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Abstract- Interleaved DC-DC converter topologies are gaining popularity for their use as an interface between photovoltaic
(PV) source and load. In this paper, a family of coupled inductor (CI) based novel soft switched interleaved DC-DC converter
topologies has been proposed to be used for PV application. The topology has been developed from the interleaved stage so as
to reduce the input current ripple. The CI stage has been introduced to enhance the power handling capability of the converter.
In addition, diode-capacitor multiplier (DCM) cells are connected to obtain higher voltage gain. Since voltage gain extension is
obtained through DCM cells and the turns-ratio of the ClI, the voltage stress on the main power switches is only a fraction of
the output voltage. Further, the diodes present in each DCM cell need to withstand only a low reverse voltage. To enhance the
operating power conversion efficiency, the power switches are turned ON under zero voltage switching (ZVS) condition.
Experimental results obtained from a 20V-360V, 200W prototype converter validate the operating principle and the
advantageous features of the developed topology.

Keywords- Coupling circuits; DC-DC power conversion; power converter; resonant power conversion; voltage multipliers.

1. Introduction

The quantum of electric power generated from
renewable energy sources like solar and fuel cells is
consistently increasing over the past decade [1]-[5]. As the
output voltage levels from these sources are relatively low,
these voltages must be stepped up considerably before
practical utilization. Hence, there is a need to use a high
step up DC-DC converter. Conventional boost converter
cannot provide high voltage gain due to reverse recovery
problem of output diode and higher power losses when
operated at higher duty ratios. Due to these practical
limitations of a classical boost converter, several novel
topologies which are capable of providing high voltage
gain without suffering from similar problems were
developed [6]-[8].

Some CI based topologies were developed to improve
the voltage gain and power handling capability of the
converters [9]-[12]. Nevertheless, some topologies
operated under discontinuous conduction mode (DCM)
and eventually degraded the system performance. Few
transformer based topologies were experimented for

obtaining higher voltage conversion ratio [13] and [14].
However, such topologies cannot be operated at high
frequencies due to increment in (a) the transformer losses,
(b) probability of core getting saturated and (c) overall cost
and weight of the system. Moreover, leakage inductance of
the transformer winding causes electromagnetic
interference (EMI) and results in undesirable voltage and
current spikes appearing across the switch.

To overcome these drawbacks, transformerless
topologies were presented in [15] and [16]. However, the
voltage gain was limited and the switch suffered from
higher voltage stress in these converters. Topologies based
on voltage multiplier cells (VMCs) and multilevel
converters (MLCs) were reported in [17] and [18]
respectively. By using several VMCs or levels in MLCs,
though higher conversion ratio can be achieved,
component count increases. Moreover, beyond certain
number of cells, these converters cannot deliver large
power.

For PV fed applications, higher input current ripple
leads to reduced life of the system. Interleaved converters
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were proposed to alleviate the problem of higher input
current ripple. Further, gain extension techniques were
also implemented to take care of the voltage conversion
ratio requirement. Interleaved converters with VMCs have
been reported in [19] and [20]. To reduce the number of
components used without compromising on voltage gain,
interleaved converter with DCM cells have been
developed and presented in [21]. This topology provides
the same voltage gain with half the number of components
used in VMC. However, the hard switching mechanism
reduces the overall efficiency especially at higher power
levels and switching frequencies. Some soft switched
topologies that provide relatively large voltage gain at
better efficiency are discussed in [22]-[27].

In this paper, a soft switched high gain DC-DC
converter topology with reduced input current ripple and
switch stresses with high power handling capability is
presented. The paper is outlined as follows: section 2
presents the evolution of the proposed converter family
while the developed converter is analysed using the
operating modes and characteristic waveforms in section 3.
In section 4, design details pertaining to various

r---------

parameters like voltage gain, device stresses and soft-
switching phenomena is presented. Experimental results
and discussions are provided in section 5 while the
conclusion is detailed in section 6.

2. Evolution of Cl based DC-DC Converter Family

A two phase interleaved boost converter (IBC) is
considered as the fundamental topology. Fig.l1 (a)
represents a Cl based interleaved topology in which one of
the phases of conventional IBC is left unchanged while the
boost inductor is replaced by a Cl in the other phase.
Resultantly, the primary inductance of the CI acts as the
energy storage and energy transfer inductor. The
secondary of this CI is suitably connected to output
capacitor (C02 in this case). The net output voltage is
obtained across the series combination of output capacitors
CO01 and C02. Thus, the overall voltage gain contribution
is due to two stages — the interleaved boost stage and the
ClI stage. By intuition, it can be realized that the overall
voltage gain of this converter shall be higher than the
conventional IBC due to CI with a turns ratio more than 1.
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Fig.1 (a). Power circuit of Cl based IBC.

To enhance the voltage gain and power handling
capability, DCMs are judiciously added to Cl based
topology as shown in Fig.1 (b). Now, the three stages
present are recognized as (i) interleaved stage, (ii) DCM
stage and (iii) Cl stage. Each stage has its own prominent
feature as listed below:

o Interleaved stage aids in reducing the input current
ripple.

e DCM stage provides high voltage gain with
reduces number of components compared to
VMC stages, thereby reducing circuit complexity
and voltage stress on the main switch.
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e CI stage helps to enhance the voltage gain and handle higher power.
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Fig.1 (b). Power circuit diagram of Cl based IBC with N DCMs.
The voltage gain of the presented converter now depends has an interleaved converter with P phases using Q number
on (i) turns-ratio of the CI (T) and (ii) number of DCMs of coupled inductors (Q < P), each with T turns ratio. It
used (N). This provides added flexibility to the user in must be noted that N number of DCM stages can also be
terms of meeting the voltage gain requirement. added appropriately. The load is connected across the
Extension of this concept leads to a generalized converter series combination of output capacitors.
structure as depicted in Fig. 1(c). The converter structure
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Fig.1 (c). Generalized structure of proposed coupled inductor based topoIT()gy.
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3. Analysis of Proposed Converter Topology

3.1. Power circuit

The proposed Cl based soft-switched interleaved high
gain DC-DC converter is shown in Fig.2. The circuit has
two switches which are operated at 180° phase shift with a
duty cycle of D. Diodes Ds; and Ds; are the intrinsic body
diodes of S1 and S2 respectively. Cs1 and Cs; are the

switches so as to undergo resonance with the inductors L1
and L21 in order to achieve ZVS turn ON of the switches.

The diode-capacitor pair D1-C1 forms the 1% DCM cell.
Similarly, the remaining DCM cells are obtained from D2-
C2 through D5-C5. Diode D6 acts as the output diode
while capacitors C01 and CO02 serve as the output
capacitors of Cl and DCM stages. The load is connected
across the series combination of output capacitors. Thus, a

. ) : Cl based soft-switched interleaved DC-DC converter
resonating capacitors which have been added across the containing 5 DCM cells is developed
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Fig.2. Power circuit diagram of the aeveloped converter topology.

3.2. Modes of Operation

The operation of the proposed converter can be understood
in six distinct modes. One switching cycle starts from to
and ends at ts. Before the cycle starts, switch S2 is
considered to be in conduction till to. The switches are
operated at 0.5 duty ratio. The operating modes are
explained as follows.

Mode 1(to — t1): At to gate pulse to switch S2 is removed.
The resonant capacitor Cs; begins to charge towards the
supply voltage. Current through the inductor L21 will be
same as the charging current through resonant capacitor
Cs2. As a result, voltage across Cs; increases gradually.
Simultaneously, Csi; begins to discharge. As this is for
shorter duration the polarity of induced voltage across
secondary winding L22 does not change. The diode D02
will be conducting to charge output capacitor C02 of ClI
stage.

Mode 2(t1 — t2): At time ti, capacitor Csi discharges
completely and voltage across it becomes zero. The anti-
body diode Ds; of switch S1 starts conducting due to
induced voltage across L11. This results in small current
flow through diode Ds;. Because the body diode conducts,
the current through S1 will be negative for a short
duration. Further, the voltage across switch S1 is clamped
at zero. In DCM stage, as switch S2 turns OFF, the voltage
across inductor L21 forward biases the diodes D1, D3 and
D5 while in CI stage, the polarity of induced voltage
across L22 changes. As a result, DO1 starts to conduct and

the stored energy in the inductor is transferred to the
capacitor C11 while C02 discharges through the load.
Mode 3(t2 — t3): At t,, gate pulse to switch S1 is provided
and S1 turns ON under ZVS condition. Now, S1 is ON and
S2 is OFF. Diodes D1, D3 and D5 conduct while diodes
D2, D4 and D6 remain reverse biased. Inductor current I,
increases linearly whereas current through L21 (li21)
decreases linearly. A part of I.»1 flows through capacitors
C2, C3, C4 and C5 in such a way that C2 and C4 discharge
while capacitors C3 and C5 charge. Other part of 121 flows
through D1 to charge C1. Due to this current flow, the
voltage across C1, C3, C5 increases while capacitor
voltages V¢, and Vs decrease. The operation of CI stage
remains same as that of Mode 2. The output capacitors
CO01 and CO02 discharge through the load. This mode ends
at ts.

Mode 4(ts — t4): At ts, switch S2 is turned OFF. Therefore,
a part of the energy stored in L1 is transferred to capacitor
Cs1. The capacitor Cs; begins to charge while capacitor Cs;
begins to discharge. As a result, voltage across Cs; raises
while voltage across Cs, decreases gradually.

Mode 5(ts — ts): At time ts4, capacitor Csy is completely
discharged and voltage across it becomes zero. This
clamps the voltage across switch S2 at zero. The anti-body
diode Ds; begins to conduct and results in small negative
current flow through the switch. At the DCM stage, as
switch S1 turns OFF, the inductor L1 starts discharging
through diodes D2, D4 and D6. With regards to the CI
stage, the polarity of induced voltage across L22 gets
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reversed due to inductive kickback. Consequently, D02 starts to conduct. Energy stored in the inductor L22 and capacitor C11
is transferred to the output capacitor C02. Thus, DCM stages charge capacitor C01 and output capacitor C02 charges in ClI
stage.

Mode 6(ts — ts): At time ts, gate pulse to switch S2 is applied and S2 turns ON under ZVS condition. Thus, S2 is

ON while S1 is OFF. Diodes D1, D3 and D5 are reverse biased while diodes D2, D4 and D6 will be conducting. Inductor
current I 21 increases linearly whereas current through L1 (I.1) decreases linearly. A part of 1.1 flows through capacitors C1, C3
and C5 and discharges them while the remaining fraction of 11 is used to charge capacitor C2, C4 through diodes D3 and D5
respectively. The operation of Cl stage remains same as that of Mode 5. The output capacitors C01 and C02 will be charging
and the sum of voltages appear across the load. The cycle ends at Ts. Figures 3(a) — 3(f) show the equivalent circuit during
Mode 1 to Mode 6 while the characteristic waveforms are shown in Fig.4.
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Fig. 3 (f). Mode 6
Fig.3. Equivalent circuit of the proposed converter during various operating modes.
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Fig.4. Characteristics waveforms of the proposed converter.
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4. Design Details

4.1. Voltage gain

Voltage gain of the proposed converter depends on 3
stages. Since, the load is connected across the series
combination of output capacitors C01 and C02, the overall
voltage gain shall be expressed as

Vo =Veor +Veor 1)
From Mode 3 (Fig. 5(c)), applying volt-second balance on
inductors L1 and L21 gives,
Vdc D= (VCl _Vdc)(l_ D) )

By using equations (2)-(7), the voltages across capacitors
are determined as

pAY)
ch :Vcs :VCA :Vcs =
1-D (8)
\Y/
Ver = «°
1-D )
6V C
Veo = :
1-D (10)

Generally, for an identical topology with N DCM cells, the
voltage across the DCM stage output capacitor is given by,

(1+ NV,

1-D (11)
For the CI stage, when switch S2 is ON, voltage across
inductor L21 is given by
Vi =V (12)
The voltage induced across the secondary winding will be
turns ratio (T) times that of the primary voltage. Therefore,
Vi =TV =TV (13)
The voltage across Cl stage output capacitor is given by
Veor =V +Ven

Vc01 =

(14)
When switch S2 is OFF, voltage across inductor L1 is
obtained as

DV
Vi = &
1-D (15)
The voltage across capacitor C11 is given by,
TDV,,
Vcn =TV, = :
1-D (16)

where T it the turns ratio of the CI.

Substituting equations (13) and (16) in equation (14) and
simplifying, voltage across output capacitor C02 is derived
as

TV

— dc

co2 =1
1-D (17)
From equations (11) and (17), the expression for output

voltage attainable from the proposed converter is derived
as

VieD = Me1 =Veo + Vo3 =V )1-D) 3)

VieD = Me1 =Veo +Vos —Veu +Ves = Vg )A- D) 4)

where D is the duty ratio of the switches.
Applying volt-second balance on inductors L1 and L21
during Mode 6 (Fig. 3(f)) yields,

Vch = (ch _Vc1 _Vdc)(l_ D)

®)
VieD = Moz +Voy =Vor ~Vo3 =V )A-D) (6)
VieD =M =Ver —Ves —Ves =V )(1-D) @

(1+N+T)V,,

1-D (18)
Rearranging equation (18), the overall voltage gain of the
presented topology is obtained as

Vo :Vc01 +V(:oz =

1+ N+T
Voltage Gain M = Vo =g
Vdc 1-D

(19)
Considering a non-ideal Cl with a coupling coefficient of
k, the generalized expression for voltage gain is given by

MY _(L+N+KT)
V,, 1-D

(20)
4.2 Design of passive energy storage elements

The converter is expected to operate under continuous
conduction mode (CCM) and the first stage is a
conventional IBC stage. Therefore, the values of inductors
and output capacitor is determined by considering the
classical boost converter. Based on this, the design
expressions for energy storage elements are given by

Vd D
= =6 - 21
h=ba f Al P *)
1.D
C:01 = Coz = A\(;c fs (22)

where fs denotes switching frequency, Al is the inductor
current ripple, P represents the number of interleaved
phases and AV is the voltage ripple across the capacitor.
4.3 Voltage stress on switches

The voltage stress on the switch is the maximum
voltage which the switch has to block during OFF state.
Applying volt-second balance in loop formed by L1-S1-
Ve gives the switch voltage stress as

V.. =V.. = Vdc =\E= Vdc
%% 1D 6 1+N 23)
Equations (19) and (23) evidently prove that though
the output voltage is much higher than the input voltage, a
switch with very low voltage rating can be used to obtain
the required output voltage.
4.4 Voltage stress of diodes
By using equations (7), (15) and (16) and applying
volt-second balance across inductors, the diode stresses are
derived as
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2\/ C
Vo1 =V, =Vps =Vp, =Vps = ﬁ 24)
— Vdc
56 ~1_D (25)

Diodes D01 and D02 appear across the secondary
winding of the CI stage. Hence, both these diodes have to
block the voltage impressed across the secondary winding.
Therefore, their voltage stress is given by

TV,
Voor =Vow =7~
1-D (26)
4.5 Resonant inductor and capacitor
ZVS turn ON of the switches S1 and S2 can be
achieved due to resonance between the inductor (Li, La1)
and the capacitors (Cs; and Csz) added across the switches.
For ease of design, Li=Lx»=L and Cs1=Cs,=C. Therefore,
the resonant frequency is given by

1

fres A [~

The switching frequency fs is chosen to be less than the
resonant frequency fs to enable ZVS turn ON of the
switches.
5. Experimental Results

To demonstrate the practical feasibility of the
presented converter, a prototype converter consisting of 1
Cl and 5 DCM stages is built with the specifications
provided in Table 1. The power rating was limited to
200W though in reality the CI based topology is capable of
delivering much higher power. Photograph of the
experimented prototype converter is shown in Fig.5. The
experimental results were obtained using a Tektronix 4-
channel isolated DSO (TPS2014B). Standard accessories
such as high voltage probes and current probes were used
at appropriate junctures to obtain the required voltage and
current waveforms.
Table 1. Hardware prototype specifications

Parameter Symbol | Rating
Input voltage Vin 20V
Output voltage Vo 360V
Output power Po 200W
Switching fs 50kHz
frequency
Inductor L1,L21 | 100pH
Turnsratioof CI | T 3
Number of DCM | N 5
Capacitors C1—-Cs | 10uF/250V — Electrolytic
Output capacitor | C01, 47uF/500V — Electrolytic
CO02
Resonant Csi1, Cs2 | 47nF/600V — Polystyrene
capacitors
Switches S1, S2 FDPF33N25T(250V/33A)
Diodes D1-D6 | MUR1660 (600V/16A)
Diodes D01, 1N5408
D02

Fig. 6(a) shows the gate pulses applied to the switches
S1 and S2 input voltage and the output voltage. For an
input voltage of 20V, the desired voltage gain of 18 is
obtained with a nominal duty ratio D=0.5 at a switching
frequency of 50 kHz. This proves the validity of the
converter design and synthesis. Fig. 6(b) shows the gate
pulses, output voltage and current waveforms which
demonstrate the power handling capability of the
converter. Fig. 6(c) shows the voltage across the output
capacitors C01, C02 and output voltage. The obtained
voltage levels are in confirmation with the operating
principle and design hypothesis. Fig. 7 shows the variation
of inductor currents I 1 and Il 21 with respect to the gate
pulses Vgs1 and Vgs2 respectively. The magnitude of
inductor currents are almost equal and 180 ° out of phase
with respect each other. This phase shift results in
cancellation of ripples at the input side, thus making the
input current ripple free. Due to slight asymmetry and
leakage inductance arising under practical conditions, the
currents shared by the inductors is slightly non-uniform.

Fig. 8(a) shows the voltage stress across switches and
the output voltage. The switch voltage stress is just a
fraction of the output voltage. The voltage stress
experienced by the diodes present in DCM stages is shown
in Figs. 8(b) and 8(c). Fig. 8(d) shows the voltage stresses
on the diodes present in Cl stage. The complimentary
behavior of the diodes D01 and D02 can be clearly
verified. All the waveforms presented from Figs. 8(a) to
8(d) validate the proper operation of the DCM stages and
the design methodology adopted. Since the voltage stress
on the switches and diodes is only a fraction of the output
voltage, devices with low voltage rating can be used to
fabricate the converter. In addition, the voltage drops and
thereby the power loss occurring across these elements can
also be reduced.

The waveforms corresponding to efficiency
computation when the converter operates under full load
condition are shown in Fig. 9(a). The magnitudes of input
and output parameters (voltage and current) are in
accordance with the expected values. It is interesting to
note that the input current is ripple free due to the
interleaving technique.

Fig. 9(b) highlights the ZVS turn ON of the main
switches S1 and S2. It is evident that voltages across the
switches become zero when gate pulse is applied. In
addition, only after the switch voltage has reached zero,
currents through the respective switches begin to increase
gradually. This is due to the addition of the soft-switching
network comprising of capacitor and anti-body diode. The
reverse current that flows through the anti-body diode for a
short duration and clamps the switch voltage at zero, can
also be observed. Due to reduced turn ON losses, higher
efficiency compared to a hard switched counterpart is
obtained as shown in Fig. 9(c). The converter operates at
an efficiency of 95% while delivering 200W of power.
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voltage. Chi: Vps1 (50V/diV), Ch2: Vs (50V/diV), Ch3:

Vo, (500V/div), Time: 5us/div.

Tekk I Trig'd I Pos; 0.000s
+
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[ S U S Y B

Fig. 8 (c). Gate pulse across S2 and voltage stress across
diodes D1, D3 and D5. Chl: Vgs2 (20V/div), Ch2: V1
(100V/div), Vps (100V/div), Vps (100V/div), Time: 5

ps/div.

Tek JL b Pos: 0.0005

el

I+

q#

Fig. 9. (a) Input and output parameters. Chl: Vgc

(20V/div), Ch2: 1 (10A/div), Ch3: V, (500V/div), Ch4:

lo (LA/div), Time: 5ps/div.

Tek I Trig'd M Paos; 0L000s
-+

Fig. 8 (b). Gate pulse across S1 and voltage stress across
diodes D2, D4 and D6. Chl: Vgs: (20V/div), Ch2: Vi
(100V/div), Vs (100V/div), Vps (100V/div), Time: 5

ps/div.

Tek I Trig'd B Pos: 2,400,us
+

Fig. 8 (d). Gate pulse across S1, S2 and voltage stress
across diodes D01 and D02. Chl: Ves2 (20V/div), Ch2:
Vs (ZOV/diV), Vo1 (ZOOV/diV), Vo2 (200V/diV), Time:

5 ps/div.
Tek I Trig'd M Pos: 00005
-
‘I(
I DS1
2”%\-» ZVS of S1 I
4 D2

ZVS of 82

Fig.9 (b). ZVS switching of S1 and S2. Ch1 and Cha3:
50V/div, Ch2 and Ch4: 5A/div, T=2.5us/div.
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Fig.9 (c). Efficiency curve of the proposed converter
6. Conclusion [3] C. Wang and M. H. Nehrir, “Power management of a
A CI based soft-switched interleaved high gain DC- standalone  wind/photovoltaic/fuel cell energy

DC converter which provides a high voltage conversion system”, IEEE Trans. Energy Convers., vol. 23, no.
ratio has been developed, analysed, designed and 3, pp. 957-967, Sep. 2008.
practically demonstrated. By using 5 DCMs, 1 Cl with a [4] Jansen Kai, W. Varvar, A. Groelinger, “The

turns-ratio of 3 and operating the switches at 0.5 duty ratio,
a voltage gain of 18 was obtained. Since DCMs were used
as gain extension stages to enhance the overall voltage
gain of the converter, both the switches and all the diodes
experienced a very low voltage stress which was just a
fraction of the output voltage. The operating efficiency of
the converter was improved by employing ZVS technique.
The converter operated at a full load efficiency of 95%
while delivering 200W of power to the output. This
topology is suitable for photovoltaic applications as the
input current ripple is almost zero due to interleaving
concept.
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