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Virtual Synchronous Generators (VSGs) can reduce the frequency and power oscillation in the grid. For parallel multi-VSGs in
island microgrid, the differences of equivalent output impedance and line impedance affect the orderly sharing of reactive
power and restraining of circulating current greatly. The power sharing and circulating current characteristics of VSGs are
analyzed in this paper. To solve this problem, an optimization control method for parallel VSGs is proposed, which included
the inner voltage and current loop and the outer reactive power loop. In the inner voltage and current loop, a virtual complex
impedance including a resistive component and an inductive component is introduced. It reduces the coupling between active
power and reactive power, and it reduces the disorderly distribution of power due to impedance differences. In the reactive
power loop, the output voltage feedback and integrator links are adopted, which reduce the deviation of output voltage and
restrain circulating current. The effects on the equivalent output impedance in the different control parameters and virtual
complex impedance are analyzed, the effects on system stability in the different resistive components of virtual complex
impedance are analyzed, and the proper parameters are selected. Simulation and experimental results show the correctness and

validity of the proposed control method.

1. Introduction

By increasing the inertia and damping links in an active
power control loop, the grid support capability in a weak
grid of virtual synchronous generators (VSGs) is summa-
rized in [1, 2]. When multiple VSGs are operated in parallel,
there are differences in the output voltage, equivalent output
impedance, and connection line impedance of the individual
VSGs, which are caused by the different controller pa-
rameters, nonlinearities in the power devices, differences in
filter parameters, and the distance from the grid connection
point. These differences affect the accuracy of power dis-
tribution, increase the fundamental current circulation be-
tween the VSGs, and may cause overcurrent faults [3].
Therefore, it is of great value to study the power distribution
and current circulation suppression between parallel VSGs.
[4, 5].

Focusing on the power distribution problem of parallel
VSGs, in [6], an integral controller is added in the reactive
power loop to eliminate the influence of connection line
impedance on reactive power distribution. However, the
coupling of active and reactive power is not considered. In
[7], a feedforward angular frequency is added to the power
frequency link to realize switching under different operation
modes. A small-signal model and several constraints are
used to optimize the dynamic and static characteristics of the
parameters, but the implementation method is complicated.
In [8], function terms for the power and droop coeflicient in
traditional droop control are introduced. This improved the
dynamic regulation performance, but it did not eliminate the
steady-state error caused by the connection line impedance.
In [9], a new multiloop control strategy is described, the
virtual reactance can be selected according to the external
inductance, but the conturation principle of virtual
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impedance in parallel VSGs is not considered. In [10], a joint
control method for the virtual inductor and external output
inductor is proposed, which is used to improve the appli-
cability of the inverter P-f and Q-V droop control in me-
dium- and low-voltage networks. However, it is difficult to
obtain the external output inductance accurately, and the
method is not practical. In [11], a parallel VSGs control
method based on virtual impedance is proposed. This ap-
proach improves the excitation link to achieve adequate
control of the AC bus voltage, but the power coupling
problem is not considered. In [12], a consistency-based
parallel VSGs distributed control method is described. Al-
though this enhances the system frequency and active power
characteristics, it requires communication between the
parallel VSGs.

This paper describes a method that improves the tra-
ditional virtual synchronous power generation technology,
based on analysis of the parallel operation characteristics of
multiple VSGs. The optimization control strategy includes
the outer reactive power loop and the inner voltage and
current loop. In the inner voltage and current loop, a virtual
complex impedance including a resistive component and an
inductive component is introduced. It reduces the effects on
decoupling between active power and reactive power, and it
reduces the effects on accurate power sharing due to the
impedance difference. In the reactive power loop, the output
voltage feedback and integrator links are adopted, which will
reduce the deviation of output voltage and restrain circu-
lating current.

2. Operating Characteristics of Parallel VSGs

Figure 1 shows the simplified structure of a traditional
parallel VSGs system. For a single VSG, it connects to the AC
bus through the connection line and grid-connected switch.
Zjine 1s the impedance of the connection line, and K is the
grid-connected switch. Z, 4 is the common load, L, is the
filter inductance, and R, is the sum of the equivalent internal
resistance of the filter inductance and the equivalent internal
resistance of the power device. Uy is the VSG output ca-
pacitor voltage, also known as the terminal voltage. I, is the
grid-side output current, and I, is the converter-side
current.

A simple model with two parallel VSGs is shown in
Figure 2. U, and U, are the voltage amplitudes of the VSG
bridge arms’ midpoint, E is the AC bus voltage amplitude, Z,
is the equivalent output impedance of the VSG
(Z, =R, + jX,), and Z};.. is the connection line impedance
(Zline = Rline + jXIine)‘

The transmission impedance Z is equal to the sum of the
equivalent output impedance and the connection line im-
pedance, ¢ is the transmission impedance phase angle, and 6
is the phase angle difference between the bus voltage and the
voltage of the bridge arm’s midpoint. I, and I; represent the
output current of the VSG and load current.

2.1. Analysis of VSG Power Transmission Characteristics.
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FIGURE 2: Two VSG parallel models.

The output active power and reactive power of VSG i (i =
1,2) can be expressed as follows:

b (U,.E 0 E2) JUE o
;= cos 0; — — |cos ¢; + ——sin 0, sin ¢;,
1 Zi 1 Zi 1 Z 1 1

1

(1)

UE E’ UE
Q; = ( Zl cos f; - Z)sin(pi - ?Sin 0, sin ;.

1 1

According to (1), the output active power and reactive
power are related to the voltage amplitude and phase angle
difference and are affected by the transmission imped-
ance. By setting the voltage and current control loop
parameters, the equivalent output impedance of the VSG
can be controlled, so that the equivalent output inductive
reactance is much larger than the equivalent output re-
sistive impedance, X, > R,. The transmission impedance
of different voltage levels has different impedance ratios.
In low-voltage distribution networks, the resistive im-
pedance is much larger than the inductive impedance,
Xijine € Rjjpe- In medium-voltage distribution networks,
Xiine = Riine- This causes the transmission impedance to
exhibit complex characteristics. To decouple the active
power from the reactive power, the transmission im-
pedance is set to be inductive using virtual impedance
technology. The power transmission is approximately
shown as follows:
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l Xoi + Xlinei i
( ) (2)
E(U,-E
Q=g
Xoi + Xlinei
From the abovementioned analysis, when the trans-
mission impedance is inductive, the active power trans-
mission is mainly affected by the voltage phase angle,
whereas the reactive power transmission is affected by the
voltage amplitude. [13] The active power and reactive power
are approximately decoupled.
The VSG power control equation can be described as
follows:
do P* P, 4D, ( )
—=—-— w, — w;
p\%n i/
dt w, w, 3)

Ui:En+Dq(Q*_Qi)’

where J is the virtual inertia, P* is the reference value of
active power, P; is the actual output active power, D), is the
damping coefficient, w,, is the rated angular frequency, and
w; is the virtual angular frequency. U; is the amplitude of
VSG output voltage, E,, is the rated voltage amplitude, D, is
the reactive power droop coefficient, Q* is the reference
value of reactive power, and Q; is the actual output reactive
power. Combining equations (2) and (3), the VSG active
power closed-loop control diagram is shown as Figure 3. The
reactive power closed-loop control diagram is shown as
Figure 4.

There is an integral link in the active loop of the virtual
synchronous control strategy; when the VSG runs in the
steady state, the input of the integral link is 0.

P,=P" +D,(w, - ). (4)

According to (4), when the transmission impedance of
the VSG is inductive, the active power distribution is related
to the active power command value and the active-frequency
droop coefficient, and active power distribution is not af-
fected by transmission impedance.

For two VSGs with the same rated capacity, as long as the
active power command value and the active-frequency
droop coeflicient are equal, the active power can be divided
equally. Therefore, the active power transmission is highly
robust.

Similarly, the VSG output reactive power equation can
be obtained as follows:

o - (E,-E+Q'D,)(E/X)) -
’ (1+(E/x;)D,)

According to (5), the reactive power distribution is af-
fected by the droop coefficient, the reactive power reference
value, and the transmission impedance. When the reactive
power of two VSGs with equal capacity is evenly distributed,
the droop coeflicients, reactive power setting values, and

» E/X; >

FIGURE 4: Reactive power closed-loop control diagram of the VSG.

transmission impedances of each VSG must be equal. When
the actual system is running, the system interference, the
nonlinearity of the power device, the parameter offset, and
the difference in connection impedance make it difficult to
meet the conditions for the orderly distribution of reactive
power.

2.2. Analysis of Current Circulation Characteristics of the VSG.
The output current characteristics of parallel VSGs are
analyzed in the fundamental wave frequency domain.
Equation (6) can be obtained from Figure 2.

(U120, = Zyjper Loy = E20,

] Uz20, = Zyjp1p = E2O, (6)

Igz+1,=1;= ELL.
¢ load
In the abovementioned equations, the transmission
impedance is the sum of the equivalent output impedance
and the connection line impedance, Z; = Z; + Zy;,;. If the
equivalent output impedance and connection line imped-
ance of the two VSGs are equal, the following equation can
be obtained:

I :UlLQI—U2492+ E

o ZZI 2Zload’
(7)
I U,20,-U, 26, . E
2 ZZI 2Zload.

When the equivalent output impedance of the VSG is
inductive and the connection line impedance is far less than
the equivalent output impedance, the transmission im-
pedance is approximately equal to the equivalent output
impedance, Z; = X;, and the following equation can be
obtained:
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According to equation (8), as the equivalent output
impedance of the two VSGs is inductive and equal and the
connection line impedance is much smaller than the
equivalent output impedance, the output current of the VSG
includes two components: the load current I,; and the
circulation current Ip. The load current is distributed
equally, and the circulating current is determined by the
output voltage amplitude difference, phase difference, and
equivalent output impedance of the parallel VSGs. [13].

The fundamental circulating current between two VSGs
is defined as follows:

I,-1, U6, -U,.06,
2 2jX '

I, =

(9)

ol

If the virtual voltage amplitude of the VSGs is equal,
there is only a phase difference, and the phase difference will
cause active power circulation, which will transfer active
current circulation from the advanced phase part to the
delayed phase part in the parallel VSGs. If the virtual voltage
phase of the VSG is equal, there is only an amplitude dif-
ference, and the reactive current circulation will flow from
the high-voltage amplitude part to the low-voltage ampli-
tude part. The output impedance of the VSG with high-
voltage amplitude is inductive, and the output impedance of
the VSG with low-voltage amplitude is capacitive. If both the
amplitude and phase of the output voltages of the two VSGs
are not equal, then the circulating current contains both
active and reactive components [14].

From the analysis of the current circulation character-
istics, it can be seen that the current circulation of the
parallel VSGs is suppressed by achieving the output voltage
and transmission impedance of the two VSGs is equal. The
suppression of the current circulation can also be realized by
increasing the equivalent output impedance.

3. Optimization Control Strategy of
Parallel VSGs

3.1. Introduction of Virtual Impedance. From the analysis in
the previous section, the active power and the reactive power

k,, +k,;
CsU (s) = { [(U* (s) - U(s))(%) —(I,(s) + U (s)Cs) ki pk o = U (5) =
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are decoupled by setting the transmission impedance to be
purely resistive or purely inductive, and this is the premise of
independent control of active power and reactive power.
Increasing the equivalent output impedance of the virtual
synchronous generator can reduce the current circulation
caused by the difference between the equivalent output
impedance and the connection impedance. To change the
transmission impedance characteristics of the VSG, the
output current of the grid side is used as the feedback, and a
virtual complex impedance consisting of resistance and
inductive components is introduced. The negative resistive
virtual impedance is used to reduce the resistive component
of transmission impedance, and the transmission impedance
is approximately purely inductive. It can reduce the coupling
of active power and reactive power transmission. The
positive inductive virtual impedance is introduced, the
transmission impedance increases, and the current circu-
lation caused by differences in the equivalent output im-
pedance and connection line impedance is reduced. After
introducing the virtual complex impedance, the voltage
compensation is shown as follows:

Uyg = RvdiZd - vadiZq’
. . (10)
{ Uy = quzzq + vaqzzd,

where R,; and R, ; are the virtual impedances in the dq
rotation coordinates. To reduce the resistive component of
the equivalent output impedance, the virtual impedance R,
takes a negative value, and L, and L, , are the virtual in-

ductive resistances in the dq coordinates [13].

To increase the control precision and control the current
circulation, the voltage-type VSG structure is adopted, and
the terminal voltage control loop is added after the power
control loop. The structure of the inner voltage and current
control loop with virtual complex impedance is shown as
Figure 5.

In Figure 5, k,, and K,; are the proportional (P) and
integral (I) gains of the voltage-loop PI controller, k;p is the
proportional gain of the current inner loop, kp,,, is the
converter gain, Z,(s) is the virtual complex impedance
(Z,(s) =R, + L,s), u* is the voltage-loop voltage command
value, u is the voltage-loop reference value after intro-
ducing the virtual impedance, u is the output voltage, i, is the
converter-side current, and i, is the grid-side output current.
A mathematical model of the output voltage can be estab-
lished according to Figure 5. When the virtual impedance is
not introduced, it can be written as follows:

(L15+R1)IZ(S)}}' (11)

Lis+R,
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FIGURE 5: Voltage and current loop structure after adding virtual impedance.
Equation (11) can be transformed into the following
equation:
U - [Kipk pum(Kups + K ) JU™ (5)

- 3 2 >

LyCS” + (ki pm + Ry )CS™ + (KoK pumkp + 1) + ik pinkei
(12)

(L1 + (Kipkpm + Ry )s|T (5)

ip™pwm

- 3
L,Cs” +(Kipk puom

It is equivalent to the following equation:

+ Rl)Cs2 +(k k

ip pwmkup + 1)5 + kipkpwmkui

where G (x) is the equivalent closed-loop voltage gain and
Z, (s) is the equivalent output impedance. These terms can

U(s) =GU () = Z (), (13) be written as follows:
G(s) = [Kipk pum (Fups + ki)
[L,CS* (Kipk puom + Ry )CS” +(Kipk by + 1) + ik puomkis|
(14)
7 (s) = [Lls2 +(kipkpwm + Rl)s]
’ [L,CS” +(Kipk pum + Ry )CS” +(Kipk puombonp + 1) + Kipk puei |

After adding the virtual impedance, the following
equation can be obtained:

U, (s)=U"(s) = Z,(s)I, (s). (15)
Substituting (16) into (13) gives
U(s) =G)[U" = Z,(s),] - Z, ()1,

: (16)
=G)U™ =[G()Z,(s) + Z,()]1,,

where G(s)Z,(s) + Z,(s) is the equivalent output imped-

ance after adding the virtual complex impedance and Z; (s)

is shown as the following equation:

Zy (s) = G()Z,(5) + Z, (). (17)

According to equation (15) and the parameters in Ta-
ble 1, the equivalent output impedance can be illustrated
using a Bode diagram without the added virtual impedance.
Figure 6 is the equivalent output impedance Bode diagram
for K,; =0, 100, 500, and 1000. It can be seen that when
K,; =0, the low-frequency equivalent output impedance is
resistive, and it is the complex impedance characteristic at
the fundamental frequency. When K,; = 500, the equivalent
output impedance is inductive at the fundamental fre-
quency. The larger the value of K,;, the wider the frequency

ui>

band that belongs to the inductive output impedance. After
the introduction of the virtual inductive impedance L,, the
equivalent output impedance is inductive at low and fun-
damental frequencies. The fundamental output impedance is
approximately equal to the virtual inductive impedance L,,
which weakens the effect of changes in the filter inductance
parameters on the output impedance. Therefore, the
equivalent output impedance at the fundamental frequency
can be designed by introducing a virtual complex impedance
to match the impedance of the parallel VSGs, and the aim of
improving power distribution accuracy and current circu-
lation suppression can be achieved.

When selecting the virtual negative impedance R,, the
power decoupling and system stability requirements must be
comprehensively considered. After introduction of the
virtual impedance, the equivalent output impedance of the
VSG at the fundamental frequency is approximately equal to
the virtual impedance, so the transmission impedance at the
fundamental frequency is given as follows:

Z (S) = Zv (S) + Zline (5) = (Rline + Rv) + S(Lline + Lv)
(18)

The formula R, = —Ry;,. is established, and active power
and reactive power transmission can achieve decoupling.



TaBLE 1: VSG parameters.

Parameter/unit Value
L,;/mh 5
R,/Q 0.1
Cluf 10
Ziine/Q 0.5 +0.06
L,/mh 1

kup 0.3

ki 600
Kpwm 250
R,/Q ~0.4

The resistive component of transmission impedance has
a damping effect on nonfundamental frequency distur-
bances. In the resistive component of transmission im-
pedance setting, both the power decoupling and the
nonfundamental frequency stability should be taken into
consideration. The equivalent output impedance of the VSG
after introducing the virtual impedance can be expressed as
follows:

Z(5) = Zy(8) + Zjjne (5),

(19)
=G(8)Z,(s)+ Z,(s) + Zjjpe (5).

The relationship between the output harmonic current
iz (s) and the voltage disturbance u, (s) is shown as follows:
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FIGURe 6: Equivalent output impedance Bode diagram with no
virtual impedance.

Therefore, the stability of the system can be analyzed by
identifying the distribution of the characteristic roots of the
characteristic equation. Combining (17), (18), and (20), the
following equation can be obtained:

W _ 1
o) 20 (20)
Y (s) = T(s)

T(s) = L1C53 +(k~ k + Rl)C52 +(kipkpwm

lp pwm

When Ry, = 0.5Q and L;;,,. = 0.4 mh, according to the
parameters in Table 1, the root locus of Y (s) with respect to
R, is shown in Figure 7. The pole S, determines the stability
of Y(S). As R, increases, S; moves to the right of the
complex plane and reaches the origin when R, = -0.5Q.
Therefore, |R,| should not be too large, it should be kept ata
certain difference with Ry, so as S; has a certain distance
from the imaginary axis, and the system has a certain
stability margin.

3.2. Reactive Power Loop Improvement. From the analysis in
the previous section, it is known that the transmission of
active power and reactive power is decoupled, when the
transmission impedance of the VSG is inductive. Due to the
integration link in the active power loop, the active power

[(Lines + Rine) T (8) + Kipk pum (Kuips + Ky ) (Lys + R,) + Ly 5™ +(Kipk i + Rl)s]’

(21)

Kup + 1) + ik ks

allocation of the parallel VSGs is related to the active power
reference value and the active power droop coefficient, and it
is not affected by the transmission impedance. The reactive
power distribution is affected not only by the droop coef-
ficient but also by the reactive power reference value and the
transmission impedance. At the same time, the load voltage
fluctuates because of the load fluctuation and the droop
characteristics of the reactive power loop. The fluctuations of
load voltage can be restrained, and the output voltage can be
stabilized within a certain range by introducing a negative
feedback link K, (E* — E) in the reactive power loop (here,
K, is the feedback coeflicient, E* is the reference value of the
load voltage, and E is the actual value of the load voltage).
The integral link is introduced into the power loop, and it
achieves the decoupling of reactive power and transmission
impedance.



Mathematical Problems in Engineering 7
6f —m ]
En % S
g of C
5 2 Sy
Be 0 b o ]
£ 5 o
Py :
g 4T C ]
— .6 __///—’—*34 ! ]
-4 -35 -3 -25 -2 -15 -1 -05 0 0.5
Real axes 10*
R, increase :
_:—>
R,=0.5Q i
-200 -150 -100 -50 -25 0 25 50 100 150
Real axes 10!
FIGURE 7: Root locus of Y (s) for increasing R,.
Q
Umabe
—
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The improved reactive power control loop structure is
shown m F?gure. 8. 'When the sYSte_m is stable, the input of FIGURE 9: Structure of the inner voltage and current loop.
the integration link is 0. The expression of power and voltage
is shown as follows:
in (Q, -Q ) =K, (E - E) (22) DC source
From equation (22), it can be determined that the re- l_“_| _ '
active power distribution is related to the droop coefficient, L Ry Ly iigbe Rine Liine f2ape
reactive power reference value, and voltage feedback @ © ©
coeflicient. C = Ueahe )
.. .. . % —_l__ ucdql llldq
Itis independent of the transmission impedance. As long =
as the voltage feedback coefficients are equal and the reactive SPWM Imtam?nelou_s
power reference value and droop coefficient are set in inverse - power calcuation
proportion to the rated capacity, the ordered distribution of T cvdg Pl lQ
. R p*
reactive power can be achieved [15, 16]. Voltage and Voltage | u*| Improved VSG [~—
current control o command power loop Q
cdq
3.3. Structure of Optimization Control Strategy. A structure FiGure 10: Improved parallel virtual synchronization control

diagram of the inner voltage and current control loop is
shown in Figure 9. The terminal voltage is controlled in the
synchronous rotating coordinate system.

The terminal voltage loop adopts the PI regulator, the
current loop adopts the P regulator, and the decoupling
compensation is added to the controller to eliminate the
cross coupling of the dg-axis voltage and current, and it

strategy.

improves the system dynamic performance. In the figure, the
subscripts “d” and “g” indicate the synchronous rotation dq
coordinates, U4, and i, are the terminal voltage and



converter-side current in the synchronous rotation dq co-
ordinate system, and w is the virtual electrical angular
frequency of the VSG [17, 18].

The improved control strategy of parallel VSGs is illus-
trated in Figure 10. In the figure, L, is the output filter inductor,
R, is the sum of the internal resistance of the filter inductor and
the internal resistance of the power device, C is the filter ca-
pacitor, and Ly, and Ry, are the connection line impedances.
i1ape 18 the inductor current on the converter side, i,,,. is the
load current, and u_,,. is the voltage of capacitor.

The instantaneous power P and Q calculation formulas
are shown as equation (23), and the reference value U™ of the
midpoint voltage of the bridge arm is obtained by the im-
proved power loop.

P= I.S(ucdizd + ucqizq), (23)

Q = I'S(MCdiZd - ”cdiZq)’

where U, ; and U, are the d and q coordinate components of
the filter capacitor voltage U, while 7, ; and i), are the d and
q coordinate components of the load current i,.

Ignoring the role of the filter capacitor C, the rela-
tionship among the bridge midpoint voltage, terminal
voltage, and output current of the converter side is given
by equation (24). The relationships between voltage and
current in the dq coordinate system are given by equations
(25) and (26) [11].

dilabc
dr ’

)=l @
Ueq Ug iy |

sl
RI+ X [-X, R,

. (26)
Uy Ecosg
[ Uy :| [ Esing :|
wherei,; and i, are the output currents of the converter side
in the dq coordinate system, U; and U, are the dq-axis
components obtained by dq decomposition of the midpoint
voltage of the bridge arm using the terminal voltage vector
orientation, U, and U, are the dq-axis components of the
terminal voltage, Y is the filter impedance matrix, and X, is
the inductive reactance (X, = wL;). The phase angle ¢
represents the phase angle difference between the bridge
midpoint voltage vector and the terminal voltage vector,
which is equal to the integral of the difference between the
virtual rotor angular velocity w and the terminal voltage
electrical angular velocity w, of the virtual synchronous
control [18].

The reference value of the terminal voltage under the

synchronous rotation coordinates is shown as equation (25).
The terminal voltage is sent to inner the voltage current

Ucgbe = Ughe — Rlilubc - Ll (24)
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TABLE 2: System simulation parameters.

Parameter/unit Value
UV 600
u/v 380

J, D, 0.05, 15
D, 480
P*/kW 9

Q* /kvar 6
L,/mh 1
Py/kW 4
QyQo/kvar 3
Ll/mh, Rl/Q 5, 0.1
Lz/mh, R2/Q 4.8, 0.1
Ziine1/Q 0.45 +0.06]
Ziinea/ Q) 0.55+0.07j
R,/Q -0.2

control loop to get the modulation voltage, the control signals
of power components are obtained through sinusoidal pulse
width modulation, and power equipartitioning and circu-
lating current suppression of the parallel VSGs are realized.

4. Simulation and Experiment

The model of two parallel VSGs is constructed in the Matlab/
Simulink environment to verify the effectiveness of im-
proved control strategy. The main parameters are listed in
Table 2. The total simulation time of the system is 2 seconds.
From the start to 0.6, the first VSG runs alone, the other
VSG is connected at 0.6, and the first VSG exits at 1.2s.

Figure 11 shows the simulation results of the voltage,
current, and circulating current when two parallel VSGs are
running with the traditional control strategy and the im-
proved control strategy.

Figure 12 shows the output power results of two VSGs
with optimization control strategy.

Due to the influence of impedance differences, the cir-
culating current of parallel VSGs with traditional control
strategy is relatively large, and the reactive power equi-
partitioning cannot be achieved.

The dynamic current dividing response time of the
improved control strategy is shorter, the amplitude of the
circulating current is smaller in the steady state, and the
effect of reactive power distribution is significantly
improved.

The experimental platform of two parallel VSGs is shown
in Figure 13, and the main parameters of the experiment are
presented in Table 3. In the parallel VSGs experiment, the
public load is 3kW. During the experiment, an inverter
works alone at the beginning, and another VSG is connected
after a while.

Figure 14 shows the output current and circulating
current waveforms of two parallel VSGs with the traditional
control strategy and the improved control strategy. Com-
pared with the traditional control strategy, the improved
control strategy can respond more quickly, and the circu-
lating current is smaller.
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FiGure 11: Output voltage, current, and circulating current of two parallel VSGs: (a) traditional virtual synchronization control strategy;
(b) improved virtual synchronization control strategy.
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FIGURE 12: Output active power and reactive power of the parallel virtual synchronous control strategy: (a) traditional virtual syn-
chronization control strategy; (b) improved virtual synchronization control strategy.

FiGURE 13: Pictures of the test platform.
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TaBLE 3: Experimental parameters.
Parameter/unit Value
Uad V 600
kup 0.07
kui 5
Dy; 190
Ziner/ 0.4 +0.06]
Ziine2/ Q) 0.5+0.07]
L,/mh, R,/Q 5,0.1
Lz/mh, R2/Q 4.8, 0.1
L,/mh 1
u/v 380
J, Dy 0.02, 6
kip 2
K. 0.2
Qq/kvar 1
Py/kW 3
P*/kW 4
Q*/kvar 1
R,/Q -0.2
Tek Stop I 4 - I
Ial \ﬁ T
',\ I/\\\ !/\ ;/\ f\ /\ I
\ ,'“ X o ‘\‘ ‘f l'v “ 02
AVAVAVAVAVACAVAVAVAY,
E IV V \/ A ..q A
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e
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FIGURE 14: Output current and circulating current of two parallel
VSGs: (a) traditional virtual synchronization control strategy; (b)
improved virtual synchronization control strategy.

5. Conclusions

In this paper, the problems of power equipartitioning and
circulating current suppression in the parallel operation mode
of VSGs were studied. The conclusions and requirements for
future work are as follows.

Mathematical Problems in Engineering

(1) When multiple VSGs are connected in parallel, the
resistance and inductance characteristics of the
transmission impedance cause the coupling be-
tween reactive power and active power. The re-
active power distribution is affected by the droop
coeflicient, the reactive power reference value, and
the transmission impedance. The current circu-
lation of the parallel VSGs is affected by the de-
viation of output voltage and the value of
transmission impedance.

(2) The virtual complex impedance including a re-
sistive component and an inductive component is
introduced into the inner voltage and current
control loop. It reduces the coupling between
active power and reactive power, and it reduces
the disorderly distribution of power due to im-
pedance differences. The load voltage control loop
and integral part are introduced in the reactive
power link of the VSG, which reduce the deviation
of output voltage and restrain circulating current.

(3) According to the comparative analysis of the in-
fluence of control parameters and virtual complex
impedance on the equivalent output impedance, the
control parameters and virtual complex impedance
are selected.
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