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In a microgrid system where multiple virtual synchronous generators (VSGs) are
interconnected through high impedance cables, the total output negative
sequence and harmonic current of multiple VSGs cannot be coordinated
based on the capacity of each power conversion system (PCS). In addition,
there is significant distortion in the voltage at the point of common coupling
(PCC). Because the impedance amplitude and impedance angle of the cable
change with the harmonic frequency, the resistive virtual impedance reshaping
method and fixed impedance angle virtual impedance reshaping method used in
the current research cannot solve the harmonic current distribution problem. To
solve the above problems, a multi-frequency points VSG impedance reshaping
control strategy is proposed in this paper, which can adjust the resistive and
inductive output impedance of each harmonic frequency independently. The
strategy is based on the harmonic separation algorithm of LPF with Feedforward
Compensation (FCLPF) and the voltage controller of Vector Proportional Integral
(VPI) in fundamental dq rotation coordinate system, which effectively improve the
flexibility and accuracy of harmonic impedance reshaping. Among them, FCLPF
harmonic separation algorithm has the characteristics of target frequency
bandpass and non-target frequency notch, and can eliminate the coupling
interference of each harmonic virtual impedance when accumulating virtual
impedance voltage references at various frequency points. The closed-loop
transfer function of the multi-parallel VPl voltage controller has the
characteristics of unit gain and zero phase shift at each harmonic frequency
point, which means the static response error of virtual impedance voltage
command can be almost completely eliminated. Under the proposed control
strategy, the fundamental positive power can be allocated according to the droop
coefficient, the fundamental negative current and harmonic current can be
allocated according to the sum of the reshaped virtual impedance and the
actual line impedance. Reshaping virtual impedance at each harmonic
frequency to negative value can also compensate the harmonic voltage drop
on the high impedance cable and improve the voltage quality at the PCC.

virtual synchronous generator, nonlinear and negative sequence loads, harmonic virtual
impedance, coordinated distribution of harmonic currents, PCC voltage quality
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1 Introduction

Among various grid-forming controls, VSG control enables PCS
to have similar P-F and Q-V characteristics as synchronous
generators, providing inertia (Chen et al., 2023) and damping (Li
etal., 2023a) for the power grid, which is beneficial for improving the
stability of the power grid (Li et al., 2023b; Ji et al., 2023). Nowadays,
the problem of coordinated allocation of fundamental positive
sequence current in multi parallel systems under VSG control
can be effectively solved through methods such as droop control
(Xu et al., 2019; Rasool et al., 2023a). However, when it comes to the
coordinated control of nonlinear and negative sequence currents,
there are still some problems such as low current distribution
accuracy and excessive voltage distortion (Moussa et al, 2018;
Alwaz et al.,, 2019).

At present, virtual impedance control is used to solve the
problem of harmonic current sharing and PCC voltage quality
optimization of multi-PCS parallel systems under nonlinear and
negative sequence load conditions. In terms of improving harmonic
current sharing by virtual impedance reshaping, references (Das
et al,, 20215 Deng et al., 2022) realized the fixed resistance virtual
impedance control based on the traditional droop control, and
realized the harmonic current sharing in the whole frequency
band. The harmonic current feedforward compensation control
and impedance remodeling factor are introduced to adaptively
reshape the harmonic impedance amplitude of the inverter with
a fixed impedance angle, so as to realize the coordinated distribution
of harmonic current and the optimization of PCC voltage quality
(Wang et al., 2021; Wang et al., 2022). Without communication or
additional sensors, (Vijay et al., 2021a; Vijay et al., 2021b), proposed
a droop control strategy to reshape the fundamental positive and
fundamental negative sequence virtual impedance, and realized the
coordinated equalization of fundamental positive and fundamental
negative sequence power. In general, part of the literature above
assumes that the impedance of PCS feed line is resistive, and the
problem of harmonics coordination can be solved by resistive virtual
impedance. Or assume that the PCS feed line impedance is small, so
the harmonic current coordination problem can be solved by the
dominant virtual impedance. The above literature also discusses
how to minimize the virtual impedance to reduce the voltage
distortion at PCC while ensuring the accuracy of harmonic
current distribution. However, the above-mentioned resistive
virtual impedance or fixed impedance angle virtual impedance
reshaping method cannot solve the problem of harmonic current
distribution when the PCS feeder impedance is large or the feeder
impedance angle is inconsistent. In order to solve the above
problems, it is necessary to explore a virtual impedance
reshaping method that can arbitrarily adjust the virtual resistance
and virtual inductance at various harmonic frequency points.

At present, the implementation process of arbitrary impedance
shaping strategy for multi-harmonic frequency points usually needs to
construct the harmonic virtual impedance voltage drop through the
harmonic current separation algorithm, and then use the harmonic
voltage controller to accurately track the instructions. In terms of
harmonic current separation algorithm, Low Pass Filter (LPF) is
adopted in (Dong et al, 2018) to separate each harmonic
component of voltage or current. Moving Average Filter (MAF) is
adopted in (Qi et al., 2020) to separate the positive and negative
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sequence components in voltage or current. A LPF harmonic
separation algorithm with feedforward of fundamental positive
component is adopted in (Gothner et al, 2019) to improve the
harmonic separation accuracy. Reference (Huang et al, 2020;
Nguyen et al,, 2022) successfully constructed the harmonic voltage
drop of inductive virtual impedance using the bandpass characteristics
of Second Order Generalized Integrator (SOGI) or Third Order
Generalized Integrator (TOGI). However, SOGI or TOGI are high-
order controllers and can only realize the integration operation at a
single frequency point, which is too complicated in constructing the
virtual impedance voltage drop command at multi-frequency points.
In general, the harmonic separation algorithms in the above literature
have the problem of coupling interference of voltage commands at
each frequency point when constructing the harmonic virtual
impedance voltage drop, which results in the decrease of the
virtual impedance control accuracy. In terms of harmonic voltage
control, PI controller in multi-dq coordinate system is adopted in
(Dong et al., 2018) to realize the control of each harmonic voltage, but
there are too many control loops and the calculation is complicated. PI
and QPR controllers in dq coordinate system are adopted in (Gothner
et al,, 2019), which reduce the number of voltage controllers and
simplify the calculation. Repetitive controller can also realize the
control of multi-harmonic components (Xu et al., 2023). However,
it introduces the delay link, which leads to the degradation of the
dynamic performance of the system. Reference (Gong et al., 2021)
demonstrates that the Bode plot of the closed-loop transfer function of
the VPI controller is smooth around the target frequency point, and
the control error is small compared to the QPR controller in the
presence of frequency deviation. Overall, although all of the above
voltage controllers are capable of controlling the harmonic voltage
components, there are differences in the accuracy and dynamic
performance, which may lead to further amplification of errors in
virtual impedance control.

In order to solve the problem of harmonic current sharing and
voltage quality optimization of microgrid system with multiple
VSGs interconnected by high impedance cables, the main
contributions of this paper are as follows:

A multi-frequency points VSG impedance reshaping control
strategy combining the advantages of FCLPF harmonic separation
algorithm and multi-parallel VPI controller is proposed in this paper.
Among them, the harmonic separation algorithm based on FCLPF
has the characteristics of bandpass filter at the target frequency, and
the characteristics of notch at the non-target frequency. Based on each
harmonic current extracted by FCLPF, the inductive and resistive
impedance voltage drop of each harmonic frequency point can be
independently constructed, and the coupling problem between the
impedance voltage drop instructions of each frequency point can be
solved. The voltage closed-loop transfer function of multi-parallel VPI
voltage controller has unity gain and zero phase shift at each target
frequency point, and the gain on both sides of each target frequency
point decreases rapidly. It also has the decoupling characteristic of dq
axis, which solves the problem that the traditional QPR voltage
controller has low control accuracy at each harmonic frequency
point. Based on the above characteristics, the multi-frequency VSG
impedance reshaping control strategy proposed in this paper has
advantages in the flexibility and accuracy of harmonic impedance
reshaping, and can improve the precision of harmonic current
coordination distribution and the voltage quality of PCC.
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FIGURE 1

The system structure of multi-VSG current coordinated distribution and voltage optimization control.

The structure of this article is arranged as follows. Firstly, the system
structure of multi-VSG current coordinated distribution and voltage
optimization control is introduced. Secondly, each part of multi-
frequency VSG impedance reshaping control strategy is described and
analyzed in detail. Then, based on multi-frequency VSG impedance
reshaping control, the coordinated distribution of the total output
current of multiple VSGs and the optimization of PCC voltage quality
are discussed. Finally, a model of dual VSG parallel system based on
Hardware In the Loop (HIL) simulation platform is built to verify the
correctness and effectiveness of the control strategy proposed in this paper.

2 The system structure of multi-VSG
current coordinated distribution and
voltage optimization control

Under distorted load conditions, the system structure of multi-
VSG current coordinated distribution and voltage optimization
control is illustrated in Figure 1. In Figure 1, L and Ry are the
filtering inductance value and inductance parasitic resistance value,
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respectively; C and R, are the AC filtering capacitance value and
capacitance parasitic resistance value, respectively; Z,; is the feed line
impedance of VSGi (i = 1~n); irabe, Uabe> labe> Mabe are inductance
current, capacitance voltage, load current and modulation signals in
abc coordinate system, respectively. For simplicity and
standardization, the electrical parameters in of3 and dq coordinate
systems are expressed by complex vectors: x5 = x4+ jXp,
Xdq = Xq + jxq. Therefore, irqp, Uap and iqp are inductance current,
capacitance voltage and load current in off coordinate system,
respectively; Itj, Iz and IZ;; are the fundamental positive
sequence, fundamental negative sequence and h-order harmonic
components of load current in af coordinate system, respectively.
U;; and I ;; represent the fundamental positive sequence voltage and
fundamental positive current in dq coordinate system; E* and 6*
represent the voltage reference and phase angle reference of VSG
control; P* and Q" represent the fundamental positive active and
reactive power; Ugg+ and icqg- represent the voltage reference and the
current reference in af coordinate system; D; and K are the
damping coefficient and reactive power droop coefficient of VSGi;
Zys 2y

-} and Z!. are fundamental positive virtual impedance,
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FIGURE 2

Multi-frequency points components separation strategy based on feedforward compensation and low pass filtering in multi synchronous dq

reference frame.

fundamental negative virtual impedance and hth harmonic virtual
impedance, h = + (6k + 1) and k = 1~n.

The control structure in Figure 1 can be divided into two layers: the
multi-frequency points virtual impedance reshaping control at the
bottom layer and the coordinated current allocation and voltage
optimization control at the top layer. The core of this article is
multi-frequency points virtual impedance reshaping control. Firstly,
FCLPF is used to extract the various frequency components of the load
current. Then, virtual impedance voltage at multi-frequency points is
constructed through a virtual impedance loop, and the fundamental
positive voltage instruction V.4 is calculated by an improved VSG
controller. The above two parts constitute the voltage command. After
that, a multi-parallel VPI controller performs voltage control and
outputs the reference value of the inductor current. A proportion
controller performs current control. The top-level central controller
calculates the virtual impedance value and droop coefficient of each
VSG according to the current coordination distribution ratio and PCC
voltage optimization requirements, and sends them to each VSG.

3 VSG control strategy based on multi
frequency impedance reshaping

3.1 Harmonic separation strategy based
on FCLPF

As shown in Figure 2, a harmonic separation strategy based on
low-pass filtering and feedforward compensation in multi-
synchronous rotating dq coordinate systems is adopted in this
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paper. The positive sequence component, negative sequence

component and harmonic component are separated and
multiplied by the independently adjustable virtual impedance to
construct the voltage command of the virtual impedance at multiple
frequencies.

In Figure 2, x,4 is the voltage or current vector in off coordinate
system; X;é, X;ll3 and XZ/; are the steady state values of the
fundamental positive sequence, fundamental negative sequence and
hth harmonic components in af} coordinate system, respectively. X;;,
X;; and X’;q are the steady state values of the fundamental positive
sequence, fundamental negative sequence and hth harmonic
components in the fundamental positive dq coordinate system.

Assuming that k is taken to 2, the relationship between the
extracted harmonic static component and the original quantity in aff
coordinate system can be written as Eq. 1. According to the
frequency shift theorem of Laplace transform, the closed-loop
transfer function of the extracted static component and the
original quantity in fundamental dq coordinate system can be
obtained as Eq. 2, and the Bode plot is shown in Figure 3.
Analyzing Figure 3, taking the fundamental positive sequence
component extraction transfer function as an example, it has unit
gain and zero phase offset at the target frequency of 0Hz, and the
farther away from the target frequency, the smaller the gain. Its
band-pass filtering characteristics can accurately extract the static
component at the target frequency. At the non-target frequencies
of =100Hz, +300 Hz and +600Hz, it has notch characteristics. When
the virtual impedance voltage command is accumulated, it can well
shield the influence of mutual coupling and has better extraction

performance.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1369449

10.3389/fenrg.2024.1369449

Xie et al.
Hy'(s)  Hg(s) Hy(s) Hy,(s)  Hy(s) Hy'(s)

/ f/
o f \

@ : . /,-". Il N

z .

g :

y

o

kg

3

-=

(=W

f(Hz)
FIGURE 3

Bode diagram of harmonic separation transfer functions in fundamental positive sequence dq coordinate reference frame.
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Where H;}Z (s), H;gi(s), H;Z (s), H;Z (s) are the closed-loop
transfer functions of fundamental positive component extraction,
fundamental negative component extraction, 5th harmonic
extraction and 7th harmonic extraction in fundamental positive

dq coordinate system.

3.2 Multi-frequency virtual impedance
voltage command generation

3.2.1 Fundamental positive voltage command
generation

The improved VSG control loop is mainly divided into active
power frequency regulator and reactive power voltage regulator. By
referring to the rotor motion equation of the synchronous generator,
the active power frequency regulator (Qu et al, 2021) can be
written as shown in in Eq. 3, and the time constant of power
loop is shown in Eq. 4:

dw P,; P*
o= D(w-w)
dt wWo Wy (3)

_ 17+1 17+1
Pt = 15(US T + U

Where ] and D represent inertia and damping coefficient. Py, ¢
and P* represent the reference value and feedback value of
fundamental active power respectively. w and w, represent the
reference value and feedback value of angular frequencies.

Ty =& (4)

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1369449

Xie et al.

10.3389/fenrg.2024.1369449

T o
])rej — + > l — I +y > J‘ >0
W, 1 J ;
active power frequency
P D = @, regulator
LPF
I;'— R —>["o T
[ » LPF
b L —» “ON — AE Improved reactive power
i@ voltage regulator
0, K, E |
+
T o _E, o _
FIGURE 4

Control block diagram of improved VSG control strategy.

The traditional reactive power voltage regulator models the PCS
output port as a constant-factor Q-V droop characteristic, which
cannot realize the accurate distribution of reactive power among
multiple PCSs because of not considering the impedance voltage
drop of the feed line (Rasool et al., 2023b). In this paper, the static
compensation term of the voltage drop on the virtual impedance and
the actual impedance is added to make the Q-V droop characteristic
at the PCC point a fixed coefficient, so as to achieve accurate reactive
power distribution. The fundamental positive sequence virtual
impedance value should follow the following principles: Firstly,
the sum of the virtual impedance and the feed line impedance
should be inductive to improve the decoupling performance of
active power and reactive power in droop control; Secondly, the
sum of the virtual impedance and the feed line impedance of each
parallel branch is set according to the ratio of the reciprocal of PCS
capacity, so as to compensate the inconsistency of line impedance
and improve the distribution performance of fundamental power.
The improved reactive power voltage regulator equation is
shown in Eq. 5.

E*=Vipco+ AE = Ey + Kg(Quey - Q") + AE
AE ~ LPF[I3' (Rt +R,)] - LPF[wI!' (L' + L,)] = LPF(I}'R,) - LPF(wI}'L,)
+ 17+l +1 7+l
Q" = 15U - U
©)

Where R!' and L!' represent virtual resistance and virtual
inductance at fundamental positive frequency; AE is the voltage
compensation term; R, and L; represent the total virtual resistance
and total inductance at fundamental positive frequency; K is the
droop coefficient of reactive power voltage regulator; Qs and Q*
represent the reference value and feedback value of reactive power at
fundamental positive frequency; LPF is a function of first-order low-
pass filter.
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According to Eqgs 3, 5, the control block diagram of the improved
VSG control strategy can be drawn, as shown in Figure 4.

The fundamental voltage reference V,p- can be obtained as
shown in Eq. 6.

Vg = E*e/” =V, * + iV (6)
The voltage command of virtual impedance at fundamental
positive frequency is shown in Eq. 7.

U+1

— Jtl7+l
zv(aﬂ) - I"‘ﬁZV

= (I%:le - I/*illejl) + (I oL + T RYY)
= UZV(“) + ]Uzv (ﬁ)

(7)

Where R!! and L!' represent virtual resistance and virtual
inductance at fundamental positive frequency.

The final fundamental positive voltage command can be
obtained by adding Eqs 6, 7.

+1 _ +1
Uaﬁ* - V"‘ﬁ* Uzv(aﬁ)

(8)

The positive sequence virtual impedance introduced in this section
compensates the influence of impedance inconsistency of each parallel
PCS and improves the distribution performance of fundamental
positive power. By constructing the sum of the line impedance and
virtual impedance as inductive, the decoupling characteristics of active
and reactive power can be enhanced. In addition, the introduced voltage
compensation can improve the distribution accuracy of reactive power.

3.2.2 Voltage command generation of negative and
harmonic virtual impedance

The voltage command of the negative and harmonic virtual
impedance is obtained by multiplying the negative and harmonic
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Where R;! and L' represent the fundamental negative virtual
resistance and inductance; Rﬁ and Lf,’ represent the virtual resistance
and inductance of the hth harmonic (h = + (6k + 1), k = 1 to n).

By setting the appropriate negative and harmonic virtual
impedance, the inconsistency of feed line impedance can be
compensated and the distribution accuracy of the distortion
current can be improved. When the sum of virtual impedance
and feeder impedance is set to be resistive, it can also provide
damping for the system and improve stability.

According to Egs 8, 9, the control block diagram of the virtual
impedance control loop can be obtained as shown in Figure 5.

3.3 Voltage tracking control based on multi-
parallel VPI controllers

3.3.1 Multi-parallel VPI controller

The block diagram of voltage control can be illustrated in
Figure 6 in fundamental dq coordinate system. Where g, (s) is
the transfer function of the voltage controller.

According to (Xie et al., 2021), the dynamic characteristics of the
inner current loop can also be equivalent to a first-order link with a
time constant of 7;. The closed-looptransfer function of the current
loop is shown in Eq. 10.

Frontiers in Energy Research

In this paper, the resistance of AC inductor is ignored, and the
inner current loop adopts a P regulator. Assuming that the response
time of the current loop is significantly less than that of the voltage
loop, Figure 6 can be approximately equivalent to a single voltage
loop control structure. The equivalent Figure 6 is then transformed
into the hdq coordinate system, and the control block diagram is
shown in Figure 7 (Bojoi et al., 2008).

In Figure 7, the VPI controller proposed in (Bojoi et al., 2008) is
adopted, which has better decoupling characteristics. The expression
of the VPI controller shown in Eq. 11.

(11)

gvrei_s(s) = kup + M

Where, k,, and k,; represent the proportional and integral
coefficients of the VPI controller respectively.

Substitute h = +(6 k+1) and h = —(6k—1) into (11) and transform
them to fundamental positive dq coordinate system, we can obtain
h = +(6 k+1) harmonic voltage controller in fundamental dq coordinate
system by adding the two controllers. Similarly, substitute h = 1 and
h = -1 into (11), we can obtain h = #1 voltage controller in af
coordinate system by adding the two controllers.

2k,41,s2 + 2kyis + 2 jk,pws

9vPpI_ek (s) = 21 (6ka))2
(12)
© 2kyps” + 2kis
§)=——m—
gvri_i 2 (w)z
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According to Eq. 12, gypr_ek (s) is symmetric about +6 kw. In
three-phase system, the main harmonic sequences are -5th,
7th, —11th and 13th when k = 1-2 and they are transferred to
-6th, 6th, —12th and 12th in fundamental dq coordinate system. In
dq coordinate system, only two VPI controllers are needed to
control the above four harmonic components, which can reduce
the computational complexity. The control block diagram of the
multi-parallel VPI voltage controller is shown in Figure 8.

3.3.2 Response characteristics analysis of voltage
control loop

According to Eq. 12, the multi-parallel VPI controller g, (s) in
fundamental dq coordinate system can be obtained as Eq. 13.

n

gv(s) =

gvpi_ek (S) + gvpi_a (S + ](U) (13)
k=1

The expression of the closed-loop transfer function of the
voltage loop is shown in Eq. 14.

Udq (S) _ 9v (S)

Gv(9) = Ugg (s)  gu(s)+C(s + jw) + 2=

(14)

The Bode diagram of voltage loop closed-loop transfer function
in fundamental dq coordinate system can be drawn as shown in
Figure 9. The characteristic of G,(s) is similar to a band-pass filter,
with unit gain and zero-phase offset at each target frequency. And
the gain decays on both sides of the target frequency, which not only
realizes the error-free control of the voltage command at the target

Frontiers in Energy Research

frequency, but also has good attenuation performance at the non-
target frequency.

To evaluate the decoupling and dynamic response
characteristics of the multi-parallel VPI controller in this paper.
According to Figure 7, the closed-loop transfer function of the VPI-
based voltage control in hdq coordinate system can be written as Eq.
15. When taking k,, = CR k,;, the response characteristics can be

equivalent to a first-order link with a time constant 7,.

up, (s) 1 1

h - ; L
ul . (s) C (s+jhw)+7s
1 Sk (s+jhew)+kui +1

= 15
TS+ 1 (15)

From the above analysis, it can be seen that the multi-parallel
VPI controller can not only realize the error-free tracking of the
voltage command, but also has good decoupling characteristics. The
response characteristics of each harmonic voltage command can be
equivalent to the first order link.

4 Current coordinated allocation and
voltage quality optimization

4.1 Modeling of multi-VSG parallel system
considering line impedance

The diagram of the multi-PCS parallel system considering line

impedance is shown in Figure 10. V; (s), I; (s) and V pcc (s) are the
Laplace transforms of the voltage reference, the output current and
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Bode diagram of closed-loop transfer function under multi-parallel VPI voltage control in fundamental dqg reference frame.

the PCC voltage in af coordinate system, respectively; Zo; (s) and
Z,i (s) represent the output impedance and line impedance of PCSi
in complex frequency domain; R,; and L,; are the line resistance and
inductance of the PCSi.

According to Figure 10, the PCC voltage can be obtained as
shown in Eq. 16, which implies that the harmonic distortion of PCC
voltage mainly comes from harmonic voltage drop when distortion
current I;(s) flows through line impedance and PCS output
impedance. The line impedance has a harmonic amplification
effect on the PCC voltage, and it can be alleviated by reshaping
of the PCS output impedance.

Vice (8) = Gy ($)V; (8) = i (8) [Zoi () + Z,i (5)] (16)

4.2 Coordinated distribution of multi-VSG
output currents

There is no harmonic component in G, (s)VlT (s). According to
Eq. 16, the ratio of each PCS’s output harmonic current is the ratio of

Frontiers in Energy Research

09

1/[Zi (s) + Z;i (s)]. Although the line impedance Z,;(s) is not
adjustable, 1/[Zy; (s) + Z,i (s)] can be varied by changing Z; (s)
to achieve flexible current distribution.

Under multi frequency impedance reshaping control proposed
in this paper, Zy; (s) can be reshaped as Eq. 17.

Zoi (s) = G, (8)Z,i (s)H (5 - ja)o) =G, (s) (R, +sL,)H (5 - jwo)
(17)
Where, H (s) = Hgl (s) + H5} (s) + ) HA%V (5) is the sum of
the harmonic separation transfer function of each harmonic
frequency in fundamental dq coordinate system; H (s — jwy) is
the expression of H (s) in af coordinate system.
From the above analysis, it can be seen that since both G, (s) and
H (s — jwy) have frequency selective characteristics, the gain at the
target frequency is unity and the phase offset is zero. Therefore, the
output impedance of the PCS is equal to the virtual impedance at the
target frequency. The output impedance of the PCS at the target
frequency of s = jhw is equal to the virtual impedance:

ZOi (]hw) = Zvi (]hw) (18)
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According to Eq. 16, the distribution of harmonic current at
hw satisfies:

I (jho): I, (jhw): ...: I; (jhw)
— 1 . 1 . B 1
" Zo (jho) + Z,y (jhw) Zoy (jhw) + Z,, (jho) ™ Ze (jho) + Z,;i (jho)
(19)

According to Eq. 19, the distribution characteristics of negative
sequence current and harmonic current of multi-PCS parallel
system can be realized by adjusting the virtual impedance at each
harmonic frequency. By adjusting the sum of harmonic virtual
impedance and line impedance of each PCS to a certain
proportion, the proportional distribution of negative sequence
current and harmonic current can be realized.

According to Eq. 3, when P, f;/D; are equal, the active power of
each PCS is the ratio of the damping coefficient, as shown in Eq. 20.

Pl: P;: ... Pl =Dy: Dy ..: D, (20)
According to Eq. 5, when K;Qy.f; are equal, the reactive power

of each PCS is the ratio of the reciprocal of voltage droop coefficient,
as shown in Eq. 21.

Qi Qy: .t Q)

1)

1 . 1 . .
ranh o

4.3 PCC point voltage optimization

Substitute Eq. 18 into Eq. 16 he voltage at PCC can be
represented by Eq. 22.

Vice (jhw) = =I; (jhw) [ Z,; (jhw) + Z,; (jho)] (22)

By setting the virtual impedance to a negative value so that the
sum of the virtual impedance and the line impedance decreases, the
harmonic voltage drop of the virtual impedance can offset part of the
harmonic voltage drop of the line impedance, thus optimizing the
PCC voltage quality. In order to improve the damping performance
of the system, the inductive part of the line impedance can be
completely canceled and the resistive part of the line impedance can
be partially canceled. It should be noted that setting a negative
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Ii(S) — 0

10

e_] _ _J

Zr2 (S) = Rr2 + SLrZ

Load

Vece (8)

= |

Zri (S) = Rri + SLrl'

virtual impedance can optimize the voltage quality at the PCC point,
but the total impedance reduction will deteriorate the harmonic
current distribution accuracy, and a compromise is needed in
the setting.

5 HIL simulation platform verification

In order to verify the effectiveness of the method in this paper, a
model of dual VSG parallel system is built in HIL simulation
HIL
ModelingTech Energy Technology Co., Ltd. is adopted, and its

platform. The simulation platform  developed by
structure diagram is shown in Figure 11. The system parameters
are shown in Table 1. Two groups of loads are selected for
simulation, the first group is a three-phase series RL unbalanced
load, R,=R,=3Q), L, = L, = 0.12H and phase C is disconnected; the
second group is a nonlinear load, which is simulated by a three-
phase diode rectifier with a dc resistance of 15 Q.

5.1 Performance validation of multi
frequency impedance reshaping control

In order to verify the effectiveness and correctness of multi-
frequency impedance reshaping control, the virtual impedance is set
to a negative impedance opposite to feeder impedance. Under the
above conditions, the virtual impedance harmonic voltage drop can
completely offset the harmonic voltage drop of the feeder
impedance, and the reshaping accuracy of the virtual impedance
can be easily verified from the voltage quality of PCC. Meanwhile,
the VSG impedance reshaping control strategy of literature
(Gothner et al, 2019) is selected for comparison, which adopts
LPF harmonic separation algorithm with only fundamental positive
component feedforward compensation and the multi-parallel PI +
QPR voltage controller. The control parameters in the comparison
test are shown in Table 2.

(a) Waveform of PCC voltage (left: control strategy in (Gothner
et al,, 2019), right: control strategy in this paper).

(b) FFT analysis of PCC voltage (left: control strategy in
(Gothner et al., 2019), right: control strategy in this paper).
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HIL: Main circuit of dual
VSG parallel system model

FIGURE 11
The structure of HIL platform for dual VSG parallel system model.

TABLE 1 The initial value of system parameters.

Parameter Describe Value
U, Rated voltage of DC bus 400 V
u Peak value of phase voltage 150 V
L Inductance of AC side inductor 3 mH
Ry Resistance of AC side inductor 0.001 O
C Capacitance of AC side capacitor 0.01 mF
Re Equivalent parallel resistance 10000 Q

of AC side capacitor
L, Inductance of PCS1’s feed line 0.54 mH
R;; Resistance of PCS1’s feed line 03Q
L, Inductance of PCS2’s feed line 0.8 mH
R Resistance of PCS2’s feed line 0.6 Q
f switching frequency 10 kHz

The harmonic currents extracted by harmonic separation
algorithm used in (Gothner et al, 2019) are coupled, and the
QPR controller is not able to achieve zero steady-state error.As a
result, as showed in Figure 12 (left), 5 7" 11" and 13" components
of PCC voltage are not completely eliminated. Under the control
strategy in this paper, the virtual impedance harmonic voltage
output by PCS can be completely offset by the harmonic voltage
of actual feeder impedance, and as showed in Figure 12 (right), the
5%, 7% 11", and 13" harmonics of the PCC voltage are completely
eliminated.

5.2 Performance verification of current
coordinated allocation and voltage
optimization

In order to verify the performance of multi-frequency virtual
impedance reshaping control in current coordination distribution
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and voltage optimization, dual PCS parallel system is also tested on
the HIL simulation platform, and the full-frequency-band fixed
resistive virtual impedance control (Das et al., 2021) is selected
for comparison. The parameters of the two control strategies are
shown in Table 3.

Under the fixed resistive virtual impedance control, the virtual
resistance of PCS1 is —-0.2 , and the virtual resistance of
PCS2 is —0.4 Q. The virtual impedance parameters under the
control strategy of this paper are shown in Table 4. Because D;:
D, = 2:1, K;:Kg, = 1:2 and the sum of virtual impedance and feeder
impedance satisfies the 1:2 relationship, from the above analysis, the
ratio of active power, reactive power, and the harmonic current of
the dual VSG, system should satisfy the relationship of 2:1.

Figures 13A-D show the HIL test results of the dual PCS parallel
system under fixed resistive virtual impedance control. Since the
virtual impedance can only be reshaped as a fixed resistance value
and cannot compensate the inconsistency of the line’s inductive
impedance, the load current in Figure 13B cannot be distributed as
needed. Active power and reactive power cannot be distributed
according to the ratio of 2 : 1, and there is power oscillation. In
addition, due to the harmonic amplification effect of the virtual
impedance, the PCC voltage also has serious distortion.

Figure 14A-D show the HIL test results of the dual PCS parallel
system under coordinated current distribution and voltage
optimization control in this paper. Due to the ratio of total
impedance of PCS1 and PCS2 is 1:2, the load current of the two
PCSs is distributed in a 2:1 ratio without phase offset. The
distribution ratio of active power and reactive power between the
two PCSs is also 2:1. FFT analysis shows that the current distribution
ratio at the target frequency also satisfies the 2:1 relationship. In
addition, there is no significant distortion in the PCC voltage, and
the THD is 2.55%, indicating that the voltage quality has been
significantly improved. The above results show that the proposed
control strategy has significant performance improvement in
current coordinated distribution and PCC voltage quality
optimization.

6 Conclusion

In order to solve the problem of harmonic current sharing and
voltage quality optimization of microgrid system with multiple
VSGs interconnected by high impedance cables, the main
contributions of this paper are as follows:A multi-frequency
points VSG impedance reshaping control strategy combining the
advantages of FCLPF harmonic separation algorithm and multi-
parallel VPI controller is proposed in this paper. Among them, the
harmonic separation algorithm based on FCLPF has the
characteristics of bandpass filter at the target frequency, and the
characteristics of notch at the non-target frequency. Based on each
harmonic current extracted by FCLPF, the inductive and resistive
impedance voltage drop of each harmonic frequency point can be
independently constructed, and the coupling problem between the
impedance voltage drop instructions of each frequency point can be
solved. The voltage closed-loop transfer function of multi-parallel
VPI voltage controller has unity gain and zero phase shift at each
target frequency point, and the gain on both sides of each target
frequency point decreases rapidly. It also has the decoupling
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TABLE 2 List of parameters in the comparison test.

Control strategy Parameter Describe Value
Control Strategy in Gothner et al. (2019) kyp Proportional parameters of PI and QPR controllers 0.03
k,; and k,, Integral parameters of PI and resonance parameters of QPR 0.3
o8 Bandwidth parameters of QPR 2 rad/s
kip Proportional parameter of Current loop 30
Control strategy in this paper kyp Proportional parameters of VPI controller 0.03
ki Resonance parameters of VPI controller 0.3
kip Proportional parameter of Current loop 30
Virtual impedance PCS1’s fundamental positive virtual resistance and inductance -0.15Q
0.00146H
PCS1’s negative virtual resistance and inductance -03Q
—0.00054H
PCS1’s virtual resistance and inductance at each harmonic frequency -03Q
-0.00054H

A

'-J’W\«W\/W\/W“

1.05 1.1 1 1.05
t(s) t(s)

Waveform of PCC voltage (left: control strategy in [17], right: control strategy in this paper)

Fundamental (49.72Hz) = 138.1 . THD= 9.84% Func (49.72Hz) = 138.9 . THD=4.80%

B 5]
o
4

Z
3
m: ]
,
o
o 5 10 15 0 5 10 15
Harmonic order Harmonic order
FFT analysis of PCC voltage (left: control strategy in [17], right: control strategy in this paper)
FIGURE 12

Comparison of HIL test results of impedance reshaping accuracy between the control strategy in Gothner et al. (2019) and the control strategy in this
paper. (A) Waveform of PCC voltage (left: control strategy in Gothner et al. (2019), right: control strategy in this paper), (B) FFT analysis of PCC voltage (left:
control strategy in Gothner et al. (2019), right: control strategy in this paper).
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TABLE 3 Simulation parameters of dual VSG current coordinated control.

10.3389/fenrg.2024.1369449

Control layer Parameter Describe Value
VSG control Tygl PCS1’s power loop time constant 0.01s
Tysg2 PCS2’s power loop time constant 0.01s
I PCS1’s inertia 0.1 kg - m?
I PCS2’s inertia 0.05 kg - m?
D, PCSI’s damping coefficient 10
D, PCS2’s damping coefficient 5
Ky PCS1’s QV droop coefficient 0.002
K, PCS2’s QV droop coefficient 0.004
TpQ PQ filtering time constant 0.1s
Thilter Filtering time constant of voltage compensation 03s
Voltage and current loop T, Voltage loop time constant 0.00033 s
T Current loop time constant 0.0001 s
kup Proportion parameter of VPI controller of voltage loop 0.03
ki Integration parameter of VPI controller of voltage loop 0.3
kip Proportion parameter of current loop 30
Harmonic separation control Ty filter Time constant of harmonic voltage separation 0.1s
T filter Time constant of harmonic current separation 0.05s
TABLE 4 Virtual impedance parameters for current coordinated control of dual VSG parallel system.
Parameter Describe Value
yan PCSI’s fundamental positive virtual impedance -0.15 Q
1.46 mH
z PCS2’s fundamental positive virtual impedance -03Q
32 mH
Zd PCSI’s negative sequence virtual impedance -02Q
—0.54 mH
z, PCS2’s negative sequence virtual impedance -0.4 Q
-0.8 mH
zh PCS1’s virtual impedance for each harmonic frequency -02Q
-0.54 mH
zh, PCS2’s virtual impedance for each harmonic frequency -04Q
-0.8 mH

characteristic of dq axis, which solves the problem that the
traditional QPR voltage controller has low control accuracy at
Based the
characteristics, the multi-frequency VSG impedance reshaping

each harmonic frequency point. on above
control strategy proposed in this paper has advantages in the
flexibility and accuracy of harmonic impedance reshaping, and
can improve the precision of harmonic current coordination

distribution and the voltage quality of PCC.
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This paper provides a theoretical guidance for the multi-
frequency impedance reshaping control of industrial energy
storage converters, which is conducive to improving the
current coordination distribution accuracy and PCC voltage
quality of multi-PCS parallel systems under nonlinear and
negative sequence loads. In the application of this control, the
final performance of current coordinated distribution and
voltage quality improvement depends on the estimation
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FIGURE 13

HIL test results of a dual PCS parallel system with fixed virtual impedance control. (A) The waveforms and FFT analysis of PCC voltage, (B) Load
current waveforms (left PCS1, right PCS2), (C) FFT analysis of phase A current (left: PCS1, right: PCS2), (D) Active and reactive power waveform.

accuracy of the actual line impedance. In the future, further

research can be carried out to improve the estimation accuracy,

At the same time, this paper only considers the static distribution
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accuracy of distorted load, and does not consider the dynamic
distribution problem of distorted load, which can be further
studied in the future.
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