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Abstract— A Pulse Width Modulation method is presented
in this paper for the harmonics and circulating current
reduction in the power converters system. The power converter
considered for this research work is a boost converter connected
in an interleaved topology in a single setup. The Common-Mode
Circulating Current CMCC are studied in detail in this
interleaved topology setup. For the Differential-Mode
Circulating Current DMCC, these two identical interleaved
setups are then connected in parallel. A PWM control method is
suggested for harmonic elimination and control of circulating
currents inside the circuit. This method results are compared
with Feed Forward and AICMC control methods. Simulation
results are presented to show the effectiveness of this proposed
model.

Keywords—Circulating Currents Control, Power Electronic
Converters, Harmonics Elimination.

I. INTRODUCTION

Interleaving topologies of the converters are proven to be
more effective than non-interleaving because of the
cancellation and reduction of first and higher-order
harmonics [1]. But on the other hand, an interleaved
connection between the converters generates a certain
amount of unwanted currents that circulate between the
interleaved converters module. Such unwanted currents in the
circuit are known to be circulating currents, resulting from
the difference in phase/pole voltage. To suppress the
circulating currents, different types of control methods are
discussed in this part of the article.

Insertion of the isolation transformer at the output end of
each converter is introduced in [2] to cut the path for the flow
of these unwanted currents. The problem in this method is
mainly the high cost and size because of these separate
isolation transformers. A Common Mode CM filter is
inserted in [3] at each converter’s output to suppress these
circulating currents but the same problem of the high cost was
the issue. In reference [4]—[8], Coupled Inductors CI is used
because of its good performance in reducing circulating
currents in the circuit. The only problem is these articles were
the sharing of unbalanced load currents between the
converters due to the insertion of these CI.

To improve the power system’s capability and reliability,
the converters are connected in parallel [9]—[12]. This parallel
topology is also a fine way for the modularized design of the
power system because it provides a flexible, high-capacity
augmented system. On the other hand, paralleling the
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converters also have some major problems because of the
unsynchronized operation of the converters connected in
parallel.

Paralleling the converter device was a concept given for a
more reliable system with more proper load current balancing
schemes [13]-[16]. From the results of [15], [16], it is
concluded that paralleling the converter is more reliable. Still,
the problem of circulating current is also a major issue in such
topologies [9]-[11], [13], which can also lead to the
unbalanced load current sharing between the converters,
which will also degrade the performance of the system. To
deal with circulating currents in parallel devices can also be
done via the same isolation method. The isolation can either
be in the form of installing isolation transformers at the input
side after the AC supply source [2], [17] or applying
separated AC sources to each of the parallel-connected
converters [13], [18]. The approach used in these articles is
not practically desirable because of the expensiveness and
bulkiness of the whole system.

In both cases, either interleaving or paralleling the
converters, circulating current exist mainly because of the
improper current sharing between them. While this problem
of unequal current sharing mainly depends upon the control
schemes applied or the mismatching of the converter
parameters. So for circulating currents coping, one has to
minimize these mismatches to provide a proper balanced
current sharing between the converters. As isolation
techniques result in bulky power systems, controlling the
PWM signals approach is introduced in [19] by the
researchers in which the circulating currents are eradicated
from the system with the help of controlling the PWM signals
provided to the converters. A similar approach is provided in
[4], where the average current for each phase is calculated.
Then based on these calculations, the control signals are
updated for each phase individually.

Similarly, the common-mode circulating currents are
controlled by Fen et al. [20], [21] considering the parallel
modules as a whole, not between the phases. Another PWM
control technique, i.e., the deadbeat control method [22], is
introduced in which these circulating currents are controlled
with the help of modifying the voltage supplied. The
circulating impedance concept [21] is introduced between the
converter modules to minimize the circulating currents.

A PWM control-based circulating current controller is
proposed in this work for dealing with both interleaved and
parallel topologies of the converter modules. In the



beginning, all possible types of circulating current loops are
identified inside the circuit in detail. The power converter
selected for this article is the boost converter because of its
wide and easy use in most circuits. A bridgeless interleaved
topology of the two boost converters is considered in the first
case. The types of the circulating current loops in this
interleaved topology are discussed, along with their impact
on the power system. A PWM control strategy is discussed in
detail to deal with these circulating currents. This bridgeless
interleaved topology of the converter module is then
connected in parallel to another identical setup across a single
AC power supply source. Same the possible circulating
current loops are again defined in detail. Then the PWM
control strategy is updated to deal with all the types of these
unwanted circulating current loops. The control of circulating
current loops is performed smoothly and with ease of
implementation in  this technique, without any
communication between the parallel-connected modules.
This method provides a flexible interleaved and parallel
system of the boost converter with reduced size and cost. Due
to the absence of the bridge in the circuit, the power losses
are minimized throughout the system. According to a certain
reference given voltage, the output voltage control is also
maintained in this method along with harmonics reduction
from the line current. The power factor of the system is also
maintained near to the unity.

The distribution of the article is done as the interleaved
and parallel topologies of a boost converter are discussed in
section II of this paper. Our proposed control scheme is
discussed in detail in section III. Section IV is about the
comparison made between our controller with AICMC and
Feed Forward control schemes. The detailed simulation
results and comparisons are presented in section V of this
article. At the end, the conclusion is made in section V1.

II. INTERLEAVED AND PARALLEL CONNECTED BOOST
CONVERTERS

For the application of power conversion, the AC-DC
conversion stage is placed immediately after an AC supply
source to provide a DC voltage used furtherly for different
stages. The current is drawn discontinuously from an AC
source with high amplitude for a short duration. The user-end
appliances demand a stable DC supply at the output. For this
purpose, the capacitive filters and rectifiers are placed at the
end of the circuit, resulting in short-duration current spikes.
The total harmonic content of the circuit is disturbed due to
this type of current spike. These types of problems are more
prominent in high-power delivering circuits. For the
quantitative measurement of the power quality of any power
system, two main factors are monitored, i.e., Power Factor PF
and Total Harmonic Distortion THD of that system. PF
predominantly deals with the useful power consumption of
the system. For power factor compensation, Power Factor
Correctors PFCs are introduced to the power systems. PFCs
tend to shape the input supply current with respect to the input
supply voltage to make them in-phase and get the maximum
input power from the AC supply source.

Fig. 1 illustrates a block diagram of the bridgeless PFC
with the interleaved topology of a boost converter. Two boost
converters are connected in an interleaved scheme for each
half-line cycle. The input voltage of this circuit is
symmetrical in two half-line cycles while the line current of
the circuit flows only through the two diodes of the circuits,
which results in low conduction losses. The space utilization

and the thermal performance of the circuit also improve
because of using two inductors compared to using a single
conventional inductor. So it can help improve the system’s
efficiency even for higher power applications. The sum of
both inductor currents, i.e., ILI and IL2, represents the total
current from the input supply source. The ripple currents will
be out of phase in these inductors, due to which they will
cancel the effect of each other. This will also lead to the
reduction of EMI filter size by mitigating the high-frequency
ripple current generated because of the high-speed switching
of the boost converter. Outer capacitor high-frequency ripple
is also reduced in this interleaving technology.

The detailed operation of this bridgeless interleaved buck-
boost converter is performed in two different cycles of the
input voltage, i.e., the positive and the negative half cycle.
During the positive half cycle, the power is transmitted from
the input to the output with the use of L/. While for the
negative half cycle, the power is supplied with the help of 2.
For the first positive cycle, switch S/ is ON, a path is
provided for the current between the load and the input supply
source with the help of inductor L/. The circuit loop L1, S1,
and DI/ is a single boost converter switching at high
frequency for the first positive cycle. For the negative half
cycle, a link is provided between the input supply source and
the output load with the help of inductor L2. Here L2, S2, and
D2 react as a boost converter switching at high frequency for
another cycle.

Power electronic converter modules can be connected in
parallel to increase the system's output power capabilities.
Two or more power converters are connected in parallel to
provide redundancy and ensure the system functionality in
case of failure of a single converter. Parallel connected
multiple power modules can distribute the thermal head load
over a larger board area and achieve higher power
requirements. As shown in the fig. 2, two identical setups of
fig. 1 are considered for parallel connection. They are
connected across the same supply at the input and load at the
output end.
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Fig. 1. Interleaved Connected Boost Converters.
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Fig. 2. Parallel Connected Two Setups of Interleaved Boost Converters.



III. PROPOSED CONTROL SCHEME WITH CMCC AND DMCC
CONTROLLERS

Common Mode Circulating Current CMCC refers to the
types of circulating current in a single module of the
interleaved topology of a boost converter. By definition,
CMCC is the difference between the inductor currents of the
two legs of interleaved topology [23] i.e.

emeca = lra1 = lLa, ; ae{1,23,..,n} (€]

A combined controller(for both interleaved and parallel
connection of the converter), as shown in fig. 3 is proposed
to minimize these circulating currents inside the boost
converter circuit with a single module. Two main controller
loops are defined inside the controller, i.e., the outer control
loop and the inner control loop. The outer control loop is also
known as the voltage control loop. It is specified for the
output voltage regulation and to maintain it at a certain
reference value. At the same time, the inner loop is also
named as a current control loop, used to control the line
current of the circuit. A separate CMCC controller is also
added to the control part for the minimization of the common
mode currents from the interleaved topology of the converter.

L

The Differential mode circulating currents are mainly part
of the parallel-connected system, as shown in fig 2. By
definition, Differential Mode Circulating Currents DMCC is
the difference between the inductor currents of the first leg of
each parallel-connected module i.e.

idmcc_jk = (S} . iLk_l - 6k . iLml ; ],k € { 1, 2, 3, ...,n} )
j#Em (2)
Here J, represents the distribution factor, and its value
should between 0 and 1, i.e., (0 < 6x > 1). This distribution
factor is given by;
P,

8, = —> ;o x€{1,2,3,..,n} 3)
Ptotal

P, represents the power of that individual converter, while
P Tepresents the total power of the parallel-connected
converter module system.

The below-shown controller is used in case of both
parallel and interleaved connections of the converters to cope
with CMCC and DMCC together. In the case of the parallel
connection of the converters, the current control loop will be
further divided into the number of loops depending upon the
numbers of the parallel-connected setups, as shown in fig. 6.
The distribution factor, shown in fig. 3 and fig. 6 will be the
part of the control action performed for both CMCC and
DMCC.

IV. PROPOSED CONTROL METHOD TRADEOFF WITH AICMC
AND FEED FORWARD CONTROL METHODS

Circulating currents in the circuits are mainly due to
unbalanced current sharing between the parallel converters.
Due to this unbalance in current sharing, THD of the whole
power system also gets effected because of the harmonics
generated in the line currents. Due to these harmonics,
sometimes the supply currents become out of phase from the
supply voltage, which affects the system's power factor. The
proposed scheme is better in the load current sharing between
the modules connected in parallel. The method presented in
this article is mainly about controlling these circulating
currents inside the scheme to reduce the flow of reverse
currents and the harmonic generation reduction in the line
currents. The above discussed control method is paralleled
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Fig. 3. Proposed Controller with both CMCC and DMCC Controller.

with two other well-known current-controlled methods, i.e.,
Average Inductor Current Mode Controller AICMC and Feed
Forward control method.

a. Average Inductor Current Mode Controller

A well-known and easy-to-implement control scheme is
AICMC. This control scheme is the most commonly used
current control scheme because of its simplicity and ease of
use. A general AICMC method used for this system is
considered, i.c., parallel-connected modules of interleaved
boost converters are shown in fig. 4. AICMC mainly
comprises two control loops. The outer voltage loop works
for the voltage regulation at the outer side, while the inner
control loop works for the line current regulation [24].

In the outer loop, the DC output voltage is compared with
a reference voltage for getting the error value, which is then
provided to a PI voltage regulator to regulate the load voltage
according to that specified reference voltage. After this PI
regulator stage, a multiplier stage comes with two inputs, i.e.,
the input from the PI voltage regulator, which acts as a scaling
factor for the rectified input voltage and the rectified voltage
divided by the square of RMS value of input voltage. The
output of this multiplier stage acts as a reference value for the
current control loop where the inductor current is compared
with this to produce the error signal, which is minimized by
the use of the current PI regulator. All these stages require a
high-speed DSP where the processes are performed
continuously with the help of software in each cycle.

b. Feed Forward Control Scheme

The Feed Forward control algorithm for the scheme,
taken under consideration in this research work, is shown in
fig. 5. The feed forward control is about the calculation of the
duty cycle values responsible for the system's unity power
factor [25], [26]. For input voltage Vi, (?), output voltage
Vou(t), d(m) as duty cycle for n” switching cycle, #(#) and
t(n+1) as the beginning instant of n™ and (n+1)" switching
cycle and 7 as the switching period, the equations for the ON
and OFF state of conventional boost converters are given by
equation (4) and (5) respectively;

i) +dm).Ty) — iL(t(n))

Vin(t@)) = L N (4)
Vin(t@) = V,(t))
_ O+ D) — () +d0.T) — i, (t()) )

d(n).T,
From above two equations, the inductor currents at the
beginning of the next switching cycle can be deduced from
inductor current at the beginning of present switching cycle;

V.. (t).T,

iL(t(n + 1)) = iL(t(n)) + %
V(1 -dm). T

L

(6)
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Fig. 4. AICMC Control Scheme for under-considered Parallel Power
System.
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Fig. 5. Feed Forward Control Scheme for under-considered Parallel Power
System.

So based on the circuit parameters of the conventional
boost converter, the duty cycle value for the unity power
factor can be deducted from the equation (6);

() = L(i,(n J; 1)T— i,(n)) ‘Ilfm(n) o

The results of these two schemes are presented in the next
section of simulation results. Then their comparison is made
with our proposed control method, which is the main theme
of this research work. The effectiveness and the better
performance of our proposed PWM-based harmonics
elimination and circulating current reduction is presented in
the next section of this article.

V. SIMULATIONS AND RESULTS COMPARISON

This setup contains four boost converters, each in a set of
two connected in bridgeless interleaved topology to provide
a single module. Then these two modules are connected in
parallel topology. The verification of our proposed scheme is
done with the help of MATLAB. Interleaved Topology
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circuit of two converters is used to verify Common Mode
Circulating Currents CMCC control. Two such interleaved
topology modules are connected in parallel to perform the
verification of the Differential Mode Circulating Currents
DMCC control. A centralized scheme shown in fig. 6 is
verified in Simulink for two modules of the bridgeless boost
interleaved converters connected in parallel to each other,
which can be extended to the » numbers of parallel-connected
converter modules. For verifications and comparison, this
proposed scheme is compared with the simulation of the same
scheme with other well-known control methods, i.e., Average
Inductor Current Mode Controller AICMC and Feed Forward
control method.

Tos2.2

Fig. 6. Centralized Controller.

Before applying the control to interleaved and parallel
converters, their profile for the CMCC is shown in fig. 7. It
shows the CMCC profile and both inductor currents of the
same modules, with no control applied. Similarly, the DMCC
currents profile, which is the difference between the first leg
of each parallel module without any controller is shown in
fig. 11. It can be seen that without control, there are
harmonics as well as circulating currents in these interleaved
and parallel-connected converters.

Now for comparison, all three control schemes shown in
fig. 3, fig. 4, and fig. 5 are applied to the system to verify our
proposed method adequately. The result comparisons are
performed to show the efficiency and tenacity of our
proposed work in terms of the harmonics elimination, power
factor improvement, and all the types of circulating currents
reduction from the system that are dangerous for these
converters. The sequence followed is; Applying AICMC
first, followed by the Feed Forward controller and then our
proposed control scheme at the end. The results are provided
first for CMCC and then for DMCC for the above three
controllers.

Following the sequence, the AICMC, Feed Forward and
our proposed controller results for CMCC are shown in fig.
8, fig. 9, and fig. 10, respectively. In the case of AICMC and
Feed Forward controller, there still exist common-mode
circulating currents inside the system. In the case of our
proposed scheme, these circulating currents are efficiently
removed from the system, as shown in fig. 10. Similarly,
following the sequence for DMCC, the results shown in fig.
12-14 shows the differential mode circulating currents profile
for AICMC, Feed Forward, and our proposed control method.
It is prominent that our proposed control scheme has a proper
control on DMCC. The inductor currents profile for DMCC
controller and input supply voltage and current profiles are
shown in fig. 15 and 16 respectively. It is evident that both
the voltage and current are purely sinusoidal, and they are in
phase to each other resulting in low THD of the system.



Fig. 7. CMCC Profile w/o any Controller along with Inductor Currents.
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Fig. 9. CMCC Profile with Feed Forward Control Method.
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Fig. 10. CMCC Profile with proposed controller method.

Fig. 11. DMCC Profile w/o any Control.

Summing up all the results and discussions, it has been
proved that our proposed scheme is performing better in
terms of the other two methods. If we dig further into the
results, we can say that after our proposed control scheme,
the second-best performance for this power system setup is
shown by AICMC, which controls both CMCCs and DMCCs
to a certain extent to Feed Forward control scheme.
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Fig. 12. DMCC Profile with AICMC Control Method.
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Fig. 13. DMCC Profile with Feed Forward Control Method.
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VI. CONCLUSION

A control method is proposed in this research work to

reduce the circulating current in different topologies of the
power converters. The circulating currents existing in
interleaved and parallel connections of the converters are
discussed in detail. Then two other controllers and our
proposed controller are applied to it to minimize both
common mode and differential mode circulating currents.
The result comparisons clearly show the effectiveness of our
proposed controller.
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