is introduced for certain harmonics suppres-
sion to analyze non-linear load-induced system output characteristics caused by the
superposition of fundamental and high-order harmonic components.

(8) To verify the validity of the proposed method, an accuracy model by the RTLAB
semi-physical simulation system, the microgrid simulation is conducted.

2. A Hierarchical VSG Secondary Control Strategy Based on Harmonic and
Imbalance Principle

As suggested from the basic control principle for VSG [33], the mathematical model of
VSG is as follows [34]:

dw
]E = Tset + Dp(wn - CL)) - Te
P. P,
Toet = %}Te = aTe 1)
n n

dE
th+~¢§DqﬂL1flkﬂg—Qe::viKEE

In (1), Pset and Qs are the active and reactive power setpoint, respectively; P, and
Q. are the actual active and reactive powers; Ts is the torque setpoint; Te is the electrical
torque; Uy is the effective output voltage; U}, is the effective rated voltage; | is the rotational
moment of inertia; K is the excitation coefficient; D), is the active droop coefficient; Dy is
the reactive droop coefficient; w is the VSG angular frequency; and wy, is the rated angular
frequency.

Figure 1 shows the control loop for VSG.
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Figure 1. Virtual synchronous generator control loops.
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2.1. The Strategy and Modelling Based on Harmonic Imbalance Principle

Based on the instantaneous reactive power theory, voltage harmonics can be expressed,
using the superposition of the DC component and AC components of various frequencies
under the polar coordinate system, while three-phase imbalance can be presented as a
non-zero negative sequence [22,35]. The microgrid power quality can be improved by
controlling harmonic imbalance at various microgrid PCC nodes [36]. For example, the 5th
harmonic can be expressed as

U5 = Us sin bwt
ups = Us sin(5wt — 5 x ) = Us sin(5wt + 5 x L) 2)
ues = Ussin(5wt +5 x ) = Us sin(5wt — 5 x 2F)

The 5th harmonic component is in a negative sequence compared to the fundamental
component. By applying negative sequence transformation in (2), we have

UgsN o[ —cos 5wt —cos(5wt+ &) —cos(5wt — L) Us sin 5wt 0
N | =3 | sindwt  sin(5wt+ Z) sin(5wt— &) || Ussin(5wt+ ) | = | Us ®3)
UosN 1/2 1/2 1/2 Us sin (5wt — 2F) 0
As suggested in (3), the 5th harmonic component can be suppressed when Us is 0.
Other high-order harmonics can also be suppressed using the same method.
Under imbalance voltage, the negative sequence voltage can be determined by
UgIN o[ coswi cos(wt + 27”) cos(wt — 1) Uy sin wt —Ujy sin 2wt
ugn | = ;| —sinwt —sin(wt + 20 —sin(wt— &) || Upsin(wt—2F) | = | Ujcos2wt 4)
UQIN 1/\/§ 1/\6 1/\5 Ulsin(wt+27”) 0

Equation (4) shows that the negative sequence voltage is two times the fundamental
sequence. As long as the negative sequence is zero, voltage imbalance can be suppressed.

System harmonic voltage loop control uses a standard PI controller. Therefore, its
modeling process is similar to the voltage loop in traditional inverter control. For example,
the 5th harmonic can be expressed using ¢s; and ¢s,, which are:

d¢sg
Zl)t = Useq ~ Usod -
d¢5"7 ok
dr Usoq — Usog
the 5th harmonic voltage control loop is
igld = 504 — wanUSOq + K5pu(u;gd - u50d) + Ksiu¢sa ©)
i;lq = i50q - leCfUSOd + KSpu(u;oq - u50q) + K5iu§b5q
the above equation can be linearized as
. Aisjgq
[A<P5dq] = [0] {A(Pqu} + Bsu1 [Auéodq] + Bsua | Aisedq
Ai50dq @)
Aisgg

{Ai;ldq} = Csy [A‘Pqu} + Dsin [Aug‘odq} + D50 AlfSodq
A15odq
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where
B |1 0], _[OO -1 0 00
ML= g 1 I"™ 7100 0 -100

Cou = { K O‘ :|rD5u1 = { Kopu = 9

In the above equation, Ks, is the scale factor for the voltage loop PI controller, and
Ks;, is integral coefficient of the voltage loop PI controller.

2.2. The Secondary Control Strategy and Modelling

The output frequency fyc and output voltage Ej are collected at the microgrid
before transmitting to local controllers via communication lines. Then, the frequency and
output voltage are each subtracted by a frequency reference value f* and an output voltage
reference value E’, before passing through the PI regulator, which generates the command
signal added to the secondary control signal to control the inverter.

f: = e+ “E)(F* — fe)

g ®)
OF; = (kp + =) (E* — Epec)

Figure 2 shows the block diagram of secondary control block.

Communication
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Figure 2. The block diagram of secondary control strategy.

The secondary frequency control applies PI control, taking the intermediate variable
Sras

eps ©)
dt pcc

The frequency control loop can then be calculated as

Of = Kpe(f* — fpec) + Kif S (10)
The above equation can then be linearized as

(85| = [0][AS¢] + By [Afpe]

(11)
[A8f] = CrASs| + Dy [Afyec]

where
Bf = [—1]

Cr = {Kz’f}fo = {*Kpf}
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In the above equation, K is the scale factor for the secondary frequency loop PI
controller; Kjr is the integral coefficient of the secondary frequency loop PI controller.
The secondary voltage control also uses a PI controller; the intermediate variable Sr is

dSg

a - E* — Epec (12)
Therefore, the voltage control loop is

The above system can be linearized as

[ASg] = [0][ASE] + Bp [AEpcc] (14)
[ASE] = CE[ASE] + Dg [AE ]

where
B = [-1]
Ce = [Kig], DE = [—KyE]

In the above equation, Ky is the scale factor for the secondary voltage loop PI con-
troller; Ki is the integral coefficient of the secondary voltage loop PI controller.

The imbalance suppression loop can be modeled in the same manner as the harmonic
control loop. It also uses a standard PI controller and negative sequence voltage compen-
sation suppressing negative sequence components, further eliminating the problem of
three-phase voltage imbalance.

Figure 3 shows the system diagram of the hierarchical VSG secondary control strategy
based on harmonic imbalance.
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Figure 3. The block diagram of main control strategy.
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From Figure 3, we built the multi-inverter microgrid modeling based on VSG. The
voltage and current information of the microgrid system is measured from the PCC point,
and its active power and reactive power are calculated by the power calculation module.
Then, the calculation amount of power and reactive power is sent to the voltage control loop
and the frequency control loop, using the harmonic and voltage imbalance suppression
strategy for distributed control of multiple parallel VSG. In turn, the power quality of the
microgrid system is effectively improved and solves the problem of a lack of inertia in the
microgrid system.

3. Small-Signal Model for Parallel-Based VSG Control Operation of
Multi-Inverter Microgrid

The small-signal model for parallel-based VSG control operation of multi-inverter
microgrid is analyzed: VSG inverter mode, virtual impedance, double closed-loop control
for voltage and current, and LC filter small-signal model [37,38]. The small-signal model
can be expressed through state-space representation.

3.1. Small-Signal Model for Parallel based VSG Control
3.1.1. VSG Power Loop Model Modeling

The VSG power loop model can be expressed as

Ab Ab Aiygg
Aw | =Ap| Aw | + By Auodq + BpwAweom
AE AE Aiodq (15)
AB
| | =[]
Auondq Cpu AE
where
0 1 0 1
Ap=10 =% 0 [;Buw=| 0 |[;
o o - 0
00 0 0 0 0
I, I, u, U
Bp = 00 _[’Cfn _qun {jlfi _]wz 4
00 R R G

In the above equation, iy, is the VSG induction current; 1,4, is the VSG output voltage;
and logg 18 the VSG output current. wy, is the reference coordinate, w is the frequency of
the microgrid, and 6 is the angle between micro sources and the common coordinate.

3.1.2. Virtual Impedance Modelling

Line impedance can cause a phase shift, and parallel connections of multi-inverters
may encounter power balance issues. To solve these issues, a virtual impedance-based
control strategy is used to guarantee inductive droop in the system lines. The S-domain
control is expressed as follows:

We . .
Upg™ = Ugng + ———(ipq-Ro — log- X
od ond S—l—wC(Od 14 oq v)

C

Uog"™ = tong + ——— (iog"Xo + iog-Rop)

w (16)
s+ we

where ua,{e and uoq’F are the voltage output of the virtual impedance; u,,; and Uong are the
input voltage of the virtual impedance; and w. is the first level inertial stopping frequency.
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io4, and i, are the system output current; X, and R, are the virtual reactance and virtual
resistance.
Linearize (17), rearranging the equation for X, Xg:

{ Xd = uod* — Uond (17)
Xg = thog”™ — Uong

By linearizing and simplifying (18) and (19), the small-signal model state space for
virtual impedance can be expressed as

%A 2] o[

B AX, Aiog (18)
| au | =ee ot o] A
where
o I O i
efi0) e i)

As shown in (18), the impact of X, and R, to the system virtual impedance can be
determined and further used to observe and analyze power distribution in the microgrid.

3.1.3. Voltage and Current Loops Modeling

The system voltage control loop uses the standard PI controller. Taking the variables
¢4 and ¢, linearized, the voltage loop small-signal can be calculated as

Ai
A(qu = [0] A(qu + B Au;‘d + B2 A;‘I:Ziq
q
Aiodq

Airgg
A”odq

Piggg

(19)

|8ty = Cu[lgag] + Dua [AiZy, | + Dic

where
00 -1 0 O 0}

10
B”l_[o 1}’3“2_[0 00 —-10 0

w0

Kiy

_ iu _ Kpu 0
Cu—|: 0 :|/Du1— |: 0 Kpu
710 0 wiCs —Kpw 01

By linearizing the above equation, the current loop small signal can be expressed as

Aildq
Auodq

Diggy

|874g] = 10)[ 87| + Bar [Aify, | + Bz

, (20)
Alldq

[Au;(dq} =Ce [Ar)/dq} + Da [Ail*dq} + Do Auodq
Aiodq
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where

| Kie 0 _ | Kpe
Cc|: 0 KIC :|/ DC1|:

Doy = —Kpe —wyly 0 0 0 O
wply  —Kpe 0 0 0 0
where K, and K;, are the voltage loop PI controller P gain and I gain; K, and K;. are the

current loop PI controller P gain and I gain; Cs s the filter capacitance; and Ly is the filter
inductance.

3.1.4. LC Filter Modeling

In the steady state, the current loop output voltage u*idq is u4;. Based on the filter
coupling characteristics, the small-signal model can be expressed as

Aildq Aildq
Auggy | = ALc | Duoag | +Braa {A”hdq} ++Brc2 [A”idq} + Bres[Aw]  (21)
Alodq Alodq
where
- -
“Th @ —f 00 0 £ o0 0 0
—wo —%f 0 —£ 0 0 H S 0o 0
1 _1 4 0 0
Arc = Cr 0 0 o Cr 0 Biecr=| 0 0 | By = 0 0
0 L —wy 0 0 -1 0 0 ;
" o 0 0 . 0
0 0 = 0 - w 0. 1
< k1Y 0 0 I.
| o 0 0 L wy —e |
T
Bics=[ Iy —la Uoy —Uu Iog —log ]

In the above equation, L and r. are the system inductance and resistance; rris the filter
parasitic resistance; and u;4, is the PCC point d,q axes voltage.

3.1.5. Small-Signal Model for VSG Inverter

The small-signal model for the VSG inverter can be produced by combining models
described in the previous sections. The inverter model can be transformed into a uniform
coordinate system for better representation. As shown in Figure 4,

0= [ (w;—w) (22)

Figure 4. Transformation of the uniform coordinate system.

The reference coordinates D-Q rotate with an angular speed of weon. The d;-q; coor-
dinate system and d;-q; coordinate system represents the coordinate of inverter i, j, which
rotates with the angular speed of w; and w;. 6; and 6; represent the angular difference
between the rotational coordinate of VSG i, j and the uniform rotational coordinate.
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By applying the above coordinate transformation, individual inverter input variable u;4,
and output variable iy, can be transformed into the uniform reference coordinate system.

cosf —sinf
L= { sinf  cosf } (23)
_ | —uigsin@+u;;cos6 0 0
Tu = [ —ujgcos —ujgsind 0 0 (24)
T, = f‘zod sin 0 f'zoq c.os 0 (25)
lod COS B —ipg8in 0
The complete VSG inverter model can be represented as
[AXingi] = Ainvi[AXinvi] + Binoi [Auidq} + Biw[Awcom]
|: A'wi :| _ |: Cinvwi ] [AX‘ ] (26)
Aloidq Cinpei et
where
A = [ Ainvl + Blwcinvwl 0 :|
e 0 AinvZ + BZwCinvwl
B; C; 0
Binp = [ Bz::; :|/'Cinvc = { ”6061 Cinoc ];Cinvw = [ Cinvwl  Cinvw2 ]

In the above equation, Ax;,, is the inverter state variable of the VSG; 1y, is the system
PCC nodal voltage; w; is the angular frequency of i-th VSG; iy4; is the output current of
i-th VSG. Ajy;, is the inverter state matrix of the VSG; Aujy, is the inverter output voltage of
the VSG; B, and B;,, are the inverter input matrices of the VSG; and Cj;, is the inverter

output matrix of the VSG.
Ayi 0 0 0 Byi
0 Ay 0 0 Byi
Ainz;i = BuliDviCpui Buucvi 0 0 BuZi
BcliDuliDviCpui B1iDu1iCoi B.1iCui 0 Bc1iDyai + Beai
Brc1iDc1iDiniDviCpui + Bre2iTu + BucsiCpwi Brc1iDe1iDu1iCui Brc1iDaiDuiCui - Breii+Cei Arci + Brc1iDaiDuni
o et T I Gw 00 0], i=1
Binwi = [ 0 0 0 BreaTs }15><2 Cinowi = { [ 0 0 0 O ]1><15 i 75 1
T ) .
Biw=[Bpw 0 0 05y Cuoei=[Ti 0 0 T ] Axyoi =[ A0; Aw; AE; DXigq Adiaq  A7vidg Adligq  AVsidq  Dioidq ]
3.2. The Root Locus of the Parallel Based VSG Control
Figures 5-8 show the stability analysis of harmonic imbalance suppression for the
multi-inverter parallel VSG operation under different sets of parameters.
P S S DR o= T
20 kT P AT L E— R " — |
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Figure 5. The system root locus diagram for the changes of ] and K. (a) The root locus of the inertia
coefficient | of the VSG changes from 0.04 to 10; (b) the root locus of the excitation coefficient K of the
VSG changes from 0.001 to 100.
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Figure 6. The system root locus diagram for the changes of D}, and Dy. (a) The root locus of the droop
coefficient D), of the VSG changes from 0 to 500; (b) the root locus of the droop coefficient D, of the
VSG changes from 0 to 1000.
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Figure 7. The system root locus diagram for the changes of R, and X,. (a) The root locus of virtual
resistance R, changes from 0 to 0.8; (b) the root locus of virtual reactance X, changes from 0 to 0.8.
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Figure 8. The root locus diagram of the parameters used in the experiment.

Figure 5a is the system root locus diagram when the inertia coefficient | of the VSG
changes from 0.04 to 10, Figure 5b is the system root locus diagram of the VSG excitation
coefficient K varying from 0.001 to 100. As shown in Figure 5a, as | increases, the overall
trend of the root locus of the system shifts to the left, the dynamic characteristics gradually
decrease, and the stability increases. When | is larger, the system response speed is slower.
As suggested in Figure 5b, as K increases, the feature root shifts to the left, and the system
stability gradually increases.

Figure 6a,b shows the root trajectories of the system when the active droop coefficient
D, changes from 0 to 500 and the reactive droop coefficient D, changes from 0 to 1000.

Figure 6a suggests that as D) increases, the root locus of the system moves horizontally
to the right, indicating that D), has an increasing influence on the stability of the system.
However, it can be seen that it has little impact on the dynamic characteristics of the system.
The system is unstable when D, is too large.

Figure 6b suggests that as D, increases, the system root locus and D, trend are the
same, which has little impact on the dynamic characteristics of the system and has great
influence on the steady-state characteristic. When Dy is too large, the system is unstable.

Figure 7a,b shows system root trajectories for the virtual resistance R, from 0 to 0.8
and the virtual reactance X, from 0 to 0.8. As shown in Figure 7a, as X, increases, the
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characteristic root of the system moves to the right, and the characteristic root gradually
moves away from the real axis.

Figure 7b indicates that the dynamic characteristics of the system are gradually en-
hanced, and the stability is decreased as X increases.

Figure 8 shows the root locus points calculated based on the parameters used in the
harmonic imbalance control experiment. It can be seen that all the characteristic roots of the
system are located in the left half-plane, which can determine the stability of the harmonic
imbalance control system while also verifying the small-signal model of this paper.

4. Experiment Results

The proposed method is tested using the RTLAB semi-physical simulation system as
shown in Figure 9. This simulation platform comprises the RTLAB target computer OP5600,
power supply, RTLAB host computer, and data acquisition system DEWE5000. The host
computer communicates with RTLAB through TCP/IP, and the controller communicates
with RTLAB through the data acquisition board OP5142.

Figure 9. Experiments setup with RTLAB real-time simulation system.

The experiment uses two VSGs for parallel connection, with two fixed impedance loads
and one imbalanced nonlinear load. Two VSGs both have a rated power of Py, = 30 kW,
reactive power rating of Qs = 0 kvar, linear load active power of 10 kW, reactive power of
0 kvar, non-linear load active power of 20 kW, and reactive power of 0 kvar.

The parameters in the experiment are shown in Table 1.

Table 1. Information of experimental parameters.

System Parameters Symbol Numerical Value System Parameters Symbol Numerical Value
Filter inductor Ly 0.6 x 103 H VSG Inertia coefficient ] 0.2
Filter parasitic resistance Ry 1x10720 VSG excitation coefficient K 7
Filter capacitor Cr 0 Active droop coefficient my 15
DC bus voltage Uge 700 V Reactive droop coefficient 1y 2000
Line resistance Liine 28 x 107 H Voltage loop control proportional coefficient Kyp 10
Line inductance Riie 428 x 1072 Q) Voltage loop control integral coefficient Ky 100
VSGI1 Virtual resistance Ryt 00 Current loop control proportional coefficient Kip 5
VSG2 Virtual resistance Ry 00 Harmonic suppression loop proportional Ky, 10
coefficient P
VSG1 Virtual reactance Ly 0.01H Harmonic suppression loop integral coefficient  Kj,; 50
VSG2 Virtual reactance Ly 0.01H imbalance suppression loop proportional Ky 3
coefficient g
imbalance suppression loop integral _
VSG Rated frequency f 50 Hz coefficient Kiui 2
VSG Rated voltage E' 311V

The experimental results are shown in Figures 10-16.
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Figure 10. Experimental results for frequency waveform comparison of droop control and VSG control.
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Figure 11. Experimental results for the waveform of imbalances ratio (a) with the traditional PI
control strategy; (b) with the harmonic and imbalance voltage suppression of multi-inverter parallel
VSG; (c) with the harmonic and imbalance voltage suppression of multi-inverter parallel VSG adding
a secondary control strategy.

As shown in Figure 10, when the load is connected in 0.4 s, the droop control strategy
frequency curve decreases rapidly, while the frequency curve of the VSG control strategy
decreases to the same frequency at about 0.6 s due to the existence of inertia. In addition, the
frequency curve of the droop control strategy rises rapidly when the load is cut off in 0.8 s,
while the VSG control strategy returns to stability at 1s. It can be seen that compared with
droop control, VSG control can alleviate the impact on the system during load switching.

As shown in Figure 11a, the imbalance ratio of the system that does not contain
the harmonic imbalanced suppression loop reaches and remains at 5.61% soon after the
experiment begins. It indicates that the system generates great voltage imbalances when the
under imbalanced load and the voltage waveform is distorted. In Figure 11b, the imbalance
ratio can be reduced from 5.61% to less than 0.1%, which fully meets Chinese national
standards by introducing an imbalanced suppression loop to the parallel system.

When the secondary control strategy is added in Figure 11c, the fluctuation of the
voltage imbalance is not affected, and stability can still be achieved. The imbalance ratio is
close to 0, which indicates that the secondary control strategy does not affect the imbalance
suppression loop.
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Figure 12. Experimental results for the FFT analysis harmonic waveform (a) with the traditional PI
control strategy; (b) with the harmonic and imbalance voltage suppression of multi-inverter parallel
VSG; (c) with the harmonic and imbalance voltage suppression of multi-inverter parallel VSG adding
a secondary control strategy.
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Figure 13. Experimental results for the voltage waveform of microgrid for PCC point (a) without the
harmonic voltage suppression of multi-inverter parallel VSG adding a secondary control strategy; (b) with
the harmonic voltage suppression of multi-inverter parallel VSG adding a secondary control strategy.

As shown in Figure 12a, for conventional parallel VSG systems, the system generates
harmonics of different frequencies due to the nonlinear load. The 5th and 7th harmonics
have the highest content, reducing the power quality of the microgrid, and the amplitude
gradually decreases as the frequency increases.

After adding the 5th and 7th harmonic suppression loops, it can be seen that the
corresponding amplitude is significantly reduced, and the harmonic control target can
be achieved. After the secondary control strategy is added to Figure 12b, the harmonic
amplitude does not change compared with Figure 12c.

As shown in Figure 13a, the experimental results for the voltage waveform of microgrid
for PCC point are distorted. In Figure 13b, the voltage waveform is obviously improved
after adding the harmonic voltage suppression of the multi-inverter parallel VSG control
strategy, which indicates the effectiveness of the proposed harmonic suppression strategy.
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Figure 14. Experimental results for the frequency waveform (a) with the traditional PI control
strategy; (b) with the harmonic and imbalance voltage suppression of multi-inverter parallel VSG;
(c) with the harmonic and imbalance voltage suppression of multi-inverter parallel VSG adding a
secondary control strategy.
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Figure 15. Experimental results for the waveform of voltage RMS for PCC (a) with the traditional PI
control strategy; (b) with the harmonic and imbalance voltage suppression of multi-inverter parallel
VSG; (c) with the harmonic and imbalance voltage suppression of multi-inverter parallel VSG adding

a secondary control strategy.

As shown in Figure 14, frequency deviates from the standard value, and frequency
fluctuation occurs when the system load is altered. In Figure 14a,b, where a secondary
control strategy is lacking, when the system is added with a 5 kW active power load from
10 s to 30 s, the frequency of the microgrid is reduced from 50.520 to 50.436 Hz due to the
inertia of the VSG. Figure 14c shows that after adding the secondary control strategy, the
load switching fluctuation is reduced to 10 s and 30 s, and the frequency is stable at the

rated value 50 Hz.
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Figure 16. Experimental results for the voltage waveform of microgrid for PCC point (a) without the
imbalance voltage suppression of multi-inverter parallel VSG adding a secondary control strategy;
(b) with the harmonic and imbalance voltage suppression of multi-inverter parallel VSG adding a
secondary control strategy.

As shown in Figure 15a,b, similar to system frequency control, when the system
power fluctuates, the system voltage amplitude will also produce different degrees of
fluctuation. Furthermore, according to the inertia of the VSG, when the system power
changes significantly, the voltage amplitude will also produce a significant deviation. In
Figure 15c¢, by adding a secondary control strategy, the effective value of the PCC voltage
can be stabilized at the rated 220 V, which meets the load power supply requirement, and
the system stability voltage control effect is enhanced significantly.

As shown in Figures 11-15, compared with that which only adds harmonics and
imbalance control, with secondary control being added to the parallel control of the multi-
inverter for VSG, it has better control over the frequency and voltage RMS, while performing
similarly in terms of imbalance and FFT.

Moreover, in the comparison of the three-phase voltage harmonic imbalance experi-
mental waveforms of Figure 16a,b, the result shows that voltage harmonics and imbalances
are significantly eliminated.

From Table 2, the THD of 5th voltage harmonics reduce from 7.1% to 0.11%, the THD
of 7th voltage harmonics reduce from 4.6% to 0.08%, and the imbalance ratio of voltage
reduces from 5.61 to 0. It fully demonstrates that the control method proposed in this paper
has significant control effects on harmonics and imbalance suppression. The results of the
frequency and the RMS of voltage indicate the effectiveness of the proposed secondary
control strategy. In addition, compared with the traditional PI control and droop control, the
harmonic and imbalance voltage suppression of multi-inverter parallel VSG proposed has
damping and inertia, which increases the stability of the frequency and voltage amplitude
of the microgrid.

Table 2. Comparison of experimental results.

THD of Voltage . Inertia and
Control Strategy Harmonics (%) Ir:fb ‘exl}oalrtl:eeli(i/tl)o Fre(ql_tll e)n Y RMS o(fv\)foltage Damping

5th 7th geth z (YES/NO)
PI control strategy 7.1 4.6 5.61 50.52 214.8 NO
Comprehensive droop control strategy 0.08 0.13 0.05 50.00 220 NO
Harmonic and imbalance voltage 0.12 0.08 0.1 50.52 216.7 YES

suppression of multi-inverter parallel VSG

Multi-inverter parallel VSG adding a 011 0.08 0 50.00 219.9 YES

secondary control strategy

5. Conclusions

This paper proposes a harmonic and voltage imbalance suppression comprehensive
VSG strategy for distributed control of multi-inverter parallel microgrid. The proposed
method is tested on the RT-LAB simulation platform. Experimental results suggest that
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the proposed control strategy can increase the inertia of the microgrid system, improve
the influence of frequency and voltage fluctuations on the power quality, and increase
the system stability. In addition, the strategy can effectively reduce 5th and 7th harmonic
distortion and voltage imbalance, even under non-linear and imbalance load conditions.

The response time of the control strategy proposed in this paper needs to be improved.
This work can be further extended for optimizing system parameters through data-driven
and reinforcement learning methods, improving the response speed of the control system,
and improving power quality.
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