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Abstract— To cope with power from large-scale renewable
systems, more and more power electronic converters are used in
parallel. Typically, carrier interleaving is used, thus leading to a
decrease in filtering requirements. However, this causes additional
circulating current to flow between the modules of the converter.
The modules of the parallel converters are Voltage Source
Converters (VSC). Usually, a coupled inductor (CI) is used to
suppress the circulating current. However, the CI can be sensitive
to the low order harmonic content of the circulating current which
can appear owing to parameter mismatches between the
converters. If the value of the low frequency circulating current is
too high, this can saturate the CI. In order to ensure stable
operation of the converter, this article presents a circulating
current control based on the Proportional Resonant (PR)
controller, which reduces the value of the low frequency
circulating current. Furthermore, a specially designed sampling
method is also presented, which ensures that only the fundamental
component of the circulating current is fed to the circulating
current controller.

Keywords—Parellel interleaved converters, Circulating current
control Grid connected, Coupled inductor,

I.  INTRODUCTION

In recent years the power rating of the renewable energy
sources has increased significantly. In order to keep the grid
stable more and more stringent grid codes are to be introduced.
One of the most stringent ones is the German BDEW standard,
which specifies the current harmonic injection limit up to the
180" harmonic [1].

In order to meet these grid requirements the electrical
energy produced by these converters has to be processed by a
power electronic converter. The most commonly used
converter, in these applications, is the two level Voltage Source
Converter (VSC) [2]. In the parallel interleaved system the
modules of the converter are VSCs. Due to the limited power
handling capability of these converters they are often connected
in parallel [3].

Studies proved that by using the carrier interleaving
technique the resultant current can be improved compared to
the non-interleaved ones. Carrier interleaving cancels the first
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order switching harmonic and can reduce the value of the upper
harmonics and the filtering requirements [4]. On the other hand,
the carrier interleaving causes additional circulating current to
flow between the converter modules. The circulating current is
aresult of the difference in the pole voltages (measured between
the phase and the fictitious O point of the dc-link). Due to this
difference in the phase voltages the positive and negative
terminals of the dc-link will be short circuited through the filter
inductors [5]. The suppression of the circulating current can be
achieved by multiple solutions. One solution is to insert an
isolation transformer at the output of each converter module,
hence cutting the path of the circulating current [6]. This
solution is the most costly one since bulky transformers are
required. Another solution is presented in [7], where a common
mode (CM) filter is inserted at the output of every converter. In
[8-12] the authors use a coupled inductor (CI) for suppressing
the circulating current. In this paper the CI will be used due to
its good performance against the circulating current. The
drawback of this solution is that the current between the
modules has to be shared equally. Failing to do so, the core of
the CI may saturate because of the low frequency circulating
current that appears between the modules.

Improper current sharing can be due to differences in the
control signals applied to the different converters, or owing to
parameter mismatches and parasitic impedances on the path of
the converter current. The effects of these mismatches have to
be eliminated in order to ensure proper current sharing. This can
be achieved by multiple solutions.

In [13], the authors control the circulating current by
controlling the difference in the Pulse Width Modulated
(PWM) signals. While in [8], the authors ensure current sharing
by calculating an average current for a phase, based on this
information they change the control signals for the phases
individually. Fen at al. [14] and [15] control the common mode
current between the modules of the parallel VSC, and not the
circulating current for every phase. A dead beat circulating
current controller is used in [ 16]. In this case the authors control
the circulating current by modifying the common mode
voltages applied to the converters. The concept of circulating
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impedance is introduced in [15]. The current sharing is ensured
by controlling a virtual impedance between the modules of the
parallel connected VSC.

All the previous models, compensate for the instantaneous
circulating currents or they try to maintain an average current.
However, there is no special focus on the low frequency
circulating current.

In this article the authors propose a Proportional Resonant
(PR) controller for controlling the low frequency circulating
current. The benefit of this solution is the high gain of the PR
controller at the resonance frequency [17]. Moreover, a
sampling method will be explained which, ensures that the
compensation is done only for the low order components.

The paper is organized as follows: in section II the model of
the CI is presented along with the circulating current modeling.
The next section presents the controller used for circulating
current control. The simulation and experimental results are
shown in section IV, while the conclusion in section V.

II. CIRCULATING CURRENT

A. Setup description

The setup consisting of two parallel connected VSCs, which
are connected to the grid using a step-up transformer, is
presented in Fig. 1. The carrier interleaving technique is used to
cancel the effect of the first order switching harmonic in the
resultant current and to be able to reduce the size of the grid
current filters [18]. On the other hand, the carrier interleaving
causes additional circulating current to flow between the two
VSCs. To effectively suppress this circulating current a CI is
introduced between the same phases of the two interleaved
VSCs.

B. Coupled inductor model

In Fig. 2 the scheme of the CI is presented, where R,; and
R., represent the winding resistances of the two phases. Due to
interleaving, there will be instances when the upper switch of
VSCI1, for phase A, will be clamped to the positive dc link
terminal, and at the same time the bottom switch of VSC2 will
be connected to the negative dc link terminal.
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Fig. 1 Topology of two grid connected VSCs connected in parallel using
coupled inductors as circulating current filters

Therefore, the positive and negative terminals of the dc link
will be short circuited through the CI. Hence, the purpose of the
CI is to offer a high impedance on the path of this current.

Typically, the CI is designed to act on the switching frequency
component of the converter current and on its odd multiples. If
the current sharing between the converter modules is not equal,
an additional circulating current component appears.

The current from both converters produce a magnetic flux
in the coupled inductor. Due to the physical arrangement of the
windings, the flux produced by Iy; will have an opposite
direction compared to the flux produced by Iy,. Thus, the
fundamental component of the two currents will be cancelled.

The circulating current can be modelled as follows [10]:
[x,l = le +]x,c

1
[x,2 :IXZ_]):,L' ( )
where, I,; and [, represent the fundamental current
component for phase x (x= [A,B,C] ) of VSC1 and VSC2,
respectively. /,.; and /, ; are the currents measured at the output
of VSC1 and VSC2. The total current (/;), which in this case is
the grid current (/y,), is expressed as

I =21, )
From (1) the circulating current /, . is derived as
I -1
[x . — x,1 x,2 (3)
’ 2

Furthermore, if there is a mismatch between the
fundamental component of the phase current (/, ;, I\ 2) this will
generate a low frequency (50 Hz) current to flow between the
two VSCs. This current will result in a low frequency magnetic
flux, which will be added on the top of the flux generated by the
interleaving. Because the CI is designed only for high order
harmonics, having a low order harmonics may saturate the CI,
and eventually trip the converter. To overcome this issue, it has
to be assured that the fundamental components of both VSCs
currents (/. , Iy,2) are equal all the time.

The fundamental components of the converter currents can
be different due to multiple reasons, such as:

e Difference in the on-state voltage drop of the
switching devices

e  Mismatches in the parameters of the CI inductor
due to manufacturing

e  Mismatches in the turn on and turn off times of the
employed switching devices

e Difference in the cable parameters which are used
to interconnect the VSCs

e Difference in the parameters of the current sensors
(such as: calibration, tolerance etc.)

All of these mismatches maybe assumed as a difference in
the resistances which are inserted in the path of the output
current of each of the VSCs. The value of the resultant
resistance mismatch has been purposely exaggerated in this
paper in order to highlight the performance of the proposed PR
controller.
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Fig. 2 Model of the Coupled Inductor including the parasitic resistances

III. CIRCULATING CURRENT CONTROLLER

A. Grid Current Controller description

In the configuration, depicted by Fig. 1, the grid current (/. z)
is controlled, and the same modulating signals are applied to
both converters, but the carriers are interleaved. Therefore, the
fundamental component of the grid current will be equally
shared between the converter modules. However, if there is
difference between the converter modules, the current sharing
will not be ideal, hence a low frequency circulating current will
appear between the two converter modules.

To control the grid current a Proportional Resonant (PR)
controller is used, since it offers high gain at the fundamental
frequency. The benefits of using PR controllers for controlling
the grid current has been presented in [17]. The transfer
function of the PR controller is presented below

S
G,p = Kp+ Ki—>— 4
=8P s+ @

Where, Kp is the proportional gain, Ki is the integral gain, and
@y is the angular speed of the utility grid.

The reference voltages, which are calculated by the
controller, are used as an input for the modulators of the two
VSCs. Every VSC has its' own modulator, since the PWM
signals have to be phase shifted by the specified interleaving
angle.

B. Circulating Current Controller

To control the circulating current at the fundamental
frequency, an additional PR controller is used. The reason
behind it is that if there is a mismatch in the fundamental values
of the two currents, that one will be translated into a circulating
current having mostly fundamental frequency. On the other
hand, the phase of the circulating current can be only
determined by using single-phase Phased-Locked-Loop (PLL).
This will further complicate the control structure, since all
circulating currents will require a PLL.

Since, the modulating signal is applied to both converters
the modulating signal has to be modified, in order to be able to
control the circulating current. The output signal of the
circulating current controller will be added to only one of the
modulating signals of the VSCs. The circulating current is

present between the phases of two converter modules, therefore
it is sufficient to modify the modulating signal of only one of
the converters.

In Fig. 3 the scheme of the circulating current controller is
presented. The V4 ,.rsignal is the reference signal for phase A
which has been synthesized by the grid current controller. The
output of the circulating current controller is subtracted from
this value before the signal goes to the modulator of VSC2. On
the other hand, the V' . for the other modulator is not changed.

When controlling the grid current the double update
technique is used, in order to achieve higher bandwidth.
Specifically, that the grid current is sampled in the beginning
and in the middle of the switching period. Hence, the reference
voltage will be calculated and updated twice during one
switching interval. In the case of the circulating current
controller, the circulating current is sampled only once during a
switching interval.

As stated previously, the circulating current has two major
components: a high frequency one, which is due to the
switching, and a low frequency one which occurs because of
the difference of the fundamental currents of the two VSCs. If
the same sampling frequency would have been used (2*fsw) as
per the grid current controller, then according to the Nyquist
criteria, the sampled signal will have components from both
circulating current components. Since only the low frequency
one can be controlled, it is essential that only this component is
used for control. One solution can be to use filters to filter out
this component. But by using filters the complexity of the
controller is increased, and the performance is reduced because
the filter would introduce delay in the system. To overcome
these problems, the circulating current is sampled only once
during a switching period. Doing so the switching frequency
component will not be visible in the sampled value, only the
low frequency one. The drawback of the solution is that the
bandwidth of the controller is reduced. However, since the used
controller is a PR one, and this is tuned for the fundamental
frequency, by reducing the samples the control bandwidth is not
affected.

VA ref o | Modulator
VSCl

Modulator

Ly VA ref mod
Grr(s) VSC2

L2

Fig. 3 Structure of the circulating current controller

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

To verify the performance of the circulating current
controller a simulation model using Matlab/Simulink and Plecs
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has been used. In TABLE 1 the parameters used for the
simulation and experimental studies are presented.

The circulating current and the magnetic flux for phase A
when no circulating current controller is used, are presented in
Fig. 4. The magnetic flux produced by the difference of the
fundamental current reaches the level of 1.5 T for the CI used
in the simulation. On the other hand, when the circulating
current controller is enabled (Fig. 5), the magnetic flux value is
decreased significantly (from 2.8 T to ~0.9 T). Moreover, the
low frequency component is also suppressed.

TABLEI SIMULATION AND EXPERIMENTAL PARAMETERS
Parameter Value
Inductance of the CI (Lc¢) 0.051 H
Switching/Sampling frequency(fsw) 2.55kHz
Interleaving angle 180°
Power 10 kVA
Nominal current 14A rms

Grid voltage 400 Vrms(l-1)
Grid frequency 50 Hz
Modulation method Space Vector Modulation

Circulating Current of Phase A
T T

Lol il |
if 0F W\ N i
=0 Mm / b |
WUW /LW W\N\fﬁwﬂ
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WWW | /LW ’““VWJWW“ MWJW\WJW _

time [s]

Fig. 4 Without circulating current controller Upper figure: Circulating
current of phase A; bottom figure: red- magnetic flux produced by the current
of phase A of VSCI; blue:-magnetic flux produced by the current of phase A

of VSC2

B. Experimental results

An experimental setup, consisting of two VSCs connected
in parallel has been built with a total power of 10 kVA, and the
performance of the controller has been investigated. To
emphasize the mismatch in the parameters of the two VSCs an

additional resistance has been included in the experimental
setup at the output of phase A of VSCI. The control logic was
implemented using a TMS320F28346 microcontroller unit,
while a California Instruments grid emulator was used.

The measurements were carried out at nominal load.
Unfortunately, since the magnetic flux produced by the current
of VSC1 and VSC2 cannot be measured directly, but the flux in
the CI is the replica of the current hence only the measured
currents are presented. In Fig. 6, the experimental results are
shown for the case when no circulating current controller has
been used. This figure depicts the individual currents of phase
A of VSCI1 and VSC2, the grid current and the circulating
current for the same phase. It can be seen that the circulating
current has also low frequency component along with the high
frequency one.

3 Circulating Current of Phase A
T T T

2r 4
1+

WUUUWJV\WWWWWW WLPWMWWWV\ N UWMWWMWW

Ak

Ty Al
<
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2k d

3 L . . L | | L
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Fig. 5 Witch circulating current controller Upper figure: Circulating
current of phase A; bottom figure: red- magnetic flux produced by the current
of phase A of VSC1; blue:-magnetic flux produced by the current of phase A
of VSC2

The experimental results when the circulating current
controller is employed are presented by Fig. 7. This
measurement shows the same quantities as the previous figure,
however, in this case the low frequency component of the
circulating current has been reduced significantly.

The flux density in the CI should be restricted below the
saturation flux density. The peak value of the flux density is
proportional to the peak value of the circulating current and
effectiveness of the controller has been demonstrated by
comparing the peak value of the circulating current in both the
cases. When the circulating current controller has been used this
value was decreased by ~2 A (from 4.63A to 2.06 A), proving
that the circulating current controller reduced the peak-to-peak
value of the circulating current, thus resulting in smaller
magnetic flux for the CI. Furthermore, the circulating current
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shape and magnitude from the measurements are similar with
the results from the simulation.
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Fig. 6 Experimental results without circulating current control:
CH1(blue)-Phase A current of VSC1; CH2( light blue)-Phase A current of

VSC2; CH3(purple)- total current for Phase A; CH4(green)-circulating current
for Phase A between VSCI1 and VSC2;

@ 2004

parallel interleaved VSCs. The use of a PR controller eliminates
the need of a PLL, thus significantly simplifying the control
structure. Moreover, by using this method, any other
conventional grid current controllers can be used, since the
circulating current controller is fully decoupled from the grid
current controller.

A sampling method, which eliminates the switching
frequency harmonic from the circulating current has also been
presented. Doing so, there is no need for additional filtering,
which would introduce additional delays in the system.
Therefore, a stable operation for the PR controller can be
achieved.

To prove the effectiveness of the proposed controller, both
simulation and experimental results are presented. It can be
concluded that the proposed controller effectively suppresses
the circulating current, ensuring that the CI is not saturated.
Furthermore, the design margin for the saturation of the CI can
be decreased, hence the size of it can be reduced.
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Fig. 7 Experimental results with circulating current control: CH1(blue)-
Phase A current of VSC1; CH2( light blue)-Phase A current of VSC2;

CH3(purple)- total current for Phase A; CH4(green)-circulating current for
Phase A between VSCI1 and VSC2;

The circulating current for the controlled and uncontrolled
case is shown by Fig. 8. At the trigger point of the figure, the
circulating current controller is turned off. It can be observed
that in both cases the circulating current has some low
frequency harmonics. This is present due to the mismatch in the
current sensors.

V. CONCLUSION

This paper has presented a control method in abc natural
frame to address the circulating current in grid connected

.RV\]/IUS.OA 6%5:1 0 A @ 2004 @ 1004 ][ﬁ‘l.ylr\“lsmuuu« ][m(w]
@ RS 6.807 A
@it reak siton
Fig. 8 Experimental results with circulating current control when the
circulating current controller is turned off in the middle of the period:
CH]1(blue)-Phase A current of VSC1; CH2( light blue)-Phase A current of

VSC2; CH3(purple)- total current for Phase A; CH4(green)-circulating current
for Phase A between VSCI1 and VSC2;
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