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Abstract: The circulating current is one of the important issues for parallel converters. It affects the
system stable operation and degrades the power quality. In order to reduce the circulating current of
the parallel converter and reduce the harmonic pollution to the power grid, a new circulating current
suppression strategy is proposed for the parallel current source converter without any communication
line. This strategy is able to realize the current sharing between parallel modules by changing the
external characteristics of the parallel modules to thus suppress the circulating current among the
parallel current source converters. The proposed control strategy adopts DC-side droop control and
AC-side virtual impedance control. The DC-side droop control is used to generate the reference
voltage of each parallel module, while the AC-side virtual impedance is used to the circulating
current suppression. We performed a time domain test of the parallel converter, and the results show
that the proposed control strategy reduced the RMS circulating current of the parallel converter by
50% and effectively reduced the grid-side current THD while ensuring the stable operation of the
converter. The effectiveness of the proposed control strategy was, therefore, verified.

Keywords: current source converter; paralleled operation; suppression of circulating current;
mathematical model; virtual impedance control

1. Introduction

With the development of economy, the problems of the energy crisis and environmental
pollution are becoming increasingly serious. The problem of developing and effectively
utilizing new energy is an urgent problem to be solved in the field of power electronics.
In the process of further development of power electronic technology, the current source
converter has gradually become a research hotspot. Current source converters are used in
uninterruptible power supply systems [1], photovoltaic power generation systems [2,3],
wind power generation systems [4], multi-electric aircraft power supply systems [5], motor
drives [6], modular multi-level converters [7] and others.

With the development of industry and technology, there are higher requirements for
the power capacity of power supply equipment. The parallel power supply system of
power modules has the advantages of increasing the capacity and reliability of the power
system [8,9]. Multiple parallel modules in the parallel system can achieve equal distribution
of power, reduce the voltage and current stress of the power switching devices of each
module, and can reduce the size of each module, thereby, reducing the costs and increasing
the power density.
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Due to the differences in the hardware parameters and control parameters of the
parallel converter modules, the operating states of the modules in the parallel system
cannot be exactly the same, resulting in the current circulating between the modules in
the parallel system [10-12]. As a result, the current stress of the power switching device
increases, resulting in serious distortion of the AC side current of the converter and even
damage to the device when the circulating current is large. Therefore, the problem of
suppressing the circulating current of the parallel system has become a problem worth
noting in the research of parallel power supply.

Different currents of parallel modules lead to circulating currents between parallel
modules. Therefore, the current sharing between parallel modules can effectively solve the
circulating current problem. For the method of paralleling multiple modules to improve the
power level and reliability of a power supply system, the module parallel topology includes
a modular multilevel converter (MMC) and a converter with the same modules connected
in parallel. The circulating current suppression method of MMC has been extensively
studied, and the circulating current suppression strategy based on proportional resonant
controller is widely used in MMC.

The strategy proposed in the literature based on a proportional resonance controller
can suppress low-frequency harmonic components, such as the second and fourth order, bal-
ance the capacitor voltage of the sub-module, and suppress the circulating current [13-18].
Reference [19] introduced a 10-stage linearized model-based MMC dynamic research on
circulation suppression control. The gain of the circulation suppression control has a
significant effect on the overall MMC dynamics. Reference [20] proposed an optimal con-
trol method that applies the gray wolf optimizer to a DC-DC boost converter, which can
improve the classical proportional-integral-derivative control algorithm.

Reference [21] proposed a control scheme for suppressing circulating current of parallel
inverters in island mode, which solves the circulating current problem of parallel inverters
when the rated values of distributed generator sets are different. Reference [22] established
an isometric calculation model of the casing circulating current of a gas-insulated switchgear
with hybrid reactive power compensation equipment and studied the factors affecting the
casing circulating current.

The methods of balancing current between parallel converter modules are mainly
divided into control methods with communication lines and control methods without
communication lines. The control methods with communication lines mainly include cen-
tralized control [23,24], master—slave control [25], and decentralized control [26]. Multiple
communication lines are used to realize information exchange between modules, which
increases the complexity of connecting lines between modules. It is difficult to realize
flexible expansion modules.

The control method without a communication line has the advantages of less con-
necting lines between modules, high reliability, strong anti-interference ability and easy
expansion [27-31]. The control methods without communication lines mainly include droop
control and virtual impedance control; however, the control accuracy of the droop control
method is low, the system dynamic process needs to reset the droop parameters to reason-
ably allocate the working points, and the control process is complicated [32-35]. The virtual
impedance control without communication line includes the AC side virtual impedance
control, which changes the loop impedance of the module through the control loop, thereby,
suppressing the circulating current.

The disadvantage is that the calculation of the virtual impedance is complicated.
Reference [36] proposed a strategy for suppressing circulating current based on the coor-
dination of AC side droop control and virtual impedance for three-phase current source
inverters and uses secondary control to reduce voltage deviation. According to the above in-
vestigation of MMC suppression circulating current method and summarizing the scheme
of parallel converter suppressing circulating current, provided the idea for this paper to
propose a strategy for suppressing circulating current in parallel current source converters.
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After the analysis of the parallel module, a control scheme of the virtual impedance on
the DC side to suppress the circulating current is obtained. By analyzing the DC equivalent
circuit of the parallel module, the factors affecting the circulating current of the parallel sys-
tem are obtained. In this paper, a parallel current source converter without a communication
line is proposed to suppress the circulating current.

The DC side of the proposed scheme adopts droop control to realize parallel current
sharing between modules, and the AC side adopts virtual impedance control to realize the
suppression of circulating current between modules. We avoid the use of a communica-
tion lines between modules. Compared with the existing suppression circulating current
strategy, the scheme proposed in this paper has the advantages of simple structure, simple
parameter setting, high reliability, easy module expansion, and avoiding communication
signal interference.

The Section 2 of this paper introduces the current source converter topology and its
control method and control strategy. In the Section 3, the circulating current of the parallel
current source converter is modeled and analyzed. By analyzing the DC equivalent circuit
model of the parallel current source converter, the mathematical models of the positive
DC bus current and the negative DC bus current of the parallel system are obtained, and a
parallel current sharing scheme of current source converters without a communication line
is proposed.

This scheme adds virtual impedance control on the AC side and designs the virtual
impedance according to the parameters of the parallel modules. In the Section 4, the
simulation and verification of the virtual impedance-based current source converter current
sharing scheme proposed in the Section 3 is conducted. Finally, we present our conclusions.

2. System Operation Principle

The parallel two current source converter system studied in this paper adopts two
three-phase current source converters with the same structure in parallel. First, the topology,
working principle, control mode, and modulation mode of a single current source converter
are introduced. The three-phase current source converter topology is shown in Figure 1.
The three-phase bridge arm contains six power switching devices, and each power device
is connected in series with a diode to improve the reverse blocking capability. The LC filter
on the AC side is used to filter out high-frequency harmonics, and the DC side diode Dr
provides a freewheeling loop for the inductor current to prevent system overvoltage [37-39].
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Figure 1. Topology of three-phase current source converter.

2.1. Conventional Closed-Loop Control Scheme

The conventional control scheme for the PWM converter is the voltage and current
double closed-loop control. In order to enable the three-phase current source converter to
output sinusoidal grid current and stable DC voltage, the converter adopts the DC side
voltage outer loop and the AC side current inner loop. In the double closed-loop control
method, the voltage outer loop adopts a PI regulator, and the current inner loop adopts a
PR regulator [40-44].
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The double closed-loop control block diagram is shown in Figure 2. In order to
suppress the current oscillation of the LC filter on the AC side, passive damping schemes
and active damping schemes can be used to suppress the LC resonance. The passive
damping scheme can suppress the resonance by connecting a damping resistor in series or in
parallel with the LC filter. Collect feedback variables and increase control complexity [45,46].
The active damping scheme uses the current or voltage of the inductance or capacitance of
the filter as feedback, and the resonance can be suppressed by controlling it [47].

r-.. - - - - - - - - T T/ ™2

Current inner loop Cs €

LCs* +rCs +1

Ls+r

Sde + Tdc SCdc

Figure 2. Double closed-loop control block diagram.

2.2. Space Vector Modulation Strategy

We collect the three-phase input current of the three-phase current source converter
and convert the three-phase current from the three-phase static coordinate system to the
two-phase static coordinate system through coordinate transformation. At this time, the
input current of the current source converter can be equivalent to the rotating vector [48-50].
The space vector sector distribution is shown in Figure 3. The current source converter has
nine working states, among which there are six active vectors and three zero vectors. The
steps of the space vector modulation strategy are the position of the reference vector, the
calculation of the vector action time, and the sorting of the vector. To reduce switching
losses, the method with the least number of switches is used in each sector.

5 (5, S,)

14 (S,,.5,) I (S, S,)

sector III | sector II

zero vector

17 (S, S,) or IV
= sector
Iy (S5, Sy) sector I
Is (S,, S5)
sector V | sectorVI B
Is (Ss, S,) I (S, Sg)

Is (S5, Sy)
Figure 3. Space vector sector distribution.

2.3. Parallel Current Source Converter Topology

The AC sides of two current source converter modules are connected in parallel while
sharing an AC source, and then the DC sides of the two modules are connected in parallel
while sharing a DC filter capacitor to supply power to the same load. The topology of the
parallel three-phase current source converter is shown in Figure 4.
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Figure 4. Topology of two current source converters in parallel.

3. Circulating Current Suppression Method of Parallel Converters

Before proposing the strategy of suppressing the circulating current, the circulating
current of the parallel current source converter is theoretically analyzed, and the mathe-
matical model of the circulating current is established, which provides the basis for the
theoretical analysis for the strategy of suppressing the circulating current.

3.1. Circulating Current Analysis of Paralleled Current Source Converters

Figure 5 shows the DC equivalent circuit of the paralleled topology of two current
source converters, where V7, and V5, are the output DC positive bus voltages of module
1 and module 2, Vi, and V3, are the output DC negative bus voltages of module 1 and
module 2, and Rg; and Ry are the equivalent series resistance of the DC filter inductor.

de2- RSZ lZn

Figure 5. DC equivalent circuit.

There are six current flow paths of parallel modules, as shown in Figure 6, among
which there are four current paths flowing between two parallel modules, as shown in
Figure 6¢c—f. The circulating current is the current that flows only between two parallel
modules, and thus the four circulating current paths shown in Figure 6c—f are analyzed.
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(e) ()

Figure 6. DC equivalent circuit, figures (a—f) show six circulation paths respectively.

According to the definition of the circulating current of the paralleled converter, the
circulating current is the output voltage difference of the paralleled modules divided
by the number of paralleled modules. When the three-phase current source converters
are connected in parallel, the circulating current flowing through the positive DC bus of
module j is shown in Equation (1), and the circulating current flowing through the negative
DC bus of module j is shown in Equation (2).

CJPZZ(ifp_imp)/N (jym=123---,N) (1)
Cin =Y (ijn — imn)/N (jym=1,2,3--- ,N) @

We write the loop equation and node voltage equation according to the DC equivalent
circuit shown in Figure 4.

diy dizp

de1+7tp + Rsii1p — Laco+ ;= — Reaizp = Vip — Vap 3)
di . di .
dezfﬁ + Rsaion — de1fﬁ — Rs1i1n = Vin — Von 4)

in + ilp = igc ®)
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iln + i2n = Z'dc (6)

Let the differential operator be P, and combine Equations (1) and (2) to calculate the
positive DC bus circulating current of module 1 as

C — Vip—Vap
P 7 Tgas PFRa+Lao: PRy )
Laco+ PHRp—Lyat PR o
2(Lclc1+P+R31+de2+P+R52) de
The negative DC bus circulating current of module 1 is
Vn_vn
Cin = [ PFR, T Las PTR:
Ly P+RoLag P—Ra ®)
T 2Ly PFRaFLaeo PFRg) < Hde
Assume that
Ziy+ = Lga1+ P+ Ra )
Zr+ = Lgo+ P+ R (10)
Zi— = Lga1-P+Rqa 11)
Zy— =Ly P+ Rs (12)
AV =Vip—Vop
= (dlap - d2ap)va + (dlbp - dep)vb + (dlcp - d2cp>vc (13)

= Adapva + Adbpvb + Adepuc

AVln = Vln — Von
= (dlan - d2an)va + (dlbn - d2bn)vb + (dlcn - d2cn)Uc (14)
= Adanva + Adppvp, + Adenvc

Among them, Adj, is the difference between the duty ratios of the switches of the
upper bridge arm of the i-phase (i = a, b, c) of the two modules, and Adjj, is the difference
of the duty ratios of the lower arm switches of the i-phase of the two modules.

Assuming that the input three-phase AC current is balanced, the three-phase AC volt-
age is expressed in matrix form, and the three-phase static coordinate system is transformed
into the rotating coordinate system. Combined with Equations (5) and (6), the converter
module 1 in the rotating coordinate system can be obtained. Similarly, the circulation
expression of module 2 in the rotating coordinate system can be obtained.

) [ Adap Ua
Clp = Tt Z0s T Adbp T Up (15)
| Adep | | v |
Zo—74 )
37, 4250 < lde
[ Adan | [ va |
Cin = 7—47=T| Mo |T| v
| Aden | | e | (16)
Zo_ —Z4_ )
taz, 17, X lde

Similarly, the circulation expression of module 2 in the rotating coordinate system can
be obtained.

Adap Ua
— -1
cp Oc ( )
Zir—Zpy % idc

2(Z14+Za4)
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Adan Ua
_ 1
C2r1 = Zi 47, T Adbn T Up 18
Aden Ve (18)
7y —Zy_ )
t3z T2, X e

From the above analysis, it can be seen that the factor that generates the circulating
current is the difference in the duty cycle of the paralleled modules, and the size of the
circulating current path impedance affects the size of the circulating current. The circu-
lating current path impedance includes the current sharing inductance and its equivalent
series resistance.

After the above analysis, in order to suppress the circulating current, the control
method is adopted to make the positive and negative DC bus impedances of the two paral-
leled modules equal. Since the size of the inductance and its equivalent series resistance
cannot be changed, and increasing the actual resistance will increase the power loss, adding
virtual impedance to the control loop can avoid circuit heating and power loss.

3.2. Circulating Current Suppression Method of Parallel Converters

Figure 7 shows the control block diagram of a control strategy for suppressing the cir-
culating current of a parallel three-phase current source converter without communication
lines as proposed in this paper.

L o s
Sl S3 SS :
Grid L ,-1 ! !
P A »5g + + R i
Y ~ A =;b B Dy u,, C,Tu [] OUTPUT VOLTAGE
@ nucﬂc_b_ k{;c c |- | 2o SENSING
cLIT 1 1
N 5, S, S, 5
S 'S, S, S, S, S,
Yvy Yyvy

SENSING

PHASE VOLTAGE |[PHASE CURRENT

SENSING

Y
AW
T

Y
O

Offset

Figure 7. Circulating current suppression method of paralleled current source converters.

Each parallel module in the parallel system adopts this control strategy. This kind of
parallel converter without communication line suppresses the circulating current control
strategy by adopting DC side droop control to obtain the reference output DC voltage of
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each parallel module, and thus as to achieve the purpose of current sharing control between
modules. The virtual impedance control is added on the AC side to change the output
characteristics of the converter, and thus that the external characteristics of the parallel
modules are close to the same, thereby, suppressing the circulating current. Ry is the virtual
impedance, and k. is the droop coefficient.

The relationship between the AC side input current and the DC side current of the
three-phase current source converter is related to the switching logic signal &y of the power
switching device, and the relationship between the two is shown in Equation (19). Balance,
control the three-phase input AC current to reduce the circulating current caused by the
parameter difference of the parallel modules, and at the same time reduce the distortion of
the AC current measurement of the parallel modules.

Z'sk = 6kidc (19)

According to Kirchhoff’s voltage and Kirchhoft’s current law, for the column loop
equation and node voltage equation of the three-phase current source converter shown
in Figure 1, when the three-phase power grid is symmetrical, the filter capacitance of the
LC filter can be obtained. The potential is equal to the midpoint of the three-phase grid.
Then, the mathematical model of the three-phase current source converter is transformed
into Clarke coordinates, which are converted from the three-phase static coordinate system
to the two-phase static coordinate system, and the system order is reduced to obtain the
three-phase current source converter and the two-phase static coordinate system. The state
equation below is

diteq . .
C udt‘g = iap — daplde
digg
L=~ = eap — Ucap (20)

du . .
Cdc g = ldc — lo

dedclf,}c = %(&x”ca + 5(5”c[5) — Up

The AC side equivalent circuit of the current source converter in the two-phase
stationary coordinate system is shown in Figure 8.

i(xB r L

Figure 8. AC equivalent circuit.

The AC side adds a virtual impedance Ry in series with the filter inductor. By control-
ling the current of the filter capacitor, the input current of the bridge arm of the converter is
adjusted, thereby, reducing the current distortion due to the AC side of the converter. The
ratio of the voltage ug, of the virtual impedance to the voltage u. across the filter capacitor
is 1:K, and the current of the filter capacitor is

) du
icap = C—ge” (21)

According to the proportional relationship between the voltage across the virtual
impedance and the voltage across the filter capacitor, the current of the filter capacitor after
adding the virtual impedance can be obtained as Equation (22). i’ Cap is the current of the
filter capacitor after adding the virtual impedance.

) R,CP
Pcap = VK (22)
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The filter capacitor current is used as the feedback amount, and the difference is made
with the modulation parameter output by the current inner loop as the modulation signal
of the SVPWM generator. By changing the size of the virtual impedance Ry, the loop
impedance of the three-phase current source converter module can be changed, thereby,
reducing the loop impedance difference between parallel modules. Adding a virtual
impedance can change the modulation ratio of the SVPWM generator, thereby, changing
the duty ratio of the parallel converter module, which can reduce the difference between
the duty ratios of the parallel converter modules.

After the virtual impedance is added to the AC side, the three-phase input voltage on
the AC side consists of the voltage across the virtual impedance and the input AC voltage of
the three-phase current source converter, and thus the input AC voltage of the three-phase
current source converter is expressed as

/

A Um sin(wt) — ug,
o | = | omsin(wt—120°) — ug, (23)
vl Um sin(wt 4 120°) — ug,

In order to realize current sharing among parallel modules and make the external
characteristics of parallel modules consistent, droop control is added on the DC side. Since
the sampling period is very short, it can be assumed that the AC side current is constant
within a sampling period. There are differences in the external characteristics of parallel
modules, resulting in different stable operating points for each module.

By adding droop control on the DC side, the slope of the external characteristic curve
can be changed, and thus that the parallel modules can be stabilized at a similar operating
point, thereby, reducing the uneven current between the modules caused by the different
external characteristics of the DC side of the parallel modules. After adding droop control to
each module, it is equivalent to the series resistance of the DC output side, which increases
the impedance of the loop.

According to the analysis of the mathematical model of the circulating current of the
parallel current source converter in Section 2, the circulating current expression of the
parallel module after adding the virtual impedance of the AC side and the droop control of
the DC side is obtained. The value of the sag coefficient is 1-2% of the load. Among these,
Ry is the equivalent droop resistance when module 1 adds droop control, and Ry, is the
equivalent droop resistance when module 2 adds droop control. Among them, Ad!, (i =a,
b, ¢; m = p, n) is the duty cycle of the converter after adding virtual impedance control.

_ 1 Ad?P T /a
Cp =z Ra+z 7 Ra 1| B v o
Adl v (24)

Zyy +Rap—Z14 —Ray o i
2(Z1sHRq1+Zo4+Ryy) - Hde

Ad’ v}
I — Y A
Cin = Z14+Ra1+Zo++Raz bn O
/ vé (25)
cn

Zp+ ARy =Z14—Rar _  ;
(Z1+ TRy +Zp4 TRgp) ~ de

T3

Similarly, the positive and negative DC bus circulating currents of other parallel
modules can be obtained.

Ad’ o

— -1 Ad7p ?

Cop = Z1-+Ra1+2>-+Rqp T bp T| o
Ad' ol (26)

Z1-+Ra1—Zp- —Rap :
+2(Zl—+Rd1+ZZ—+Rd2) X 1de




Energies 2022, 15, 1952 11 of 22
Ad' v}
= L T| ad |T| 4
Con = z9RyF2z TR - (49
A d! Ué (27)
n

Z1-+Rq1 =7y —Rgp ;
T 37 FRuF 2y TRy X lde

From the above modeling analysis of the proposed virtual impedance-based non-
communication line parallel current source converter circulating current suppression
scheme, it can be obtained that the scheme can reduce the distortion of the AC current by
adding a virtual impedance on the AC side, and change the parallel converter. The external
characteristics of the module realize the current sharing control on the AC side. Adding
droop control to the DC side can realize the current sharing control of the DC side of the
parallel converter module.

4. Simulation Verification Results

There are many reasons for the difference in the external characteristics of the parallel
modules and the asynchronous working state. When the filter inductance or capacitance of
the parallel modules is different, the external characteristics of the parallel modules will be
different, and the impedance of the circulating current path will increase. If the frequency
carrier is out of synchronization, the working state of the parallel modules will be out
of synchronization.

In order to verify the effectiveness of the circulating current suppression method for
parallel current source converters based on virtual impedance, the parallel current source
converter system is analyzed for the following four situations: (1) There are differences
in the AC side inductance parameters of the parallel modules. (2) There are differences
in the DC side inductance. (3) There are differences in the positive and negative DC bus
inductances of a single parallel module.

According to the simulation results, the relationship curves between the virtual
impedance and the circulating current, the virtual impedance and the output DC voltage,
and the virtual impedance and the AC side current THD are obtained when the parameters
of the AC side inductance and the DC side inductance of the parallel module are differ-
ent. The above four analysis situations are simulated based on the MATLAB/Simulink
simulation platform, and the simulation parameters are shown in Table 1.

Table 1. Simulation parameters for parallel modules.

Simulation Parameters Numerical Value Simulation Parameters Numerical Value
Grid voltage amplitude/frequency 380 V/50 Hz Load Resistance 50 O
DC bus voltage Upc =400V Operating frequency fs =40kHz
DC side filter capacitor Cpc =940 uF AC side filter inductor L=25mH
DC side filter inductor of module 1 Lpcy =200 uH AC side filter capacitor C=94uF
DC side filter inductor of module 2 Lpco =100 uH Virtual impedance Ry =20Q

4.1. The DC Side Inductance Parameters of the Parallel Modules Are Different

Next, the simulation analysis is performed for the different inductance parameters
of the DC side of the parallel module, and a comparison of the simulation results is
given. The DC-side filter inductance of module 1 is 200 pH, and the DC-side inductance
of module 2 is 100 uH. The simulation analysis is performed for the scheme with and
without the suppression of the circulating current. The simulation results are shown in
Figures 9 and 10.

When the shunt converter system does not add the suppression circulating current
scheme, the effective value of the positive DC bus circulating current is 1.1 A, and the
AC side current THD is 4.63% at this time. The parallel converter system is added with
the suppression circulating current scheme. The virtual impedance is set to 20 (), and the
effective value of the positive DC bus circulating current is 0.6 A. At this time, the AC side
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current THD is reduced to 3.44%. Due to the addition of droop control on the DC side, the
output voltage is lossy, and the output voltage is stable at 395 V.
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Figure 9. The control scheme for suppressing circulating current is not added under different DC-side
inductance parameters (a) Positive DC bus circulating current. (b) AC side current. (c) DC side
output voltage. (d) THD of AC side current.
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Figure 10. Adding a control scheme of suppressing circulating current under different conditions of
DC-side inductance parameters (a) Positive DC bus circulating current. (b) AC side current. (c¢) DC
side output voltage. (d) THD of AC side current.

4.2. The AC Side Inductance Parameters of Parallel Modules Are Different

Different inductance parameters on the AC side of the parallel modules lead to differ-
ences in the external characteristics of the parallel modules. According to the parameters
shown in Table 1, the simulation analysis is performed on the different conditions of the AC
side inductance parameters of the parallel modules. The AC side inductance parameters
are set to the AC side of module 1. The side filter inductance is 2.5 mH, and the AC side
filter inductance of module 2 is 1 mH.

Figure 11 shows the results of circulating current, output DC voltage, AC side current
and AC side current THD of the parallel system without suppressing circulating current
control. The effective value of the positive DC bus circulating current is 1.05 A, and the AC
side current THD is 4.18% at this time. After adding the control method of suppressing the
circulating current, the obtained THD of the circulating current, output DC voltage, AC
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side current and AC side current of the parallel system is shown in Figure 12. The positive
DC bus circulating current is 0.7 A, the output DC voltage is 396 V, and the AC side current
is 0.7 A.

The THD was 3.87%. Comparing the results in Figure 11 with the results in Figure 12,
after adding the circulating current suppression scheme based on virtual impedance control
proposed in this paper, the circulating current of the positive DC bus is reduced to 0.7 A;
however, there is still a large peak value. After adding the control scheme to suppress the
circulating current, the current THD of the AC side is reduced; however, the output DC
voltage is lost due to the addition of droop control on the DC side.
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Figure 11. In the case of different AC side inductance parameters, no circulating current suppression
control scheme is added (a) Positive DC bus circulating current. (b) AC side current. (c) DC side
output voltage. (d) THD of AC side current.
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Figure 12. Adding a control scheme for suppressing circulating current when the inductance parame-
ters of the AC side are different (a) Positive DC bus circulating current. (b) AC side current. (¢) DC
side output voltage. (d) THD of AC side current.

In the case of differences in the filter inductance parameters on the AC side, the
simulation results show that the circulating current spikes with the suppression circulating
current strategy are almost the same as the circulating current spikes without the circulating
current suppression strategy. The reason for this is that, due to the large difference in the
inductance of the AC side, the difference in the change value of the inductance voltage
is large, which will lead to serious AC side voltage distortion during the commutation
process of the converter, which will cause the current of each parallel module to produce
peak distortion. The parallel connection of two modules results in the superposition of the
current spikes from each module, thus, creating a spike of circulating current.



Energies 2022, 15, 1952

16 of 22

4.3. Different Positive and Negative DC Bus Inductances for Individual Modules

The positive and negative DC busbars of the parallel converter module are connected
in series with a filter inductor. The function is that the symmetry of the four inductors
on the DC side can effectively reduce EMI and reduce the harmonic pollution of the
parallel converter system to the power grid. Next, we analyze the effect of adding the
circulating current suppression scheme to the parallel converter system when the positive
and negative DC bus filter inductance parameters of a single current source converter
module are different.

The positive DC bus inductance of the three-phase current source converter module is
set to 200 uH, and the inductance of the negative DC bus is set to 100 uH. Figures 13 and 14
show the results obtained without adding the suppression loop control scheme and adding
the suppression loop control scheme, respectively. When the control scheme of suppressing
the circulating current is not added, the effective value of the circulating current is 1.05 A,
because the four DC side inductances of the parallel system are asymmetrical, which
leads to the increase of the differential mode current of the system, thereby, increasing the
circulating current.
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Figure 13. The control scheme of the suppressing circulating current is not added under different

conditions of positive and negative DC bus inductance of parallel modules (a) Positive DC bus
circulating current. (b) AC side current. (c¢) DC side output voltage. (d) THD of AC side current.
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Figure 14. The control scheme of suppressing circulating current is added under different conditions
of the positive and negative DC bus inductance of the parallel module (a) Positive DC bus circulating
current. (b) AC side current. (c) DC side output voltage. (d) THD of AC side current.

After adding the suppression circulating current control scheme, the effective value
of the circulating current is reduced to 0.62 A, and the AC side current THD is reduced;
however, the circulating current still has a spike problem, which shows that the virtual
impedance-based suppression circulating current control scheme in this paper has little
influence on the differential mode current. Differential mode current needs to be added
on the basis of the scheme in this article to increase the scheme of suppressing differential
mode current.

The simulation results show that the circulating current spike after adding the sup-
pression circulating current scheme is larger than that without the control scheme. The
reason for the analysis is that the control scheme adopts the DC side droop control method,
which is equivalent to connecting the resistance in series on the DC output side to change
the external characteristics of the converter module.

Adding droop control increases the difference between the impedances of the positive
and negative DC buses of each converter module, resulting in the voltage distortion of each
converter module during voltage commutation, which further leads to the distortion of
the AC side current of each module. Eventually, the circulating current peak of the parallel
system increases; however, adding the control strategy proposed in this paper to suppress
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the circulating current can effectively reduce the effective value of the circulating current
and the THD of the parallel system.

4.4. The Relationship between Virtual Impedance and Circulating Current

In order to verify the effectiveness of the method of suppressing the circulating current
proposed in this paper, the simulation of different virtual impedances was conducted, and
the relationship between the parallel circulating current and the virtual impedance was
obtained, as shown in Figure 15. When the virtual impedance R, was less than 20 (), the
circulating current was suppressed. The effect was the best, however, when the virtual
impedance was not as large as possible.
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Figure 15. Relationship between circulating current and virtual impedance.

When the virtual impedance value gradually increased, the effect of suppressing
the circulating current gradually weakened. When the virtual impedance increased to a
certain value, the circulating current further increased, which was opposite to the effect of
increasing the method of suppressing the circulating current. The reason is that, when the
virtual impedance increases to a certain value, the ratio of the voltage across the AC side
capacitor of the converter to the actual voltage across the virtual impedance is inconsistent
with the set voltage ratio, resulting in a non-proportional feedback amount adjusted by the
virtual impedance.

When the virtual impedance is too large, the voltage drop on the virtual impedance
increases, and the voltage of the filter inductor on the AC side decreases, resulting in a
decrease in the bridge arm voltage input to the three-phase converter, and a large control
error will occur. The relationship between the AC side current THD and the virtual
impedance is shown in Figure 16. When the virtual impedance is 20 (), the AC side current
THD is the smallest. As the virtual impedance increases, the AC side current THD increases.
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Figure 16. Relationship between THD and virtual impedance.

5. Conclusions

In this paper, we classified the schemes of suppressing circulation, which can be
divided into centralized control, master—slave control, decentralized control, and wireless
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control. The advantages and disadvantages of each control scheme were analyzed and
compared. The circulating current of the parallel three-phase current source converter was
mathematically modeled, the expression of the circulating current was obtained, and the
factors that affect the size of the circulating current were obtained through analysis.

According to an in-depth analysis of the existing schemes, we proposed a scheme
based on virtual impedance for shunt current source converters to suppress the circulating
current. Impedance control and droop control on the DC side were used to realize wireless
current sharing control between parallel modules. The scheme was a wireless control
scheme that can avoid the use of communication lines between modules, improve the
scalability and modularity of the power supply, and greatly improve the redundancy of the
parallel system.

In order to verify the effectiveness of the proposed scheme, the control scheme was
simulated under the conditions of different circuit parameters of parallel modules and
different conditions of positive and negative DC bus inductances of a single module, and
the suppression effect of the scheme was analyzed. The simulation results showed that
the control strategy proposed in this paper to suppress the circulating current reduced the
circulating current to 50% of that without the control scheme and reduced the AC side
current THD.

By comparing the relationship between the circulating current and the virtual impedance
of parallel converter systems with different virtual impedances, the results showed that
the virtual impedance could not be very large. When the THD was high and the virtual
impedance was too large, unnecessary power loss occurred, reducing the efficiency of the
parallel converter system. The scheme has the advantages of no communication line, simple
control, and high reliability.

However, the shunt current source converter based on virtual impedance studied in
this paper adopted DC side droop control, which causes output voltage loss. At the same
time, the inductance of the DC side of the converter in this paper is small, which leads to the
situation that the output DC current fluctuates greatly. However, using a small inductor on
the DC side of the converter can effectively reduce the size of the parallel converter system.

In order to realize the high power density of the parallel system, reduce the volume,
and apply it to the occasions with high requirements for the converter system, how to
reduce the current fluctuation when using a small inductance on the DC side of the
converter requires further research. The control strategy proposed in this paper has not
been verified by experiments. Therefore, the theoretical part and the simulation part
of the control strategy proposed in this paper were comprehensively analyzed to verify
the effectiveness of the strategy theoretically and provide theoretical support for future
experimental verification.

A future work is to experimentally verify the proposed strategy for suppressing
circulation. The experiment will first design and build two three-phase current source
converter platforms to verify the rationality of the voltage and current double closed-loop
control method and the design of the space vector modulation strategy. Next, the parallel
system of two three-phase current source converters can be tested. In the experimental
verification, the same AC power supply and DC side load can be used to verify the
effectiveness of the control strategy proposed in this paper under different hardware
parameters of parallel modules.
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