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Abstract—This paper proposes a novel control method for
current source inverters under the grid-connected working mode.
The control scheme is based on a modified droop control method,
with an additional current reference signal that will be generated
instead of the voltage reference. Hence, there is only a current
control loop with droop control in the whole control scheme
without voltage control loop. So it is very suitable for grid-
connected current source inverter which will simplify the design
of the control scheme and combine the advantage of droop
control. The parallel configuration is widely used to acquire high
power demand, but the circulating current problem is a key issue
that should be considered. In this paper, a simulation based on
parallel current source inverters using the proposed control
scheme is provided. Simulation results showed that a good
circulating current suppression capability of the proposed control
scheme is obtained with a proper controller design.

Keywords—droop control; current-source
connected; circulating current

inverter; grid-

I. INTRODUCTION

Distributed generation (DG) systems based on renewable
energy sources, such as photovoltaic arrays, fuel cells, or small
wind turbines, are attracting the market and research interest as
a feasible choice in a sustainable development environment [1-
3]. In this case, it is necessary to use intelligent power
interfaces between the electrical generation sources and the
grid. These interfaces have a common final stage consisting of
dc/ac inverters. The performance of the inverters in a
distributed generation system working as an interface between
the utility grid and distributed power sources is a key issue that
to be considered. And new control strategies and power
architectures are needed to deal with high power demand.
Increasing the system’s capacity by connecting inverters in
parallel is a well-known solution [4-8]. The power inverters are
connected to a common AC line to feed power to the grid or
supply the distributed loads.

The inverters can be classified into current-source inverters
(CSIs) and voltage-source inverters (VSIs), and there is another
type of inverter called impedance source inverter [9] which was
proposed in the year 2002. But the VSI and CSI are still being
used as the preferred topology in wide range of applications.
The CSIs are commonly used to inject current to the grid
directly. The current-source inverter (CSI) offers advantages
over voltage source inverter (VSI) in terms of inherent boosting
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and short-circuit protection capabilities, direct output current
controllability, and ac-side simpler filter structure [10], [11].
These features make it attractive in many applications [12],
such as high speed elevators, high-power electric drives and
distributed generation systems as an interface between the
utility grid and distributed power sources [13]. The topology of
CSI is shown in Fig.1. It consists of six IGBTSs and six diodes
to avoid current flowing from AC side to DC side. But with the
rapid developments of the reverse-blocking IGBTs, the CSI
may become a potentially predominant choice due to reduced
conduction losses [14]. As the rating of switching devices is
often limited or constrained by technical or economic
considerations, parallel architecture is often adopted to increase
the power rating. In a parallel system, one of the main
problems is the circulating current [15-17].

A traditional current-sharing solution is the frequency and
voltage droop method with the feature of wireless control
among the parallel units [18-20]. There are many reviews on
the control strategies in inverter-based applications. The role of
the controller in parallel inverters is to have good current
sharing while maintain the system stability. Also the controller
must achieve synchronization, and to guarantee that the
frequency and the voltage are within the allowed limits, the
control strategies can be classified into centralized, master-
slave, decentralized and distributed control strategies [21].

As one of the decentralized control methods, droop control
is suitable for modular design of distributed generation system.
The main idea of the droop control is to regulate the voltage
and the frequency by regulating the reactive and the active
power respectively which can be sensed locally. The droop
control method has many desirable features such as
expandability, modularity, redundancy, and flexibility.

For a grid-connected inverter system, the main purpose is to
inject current to the grid, and the grid voltage is uncontrollable,
but the amplitude, frequency and phase information of the grid
voltage can be used in the control loop. So the idea of this
paper is to modify the traditional droop control to generate
reference currents instead of voltage, then to simplify the
control loops by using just one current control loop. By using
the proposed modified method, it can combine the advantages
of the droop control and the easy design of the controllers. And
with proper design of the current controller, a good current
sharing performance can be obtained.
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Fig. 1. Topology of the current source inverter.

This paper is organized as follows: In Section II, the
concept of the traditional droop control is briefly introduced
firstly, then the idea of the modified droop control is given and
the circulating current analysis for paralleled current source
inverters is discussed. In Section III, simulation results are
implemented which verify the effectiveness of the presented
idea. The conclusions are given in Section IV.

II. THE PROPOSED CONTROL STRATEGY

A. The concept of the traditional droop control

Fig. 2 shows the control scheme of the traditional droop
control. With the objective to parallel connected inverters, the
reference Vs of the voltage control loop will be generated by
the droop controller. The droop control is responsible to adjust
the phase and the amplitude of the voltage reference according
to the active and reactive powers (P and Q), for the case of
power flow control. The droop control functions are defined as
(1) and (2), and the power calculation can be realized by (3)
and (4) [22]:
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where ¢ is the phase of V. ¢*is the phase reference, P*
and Q* are the active and reactive references, and Gp(s) and
Go(s) are the compensator function, selected as:

k,ps+kp
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(6)
where p and g are the active and reactive power before filtering
respectively, veqpand icqp are the capacitor voltage and the filter
current.

In (5) and (6), k,p and k,p are the droop coefficients. In
order to eliminate p and g ripples, the following low pass filters
are applied to obtain P and Q, being that w. is the cut-off
frequency of the low-pass filters.

P=—2%_p (7)
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Finally, the voltage reference can be obtained by using the

following equation:

v, = Esin(¢) ©

The apf-coordinates variables are obtained by using the
well-known transformation:
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Fig. 2. The traditional droop control scheme.

B. The proposed modified droop control loop

Since in this paper, the parallel connected current source
inverters are used to feed power to the grid, in order to simplify
the control scheme, only a current control loop is needed. To
implement this control concept with droop control, a small
mofification is made in the control sheme.

Fig. 3 shows the block diagram of the modified droop
control scheme for one of the parallel three-phase CSIs, the
others will use the same control architectures. In the control
architecture, the basic concept is to modify the droop control to
generate the reference currents for the CSIs instead of the
reference voltages. Equation (11) is used to calculate the
reference currents, ¢ and E are from the traditional droop
control loop, and E is the amplitude of the voltage, P*
represents the active power injected from one of the parallel
inverters to the grid. In (11), “2/3” is used to calculate the
amplitude of the reference currents for a single phase which is
deduced from (12).

*

. 2
Ly = % -sin(@) 5 (11)

PR N
ref E/\/E 3

A phase lock loop (PLL) is used to acquire the phase
information of the grid voltage in order to synchronize the
output currents with the grid voltage to gain a high power
factor. Since there is no communication among the parallel
CSlIs, it is suitable for modular design of distributed generation
system.

V2 -sin(g) (12)



IdC1 m A0S @
C/f = == = -:’\ 1‘:. Grid
Vabcl Iabd T 3 Vi Grid
2 Y'Y -
Lier Y'Y\ Static
oLl Yy switch
/2 ——%
Vath I abc2
I /
- . i la [d | ——<2<L

SVPWM
for CSI; | dq

i

*

Lagr™ [dq

Vabcl vCaﬂ 1 N

lOaﬁ 1

]abcl >

Power Calculation

Fig. 3. The control architecture of CSI;.
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Fig. 4. The circulating current path in two parallel connected CSIs.

CSI, CSI,

Fig. 5. Equivalent circuit of two parallel CSIs.

C. Analysis of the circulating current

This paper takes a system of two parallel-connected CSIs
for an example to analyze the circulating current. The
circulating current will flow from one inverter to another
through the common AC bus. Fig. 4 shows the probably
circulating current path when IGBTs S;; and S, are turned on.
The circulating current will flow through the blue line, then
across the solid red line or dotted red line based on the IGBTs
which are in ON state. The parallel three-phase inverters
considering the output impedances can be simplified as Fig. 5
because of the similar principle of three-phase and single-phase



inverters. In Fig. 5, Z; and Z; are the output impedances of the
two parallel inverters respectively, Z., is the equivalent grid
impedance, £; and E, are the outputs voltage of the two
inverters, /; and I, are the output currents, /, is the grid current.
According to literature [16], the circulating current /., can be
defined as:

Icir=(11-l2)/2 (13)
Assuming that the output impedances of the parallel

inverters are equal to each other, Z,=Z,=Z, then based on Fig. 5,
the circulating current can be calculated as:

]Cirz(EI-EZ)/zz (14)

In a practical system, Z; and Z, will be different because of
the different parameters of filters and line impedances or stray
parameters. So that virtual impedance can be used to modify
the output impedance of the parallel inverters which will be
discussed in future literatures.

III. SIMULATION RESULTS

In order to verify the effectiveness of the proposed control
strategy, a simulation model consists of two parallel-connected
CSlIs was built in Matlab/Simulink, using the modified droop
control method. The whole active power of the system is about
29 kW, and the RMS value of the grid voltage is 230V, so the
amplitude of single phase current for one CSI is 30A. The
simulation results are shown in Fig. 6 to Fig. 15.

Figs. 6 and 7 are the phase A reference currents of the
parallel connected CSIs generated by the modified droop
control loop, sinewave reference currents were obtained. As

40

0.5 0.6 0.7 0.8 0.9 1
Time (s)

Fig. 6. The phase 4 reference current of CSI; from the modified droop control
loop.

H
o

Current (A)
= N W
o O O o

R A
o o
_—

=30
_40 1 1 1
0.5 0.6 0.7 0.8 0.9 1

Time (s)

Fig. 7. The phase 4 reference current of CSI, from the modified droop control
loop.

can be seen from Fig. 8 and Fig. 9, the circulating current
among the parallel inverters is very small. As shown in Fig. 11
to Fig.13, the current injected by the system is synchronized
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Fig. 8. The phase 4 output currents of the two parallel CSIs and the circulating
current among them.
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Fig. 9. The zoomed-in circulating current among the parallel CSIs.
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Fig. 10. The phase 4 output currents of the two parallel CSIs and the phase 4
grid current.
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Fig. 11. The phase 4 output currents of the two parallel CSIs and the phase 4
grid voltage.
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Fig. 12. The zoomed-in phase 4 output currents of the two parallel CSIs and
the phase A grid voltage.
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Fig. 13. The phase 4 grid voltage and grid current.
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Fig. 14. The total harmonic distortion (THD) of phase 4 output current of CSI;.
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Fig. 15. The THD of phase 4 output current of CSL,.

with the grid voltage, it means that a high power factor is
obtained. Figs. 14 and 15 show the THD of the output currents,
both of them are much smaller than 5% which is in the
limitation of the harmonic standard.

IV. CONCLUSION

Parallel inverters are widely used in industrial applications
for high power demand, and the average current-sharing
scheme is necessary. A modified droop control method was
proposed in this paper for grid-connected working mode
current source inverters. It simplifies the control scheme by just
using one current control loop compared with the traditional
droop control which consists of one voltage loop and one
current loop. Simulation has been done with two parallel-
connected inverters feeding power to the grid. The simulation
results demonstrate that, sinewave reference currents are
obtained with the modified droop control loop, and with proper
design of the current controller, the circulating current among
the parallel CSlIs can be effectively suppressed, and the average
current-sharing is realized.
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