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Abstract—Conventional sources like fossil fuels were
used earlier to satisfy the energy demands. Nowadays
these are being replaced by renewable sources like photovoltaic sources. Photo-voltaic is a method of generating
electrical power by converting the energy from the sun
into direct current with the use of semiconductor devices
that exhibit photovoltaic effect. They do not cause
environmental pollution and do not require any moving
parts. Different types of DC-DC Converters have been
proposed in literature but Inter-leaved boost Converter
(IBC) is widely used because of its fast dynamic response
and high power density. This paper presents an analysis
of the voltage mode control strategies employed by
Ripple Cancellation Network (RCN) based two phase
Interleaved boost Converter (IBC) for photo-voltaic
applications. After analyzing the different Boost
converter topologies, the results illustrate that IBC is
more efficient than conventional boost converter as it
reduces the input current ripple, output voltage ripple,
component size and improves its transient response. On
adding the Ripple Cancellation Network to the
conventional IBC, the output voltage and input current
ripple are further reduced without increasing the diode
current stress. Adopting the closed loop voltage mode
control, the ripple components are found to decrease
significantly at the output thereby achieving a higher
level of efficiency. A comparison is drawn between open
and closed loop voltage control ripple component values.
Simulations are carried out using MATLAB/SIMULINK
software to verify with the theoretical results.
Index Terms—Interleaved boost converter, photovoltaic,
ripple cancellation network, voltage mode control.

I. INTRODUCTION
Solar energy is converted to electricity using an
electronic device called solar panel using photo-voltaic
effect. PV applications can be grouped into utility
interactive and stand-alone applications. Utility
interactive applications provide a backup system to
ensure that electricity is produced throughout the year
Copyright © 2015 MECS

irrespective of the weather conditions. While stand-alone
systems without the utility connection uses the electricity
where it is produced. However, to cater to the energy
needs during non-sunny and cloudy period PV-charged
battery storage system is used. PV systems with batteries
can be used to power dc or ac equipment. PV systems
with battery storage are being used all over the world to
power lights, sensors, recording equipment, switches,
appliances, telephones, televisions, and even power tools.
PV serves as an ideal source using the availability of low
DC power requirement for mobile and remote lightning
requirements [1].Systems using several types of electrical
generation combine the advantages of each. Engine
generators can produce electricity anytime. Thus, they
provide an excellent backup for the PV modules, which
produce power only during daylight hours, when power is
needed at night or on cloudy days. On the other hand, PV
operates quietly and inexpensively, and it does not
pollute.
This paper basically presents the three converter
topologies: Conventional Interleaved boost converter,
Coupled inductor Interleaved boost converter and Interleaved boost converter with ripple cancellation network.
It compares the performances by reducing the input
current ripple, output voltage ripple and the passive
component size. In conventional IBC, to make the input
current ripple minimum, the inductor size increases
adding to the converter weight. These shortcomings can
be overcome by using the second and third converter
topologies. Interleaved parallel structure has been applied
in many power density applications so as to reduce the
input current ripple because of its frequency doubling
characteristic, output voltage ripple, passive component
size and improve transient response. Coupled inductor
IBC achieves ripple cancellation even more and also
reduces the component size due to the coupling of
inductor. However, the leakage inductance of the coupled
inductor increases in the diode current stress causing
extra EMI (Electro-magnetic interference) problems [2].
The third topology overcoming the above shortcomings is
the interleaved boost converter with ripple cancellation
network (RCN). The RCN comprises of two capacitors,
two inductors and two coupled inductors. The coupled
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inductors of the network share the same core as that of
the main inductors. This topology achieves maximum
ripple cancellation at the input current and output voltage
without introducing any extra EMI problems.
The paper (in 4 sections) initially presents the
topologies of the converters (Conventional, Coupled
inductor IBC and IBC with RCN) with a brief
explanation on how each works. In Section-1, the
topology of Ripple Cancellation Network based
Interleaved boost Converter is detailed along with its
operations and workings. Section-2 starts with the
discussion of available control strategies for IBC and the
voltage mode control strategy adopted for the proposed
converter. Section -3 demonstrates the implementation of
control methods for open and closed loop modes of
operation. Section- 4 finally draws a comparison between
the open and closed loop output voltage ripple values. As
a trade-off between the converter size and ripple, the
chosen number of phases is two. The converter circuit
diagrams, expected waveforms, design specifications, and
design parameters are discussed. The simulations for
demonstrating the different topologies are done using the
MATLAB/SIMULINK.
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energy that is stored in L2 is transferred to the load.
During the second mode (t1-t2) both the switches S1 and
S2 are in the off state. The inductors L1 and L2 transfer
their energy to the load resulting in the decay of the
inductor currents iL1 and iL2.The coupled inductor work
as ripple cancellation network thereby reducing the input
current ripples. The current stresses of the switches and
diodes in the proposed converter are equal to the
maximum inductor current value. In the interval, t2-t3, the
switch S2 is turned on and the inductor L2 starts charging
while iL1 decays. During t3-t4, both S1 and S2 are turned
off and L2 starts discharging as a result iL2 decays. The
key steady waveforms for IBC with RCN are shown in
Figure 2.

II. IBC WITH RIPPLE CANCELLATION NETWORK
A. Open Loop Mode
This topology includes two capacitors, two coupled
inductors and two inductors. The coupled inductors share
the same core with the main inductors[3-4]. The IBC with
RCN minimizes the input current ripple to a greater
extent without introducing an extra EMI problem. The
circuit of IBC with ripple cancellation network is shown
in Figure1.

Fig. 2. Steady waveforms for IBC with RCN

The selection of duty cycle, number of phases,
coupling coefficient, design of inductors and capacitors is
very important for reduction of both the input current and
output voltage ripple [5-6].
B. Closed Loop Voltage Control Mode
To regulate the output of the converter, closed loop
control is used. Here the output voltage is given as input
to the PWM generator, which in turn gives the pulses to
the switches in the circuit. In order to obtain load
regulation, a PI controller is added to get the desired
output voltage. The block diagram is as follows,

Fig. 1. Schematic of IBC with RCN

The proposed topology provides a reduced input
current ripple without increasing the current stress and
switching losses of the device. The operation of the
proposed topology is divided into two modes of operation.
In the first mode, (to-t1, refer fig.2) the switch S1 is turned
on and S2 is off. The inductor L1 is charged and the
Copyright © 2015 MECS

Fig. 3. Block diagram of closed loop voltage control mode

III. DESIGN METHODOLOGIES FOR INTERLEAVED BOOST
CONVERTER
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A. Selection of Number of Phases
The ripple content decreases with increase in number
of phases. Increasing the number of phases does not
decrease the ripple content to a great extent and further
the circuit becomes more complex. Hence, as a trade-off
between the ripple content and the cost and complexity,
the number of phases is chosen as two[10-11]. The
number of inductors, switches and diodes are same as the
number of phases and switching frequency is same for all
the phases.
B. Selection of Duty Cycle
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o
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is the input

C. Selection of Power Devices
The semiconductor devices chosen for constructing the
two phase interleaved boost converter is MOSFET
(IRFP90N20D) and a fast recovery diode (MUR
3020WT). The power MOSFET has lower switching
losses and also higher switching frequency. The fast
recovery diode has an advantage of ultra-fast recovery
time[12-13].
The parameters chosen are V in=36V, V o=72V, D=0.5,
F=100 kHz and Pout=1000W.
D. Design of Inductance and Capacitance
When the switch S1 is ON, the other switch S2 remains
OFF. During this time, the main inductor L1 is charged
linearly. In the meantime, the main inductor L2 starts to
transfer its energy to the load Ro. Similarly during the
next cycle, the switch S2 is ON and the switch S1 remains
OFF. The main inductor L2 is charged linearly and at the
same time the inductor L1 starts transferring its energy to
the load Ro.In the proposed converter, L1=L2=L,
L1A=L2A=LA, L1B=L2B=LB and M1=M2=M. So, the input
current ripple is be expressed as
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The current stresses of the switches and diodes in the
converter are equal to the maximum inductor current
value as follows
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The values of C1 and C2 in the RCN depends on the
voltage ripple of the capacitor and current ripple of the
conventional IBC[9-10].With 5-10% voltage ripple of the
voltage difference between input and output on the
capacitor and current ripple of the conventional IBC, the
value of C1 and C2 are calculated.
Table 1. Parameter for IBC with RCN

The decision of the duty cycle is based on the number
of phases. Depending upon the number of phases, the
ripple is the least at a certain duty ratio. For two phase
interleaved boost converter, the ripple is the least at a
duty ratio of 0.45 to 0.5. Hence, the design value of the
duty ratio is chosen as 0.5. The duty cycle D can be
calculated by the following formula

where V
voltage.

I

Parameters

Value

Input Voltage, Vin

36V

Output Voltage, Vo

72V

Output Power, Pout

1000W

Switching Frequency, F

100kHz

Coupling coefficient, α

0.61

Main inductor, L1, L2

15µH

Coupled inductor, L1A, L2A

2 µH

Inductor, L1B, L2B

3.5 µH

Capacitor, C1, C2

10 µF

Output capacitor, Co

470 µF

IV. CONTROL STRATEGIES FOR IBC WITH RCN
DC-DC converters are designed to regulate the output
voltage against the changes of the input voltage and load
current. This leads to the requirement of more advanced
control methods to meet the real demand. Many control
methods are developed for the control of DC-DC
converters. To obtain a control method that has the best
performances under any condition is always in demand.
The commonly used control methods for dc-dc converters
are pulse width modulated (PWM) voltage mode control,
PWM current mode control with proportional (P),
proportional integral (PI), and proportional integral
derivative (PID) controller. These conventional control
methods like P, PI, and PID are unable to perform
satisfactorily under large parameter or load variation.
Therefore, nonlinear controllers came into existence. The
different types of nonlinear controllers are hysteresis
controller, sliding mode controller and boundary
controller. But PWM is the most commonly employed
control technique for DC-DC converters [7-8]. In this
technique, the duration of on/off pulses of the switches
are modulated to obtain a variable DC output voltage.
Depending on the control principle, there are two main
control strategies for choppers [9]: Time Ratio Control
(TRC) and Current Limit Control (CLC).But TRC is
popularly used due to its simplicity.
A. Time Ratio Control
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In the time ration control, the value of the duty ration,
k=TON/T is varied. There are two different ways of time
ratio control, constant frequency operation and variable
frequency operation.
a. Constant Frequency Operation
In this control strategy, the frequency or time period
(f=1/T) is kept constant and the ON time, TON is varied.
This method is also called pulse width modulation
control(PWM)[12].
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of the carrier waveform irrespective of the operating
conditions.
Voltage-mode control (VMC) is widely used because it
is easy to design and implement, and has good
community to disturbances at the reference input. The
voltage feedback arrangement is known as voltage-mode
control when applied to dc-dc converters. VMC only
contains single feedback loop from the output voltage.
The basic three stages in VMC are : the output stage
consisting of the output filter, the modulator gain and
the voltage loop compensation. Voltage mode derives its
control signal from the output voltage of the switching
converter. The block diagram for the open loop system
for DC-DC converter is shown in Fig.6.

Fig. 4. Constant frequency operation
Fig. 6. Block diagram of open loop system

b. Variable Frequency Control
Here the frequency of time period is varied, keeping
either the ON time, TON constant or the OFF time, TOFF
constant. It is also called frequency modulation control.
The output voltage can be varied in both cases, with the
change in duty ration, k=T on/T.

Fig. 7. Block diagram of voltage mode control system

In VMC, the error amplifier compares the actual output
voltage with the reference voltage and generates an error
voltage. This voltage is fed to the comparator which
compares this signal with the carrier signal to generate an
on/off pulse. The output is high only when the error
voltage is higher than the carrier signal. This PWM signal
is used for driving the power devices as shown in Fig.8.
Fig. 5. Variable frequency control

The disadvantage of variable frequency control is that
the filter design for wide frequency variation is difficult.
Additionally, there is problem of interference with
systems using certain frequencies. The large OFF time in
frequency modulation technique, may make the load
current discontinuous, which is undesirable. As a result,
the constant frequency control (PWM) is preferred for dcdc converters.
Depending on the control signal required to achieve
PWM, there are two modes of operation: Voltage mode
PWM & Current mode PWM techniques. This paper
focuses on voltage mode PWM. In PWM technique, a
reference signal is generated and it is compared with a
carrier triangular waveform. Whenever, the reference
signal is greater than the carrier, an ON pulse is generated.
The chopping frequency is determined by the frequency
Copyright © 2015 MECS

Fig. 8. Generation of PWM pulse

Moreover, VMC has the following advantages:


Consists of single feedback loop making the
circuit design easy and simple.
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Use of a large-amplitude carrier waveform
provides a good noise margin for a stablemodulation process.
A low-impedance power output providing better
cross-regulation for multiple-output supplies.



Fig.11a shows that the input current ripple reduces as
the coupling coefficient increases [14-17] and for this
work, the value of K is chosen as 0.61.
Voltage mode PWM control technique is implemented
for the proposed IBC with the reference voltage of 69V
and the result is shown in Fig.11b.

The main drawback in this closed loop scheme is that
with line regulation the output settles slowly due to the
error amplifier.

Based on the simulation parameters, the proposed
converter is simulated in open loop and closed operation
and the results are presented below: The output waveform
for IBC with RCN was observed as shown in Fig.9.

Output Voltage (V)

V. SIMULATION RESULTS
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Fig. 11b. Output voltage of closed loop IBC-RCN

Output Voltage (V)
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With closed loop control, the output voltage ripple is
computed and compared with open loop system. With
VMC, the output voltage ripple is reduced for the
proposed converter as shown in Table.2.

40
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0

Table 2. Comparison of Voltage ripple

-20
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0.015

Parameter

0.02

Output
ripple

Fig. 9. Output voltage of open loop IBC-RCN

voltage

Open loop

Closed loop

1.0V

0.009

From the above table, it can be inferred that the output
voltage ripple is minimum in the closed loop system.

VI. LOAD REGULATION

Fig. 10. Output voltage ripple and inductor current waveforms

The VMC scheme is tested for various values of the
load resistance and it is found that with closed loop
control the output of the proposed IBC is regulated. Figs.
12 & 13 shows the load voltage and current under open
loop and closed loop control .

From the above waveform, the output voltage ripple
was found as 0.03%.
1.75

x 10

-3

Input current ripple (A)

1.745

1.74

1.735

1.73

1.725

1.72
0.62
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0.65
0.66
0.67
Coupling Coefficient (K)
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0.7

Fig. 11a. Input current ripple Vs. Coupling Coefficient (K)
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Fig. 12. Load voltage & current under open loop
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[4]

[5]

[6]

[7]

[8]
Fig. 13. Load voltage & current under closed loop

From the above graphs, it can be inferred that the
closed loop voltage control mode achieves constant
output voltage for different load values. Additionally, the
transient at the initial period is eliminated using closed
loop control.

[9]
[10]

[11]

VII. CONCLUSION

[12]

This paper has discussed about the different control
strategies for IBC that can be used for photovoltaic
applications. From the results, it is observed that on
adding Ripple Cancellation Network to Interleaved Boost
Converter, higher level of ripple cancellation is achieved
at the input current and output voltage for a duty cycle of
0.5(two-phase) in comparison to conventional boost
converter due to its fast dynamic response and high
power density. Moreover, it has been recorded that ripple
reduction at the input and output is greater in closed loop
voltage mode when compared to open loop operation.
The output voltage ripple in closed loop control scheme
is found to be 0.009V and the open loop mode is 1.031V.
Higher stability levels are attained using closed loop
voltage control as load regulation is achieved. Therefore,
the proposed IBC with RCN achieves maximum ripple
cancellation and higher stability with the constant
frequency control scheme. Hence, closed loop voltage
control of RCN based IBC proves to be a suitable
topology for photovoltaic applications.
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