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Abstract—This letter proposed a decentralized control method
to attenuate the circulating current among the grid-connected
inverters without extra cost on the communication. Based on the
combination of cascaded model predictive control (MPC) and
modified LC'L filter topologies, the developed method can locally
limit the circulating current for different types of inverters, e.g.,
single/three-phase grid-connection, and various applications, e.g.,
shunted or distributed inverters with/without common DC bus,
respectively. The merits of the proposed method include (1)
decentralized circulating current control without the need of a
central controller or the corresponding communication to collect
the sampling and calculate the common mode components for
leakage current attenuation among different inverters; (2) gener-
alized control method that can be applied to single/three-phase
inverters for both shunted and distributed inverters with/without
common DC bus applications; (3) no synchronization is needed
for PWM signals among different inverters to attenuate the
circulating current; (4) cascaded MPC without the need of
individual inverter’s grid side uncertain filter parameters for
the attenuation of circulating current and system parametric
modeling; (5) better transient performance with the inner loop
MPC. The experimental results verified the proposed method.

Index Terms—Decentralized control, circulating current atten-
uation, model predictive control, distributed inverters, shunted
inverters, grid-connection.

I. INTRODUCTION

IRCULATING current is a critical issue in the grid-
connected inverters-interfaced renewable energy systems.
The high frequency fluctuation of the common mode voltage
in the inverters can generate leakage current to be flowing
into the grid through the parasitic capacitance, especially in
the photovoltaic (PV) stations. Traditionally, for the individual
inverter, extra high/line frequency transformers or specially
designed active bypassing circuits are needed to reduce the
leakage current from flowing into the grid. Alternatively, in a
centralized PV system with distributed inverters, the circulat-
ing leakage current can be attenuated by the synchronization
of the PWM carrier angles among the inverters. The latter
method requires extra low latency communication channels
which brings more cost. Also, for the shunted inverters that
have common DC bus, there also exists circulating current
among the parallel-connected inverters. In this case, a central
controller is needed with the corresponding communication
to the local controller of each shunted inverter to collect the
sampling information and implement the circulating current
control.
Firstly, for the leakage current attenuation in individual
grid-connected inverter, [1]-[8] proposed specially designed

topologies with extra active bypassing circuits on AC and DC
side. Specifically, [1]-[4] added the leakage current bypassing
circuits on the AC side with extra freewheeling paths and
[5]-[8] inserted the bypassing circuits on the DC side. Both
methods induce extra device cost and power losses. Secondly,
for the circulating current reduction among multiple grid-
connected inverters, the applications can be divided into two
types, distributed and shunted connections. The shunted in-
verters are connected in parallel with the common DC bus and
the distributed inverters have the separate DC sources for each
inverter. [9] proposed a circulating current reduction method
for multiple shunted two-level inverters by gathering the
leakage current of the local inverters into the central controller
with communication. [10]-[14] developed different circulating
current attenuation methods for shunted three-level three-
phase inverters by leveraging a central controller to integrate
the local inverters sampling information with communication.
[15] proposed another leakage current limiting technique for
shunted three-level four-leg inverters. [16] focused on the
circulating current attenuation specifically for shunted single-
phase inverters. [17] developed the circulating current mitiga-
tion methods for shunted three-level rectifiers system consid-
ering the neutral switching faults by leveraging communicated
controllers among the converters. [18] proposed to utilize
the common-mode vectors to attenuate the resonance current
among the shunted inverters with coordinated controllers.
[19] studied another method by modifying the three-level T-
type shunted inverters with the communicated controllers to
reduce the resonance circulating current. [20] proposed an
integrated modulation method to reduce the circulating current
and common-mode voltage for the shunted three-level invert-
ers system with centralized control and PWM modulation
strategies. Besides the shunted inverters, the circulating current
reduction of distributed inverters with separate DC buses are
also studied. For the distributed inverters system, since the
inverters are distributed farther than the shunted inverters, the
communication latency requirement is more critical. [21], [22]
proposed PWM synchronization-based methods to reduce the
circulating current injection into the grid. [23], [24] optimized
the phase angles among the distributed inverters PWM signals
with low latency communications. [25] proposed a circulat-
ing current attenuation method by evenly redistributing the
active current and minimizing the reactive current among the
distributed inverters with coordinated communications. [26]
and [27] developed PWM synchronization methods to reduce
the circulating current in parallel-connected motor traction
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Fig. 1. Decentralized circulating current control strategies for (a) three-phase
and (b) single-phase grid applications.

inverters and grid-tied inverter, respectively. Thus, for the
circulating current attenuation in shunted/distributed inverters
systems, either central controllers or PWM synchronization
requires low latency communication tools which bring extra
complexity and cost.

This letter developed a decentralized control method to lo-
cally attenuate the circulating current based on cascaded MPC
and modified LC'L filtering topology without extra cost on the
communication. Firstly, the control method combined with the
modified filtering topology are demonstrated. Secondly, the
applications of single/three-phase inverters for shunted and
distributed grid-connected systems are illustrated. Finally, the
experimental results verified the analysis.

II. DECENTRALIZED CIRCULATING CURRENT CONTROL

The proposed decentralized circulating current control strat-
egy for the modified three/single-phase inverters are shown
in Fig. 1(a) and 1(b), respectively. For the modified LC'L
filtering topology of the inverters, the upper/lower output
capacitors, C'y4 and C'y_, are connected to the DC bus positive
and negative terminals, respectively. This filtering circuitry
modification contributes to bypassing the circulating leakage
current without flowing into the grid. As are shown in Fig. 2(a)
and 2(b) for the three/single-phase equivalent common mode
circuits, the circulating current can be locally restricted within
the switch side inductors and upper/lower output capacitors
instead of flowing into the grid. In the equivalent circuits,
the variables, vy qpcup and vy gbe,io, represent switch legs
upper and lower switch pulsating voltages, respectively. The
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Fig. 2. Equivalent common mode circuits for (a) three-phase and (b) single-
phase grid applications.
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Fig. 3. Operation modes for three-phase modified inverter in (a) active state
and (b) null state.

attenuation of circulating current is achieved by combining the
modified LCL filtering topology and the decentralized control
strategy in Fig. 1. The main control architecture includes
two cascaded loops: (1) outer loop grid side inductor dg
current control for active/reactive power management and
zero-sequence circulating current control for the attenuation
of leakage current. The outer loop will generate the references
for the per phase power module local MPC control; (2) inner
loop per power module model predictive control to track the
output capacitor voltage references from the outer loop and
increase the control bandwidth.
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Fig. 4. Operation modes for single-phase modified inverter in (a) active state
and (b) null state.
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Fig. 5. (a) Distributed grid-connected inverters structure without common DC
bus and (b) the corresponding equivalent common mode circuits.

Fig. 6. (a) Shunted grid-connected inverters structure with common DC bus
and (b) the corresponding equivalent common mode circuits.

A. Outer Loop Circulating Current Control

For the outer loop control in Fig. 1(a) and 1(b), the grid side
inductor dg current components and the circulating leakage
current are controlled by PI with the references of ¢7, g.d> 17, 9.
and 17, . respectively. Specifically, the i, and 77, are
corresponding to the active and reactive power adjustments.
And the outputs of grid side inductor dg current controllers
are configured as the output capacitor dg voltage tracking
references, v(, £.d and v(*}f’ @ for the inner loop MPC control.

For the decentralized attenuation of circulating current, ¢7, 9,0 is
configured to be OA to restrict the leakage current from flowing
into the grid and other inverters. Then, the output of decentral-
ized circulating current controller will be superposed with half
of DC bus voltage, v4., to formulate the zero-sequence output
capacitor voltage tracking reference, v¢,; o, for the inner loop
MPC control. The Park/Clarke transformations are leveraged
to transform the output capacitor references from dq0 to abc
for three-phase application in Fig. 1(a) and to ab for single-
phase application in Fig. 1(b).

B. Inner Loop Model Predictive Control

Each phase of the three/single-phase inverters is implement-
ing the same MPC algorithm for the switch side LC filter to
track the output capacitor voltage references, v¢ s . for three-
phase and v, f.ap for single-phase, received from the outer
loop.

For the MPC implementation, in every control period, the
MPC controller receives the measured switch side induc-
tor current, iz, abe, Capacitor voltage, vy ape, grid current,
iLg,abe» from ADC and output capacitor voltage references,
UGt ape from the outer loop controllers. An offline generated
piecewise affine search tree is applied to derive the optimal
duty cycle for the explicit MPC. The discrete state equations
of switch side LC filter can be derived as:

ins(k+1) =irs(k) — %Ucf(k) + ’UchTs d(k) (1a)
Ts . Ts .
vor(k+1) = C—fus(k) +vey(k) — G; irg(k).  (1b)

For the flexibility of implementing the explicit MPC and the
convenience of experimentally adjusting the DC bus voltage
during test, the last term of (1), v4.d(k), can be replaced by
the phase leg output voltage, v,.(k). The state-space model for
MPC can be expressed in standard matrix format of

Xk41 = Ac Xk + Beour + Ecer (2)

where the variables and matrices for MPC control represent
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In the MPC formulation, the inductor current/capacitor voltage
references can be defined as X and the tracking errors between
the measurement and the references are expressed as X which
are composed of
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Thus, the cost function includes two terms
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For the penalties of the MPC cost function, Q¢ and R¢
represent the weighing factor matrices that are implemented
on the state values and input values, respectively.

The novelties of the developed control strategy can be
concluded as: (1) The outer loop grid current dg0 components
control for active/reactive power management and decentral-
ized circulating current attenuation is cascaded with inner
loop switch side inductor current, capacitor voltage model
predictive control. The circulating current is restricted locally
by the zero-sequence grid current controller in combination
with the modified LC'L circuit. The resonance are damped and
control bandwidth are improved by the inner loop MPC. (2)
The MPC is parameterized and implemented for the switch
side inductor current, 775, and output capacitor,vcy, instead
of output side inductor This control structure can avoid the
inaccuracy and error caused by the modeling of grid side
inductance uncertainty in the parameters. (3) The MPC is im-
plemented in abc reference frame for per phase switch side LC'
filter. This implementation reduces the computation burden of
the MPC algorithm generation and is flexible for random phase
number in the single/three-phase grid applications.

C. Operation Modes

The operation modes of the modified three and single-
phase grid-tied inverters are illustrated in Fig. 3 and Fig. 4,
respectively. Specifically, Fig. 3(a) and Fig. 4(a) demonstrate
the working modes in active states when the current is trans-
ferring between the DC and AC side through the upper and
lower switches. Fig. 3(b) and Fig. 4(b) show the working
modes in null states when the current is freewheeling through
the lower switches. The blue arrows represent the differential
mode (DM) current components and dashed red lines are the
common mode (CM) current components.

D. Circulating Current Suppression Principle

The circulating current suppression principle of the pro-
posed method is mainly based on the combination of decen-
tralized control strategies and the modified circuitry topologies
in Fig. 1. Firstly, the modified topologies in the filtering
circuit provide a local circulating current bypassing path as
is show in the red dashed lines in Fig. 2 and Fig. 3. This
bypassing path itself has the partial capability of reducing the
zero-sequence current by connecting the common points of
output upper/lower capacitors to the positive/negative DC bus
terminals. However, this connection modification can bypass
1/2 to 2/3 of the circulating current. Secondly, only applying
the control method cannot attenuate the zero-sequence current,
since the leakage current caused by the high frequency CM
noise on the switching side needs a physical path to flow
through. Under this circumstance, the only path will be the grid
side if no extra bypassing path is created. Finally, combining
the decentralized circulating current control strategies and the
modified circuitry topologies, the zero-sequence component of
the duty cycle will prompt the circulating current to flow more
through the upper/lower sides of bypassing circuits instead of
the grid.
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Fig. 7. Prototype of (a) the inverter board and (b) switch side inductor.

Fig. 8. Experimental prototype.

E. Capacitor and Inductor Design

The capacitor and inductor values design for the modified
filtering circuit are analyzed in this subsection. The main stan-
dard that needs to follow is the grid current/voltage waveforms
quality. The specification can be found from IEEE STD 519 to
choose the value of grid side inductor, L, for the attenuation
grid current harmonics.

For the switch side inductor, the minimum inductance,
L ¢ min, can be determined by the maximum required current
ripple, Air mqz, With the duty cycle of 0.5, d, switching
frequency, fs., and DC bus voltage, V.

d(1 — d)Vye
fswAiL .

With the desired grid/switch side inductance determined, the
capacitance can be designed by the minimum output voltage
ripple, urippie and the resonant frequency of the LCL filter,
wres. Specifically, the minimum capacitance is determined by
the output voltage ripple which is expressed as

Lf,min = (6)

1- dmin
8L puripple[ %] f2,
Then, from the minimum available C'¢ ypmin and Cf o min,

the value of capacitance can be adjusted to determine the
resonant frequency of LCL filter system as is shown in

Cf,up,min + Cf,lo,min = (7)

Li+ Ly
= . 8
e \/Lng(Cfﬂw +Crio) ®

Based on (8), the capacitor values can be finally determined
to choose a specific resonant frequency of the LCL filter.
Then, with the help of w,..s and LC'L parameters, the control
bandwidth, w,, can be further designed to avoid the excitation.



iLs,abe 10A/div
- Veap,al - h 50V7div
= < -

iLg,gpc L SA/div

. Vde 10ms/div 50V/div

e S i e
Grid current

Capacitor voltage 50V/div

Inductor,gurrent .,

204/div

10ms/div

(b)

« «DC voltage 100V/div

Fig. 9. Switch side inductor current, output capacitor voltage, grid side
inductor current and DC bus voltage transient waveforms for (a) three-phase
and (b) single-phase grid applications with a current step of 4A.
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Fig. 10. Circulating current comparison for distributed inverters not sharing
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during transient.
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Fig. 12. Experimental transient comparison of conventional PI and developed
MPC with current steps from (a) 2A to 8A and (b) 8A to 2A.

III. MERITS AND VALIDATIONS

The merits of the developed decentralized circulating cur-
rent control are validated in this section. Fig. 7 shows the
prototype of inverter board and the switch side inductor. The
power switches are cooled with fan on the top. The output
capacitors, TDK FA10 ceramic capacitors, and grid side surface
mount inductors are all integrated on the inverter board.
The total volume of the inversion system is 2.38L including
1.85L of the inverter board and 0.53L of the switch side

inductors. The existing bypassing circuit solutions cost extra
active switches than the proposed methods. [3] and [4] of the
AC bypassing solutions cost 6 and 2 more switches than the
proposed method. [7] and [8] of the DC bypassing solutions
cost 2 and 1 more switches than the proposed method. Fig.
8 shows the prototype of three separate inverter boards, three
sets of three-phase switch side inductors, inverter board power
supplies, three DC power supplies for the distributed inverters
and scope. Fig. 9(a) and 9(b) show the switch side inductor
current, output capacitor voltage, grid side inductor current and
DC voltage waveforms for three/single-phase grid-connected
inverters, respectively, with a current step of 4A. Fig. 10(a)
and 10(b) compare the circulating current between with and
without the decentralized control method among distributed
inverters in Fig. 5 with separate DC bus during the current
step transient period. The developed local circulating current
attenuation method reduces the leakage current by a factor 6.
Fig. 11(a) and 11(b) compare the circulating current between
with and without the decentralized control method among
shunted inverters in Fig. 6 with common DC bus during
the current step transient period. The DC offset and ripple
of the circulating current are reduced by a factor of 5. For
the validation of transient performance improvement of the
cascaded MPC, the comparison between the developed control
and conventional PI are shown in Fig. 12(b) and 12(a) with
current steps from 2A to 8A and 8A to 2A, respectively. The
inner loop MPC enables a larger control gain for the outer loop
PI with higher control bandwidth, faster reference tracking and
less oscillation during transients. The rising time of cascaded
MPC is less than 1.5ms without oscillation at a gain of 10.
However, the conventional PI can only perform stably at a low
gain of 2. A same high gain of 10 as the MPC will result in
big oscillation for the conventional PI during transient. Thus,
the cascaded MPC of the developed decentralized circulating
current control improves the dynamic performance without the
need/influence of grid side inductance parameters. Also, no
communication channels are needed for central controller in
[9]-[16] or PWM synchronization in [21]-[24].

For the contributions of this paper, we have concluded the
following aspects. Firstly, a decentralized circulating current
control is developed without the need of a central con-
troller or the corresponding communication to collect the
sampling for leakage current attenuation among different
inverters. Secondly, the control method is suitable for both
single/three-phase inverters under shunted or distributed con-
nections with/without common DC bus applications. Thirdly,
no synchronization is needed for PWM signals among different
inverters to attenuate the circulating current. Fourthly, cas-
caded inner loop MPC control structure improves the modeling
accuracy without the need of the individual inverter’s grid side
uncertain filter parameters for the attenuation of circulating
current and system parametric modeling. Finally, the transient
performance and control bandwidth are improved with MPC.

IV. CONCLUSION

This letter developed a decentralized circulating current
control method based on the combination of cascaded MPC



and modified LCL filtering topology. The control strategies
can be applied locally to attenuate the circulating leakage
current among the grid-connected inverters in distributed areas
without common DC bus or shunted connection with common
DC bus. Both single/three-phase inverters can leverage the
control architecture to restrict the leakage current. Compared
to the conventional circulating current attenuation methods, no
communication tools are needed to either gather the local in-
verters sampling information or synchronize the PWM signals
among the local inverters for a centralized circulating current
elimination. Thus, the communication cost is largely reduced.
Also, the local cascaded MPC avoids needing the various
individual inverters grid side filter parameter information. The
dynamic performance is improved with the inner loop MPC.
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