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Abstract — A coupled inductor based non-isolated boost
extender with high conversion ratio is presented. The
topology features higher power density due to the lower
physical inductor cores count, with similar efficiency and
component stresses as a conventional boost extender.
Topology analysis, and its suitability for multiple extension
inductor coupling is shown, coupling coefficient impact on the
converter performance, and a short design guide is presented.
An analysis and design of coupled inductor is demonstrated,
and experimental prototype of 200W is developed and tested
in the laboratory. The experimental prototype operated at
maximum efficiency of 94.4% providing step up conversion
ratio of 10.5, employing a coupled inductor the size of a single
inductor of the conventional boost extender converter. The
theoretical predictions were found to be in a good agreement
with experimental results.

Keywords —High density, coupled inductor, boost extender, Capacitor
stacking, High voltage gain, Single-switch, Switched capacitor.

1. INTRODUCTION

A high step-up DC-DC converters are popular as an
interface converter in many industrial applications such as
photovoltaic (PV) applications, back-up energy systems for an
uninterruptible power supplies, and telecommunication
industry [1]-[3]. The conventional boost converter is
considered for commercial and industrial applications due to its
compact structure and good efficiency at lower conversion
ratios. However due to parasitic losses, high voltage and
current stress across the switch, boost converter doesn’t
provide a sufficient performance at extreme duty cycles for
high voltage gain applications [4]-[5]. To achieve high
conversion ratio at low duty cycles many step up techniques,
such as switch capacitor, switch inductor/voltage lift,
multistage-level and interleaved structure are available in the
literature [6]-[7]. However, the major drawback of switch
capacitor and switch inductor/voltage lift techniques, is that
increased current stresses across the switches typical for these
techniques, increase the losses and degrade the converter
efficiency. In the recent years, coupled inductor-based boost
topologies are being revisited, and some new topologies are
proposed to alleviate the limitations caused by operation with
high duty cycle [8]-[9]. The major downside of the coupled
inductor approach is the leakage inductance, which causes a
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high current spike and high voltage stress across the switches.
An active and passive clamp snubber circuits [10]-[11] are
used to suppress the voltage spikes across the switch is one
possible remedy. There are some other classic converters that
employ magnetic coupling [12]-[16] (CUK, SEPIC) and
provide higher conversion ratios at lower duty cycles. These
converters utilize coupled inductor to reduce the size, weight,
and losses of the converter. The major advantage of coupling
the inductor or integrated magnetic structure is that it gives
higher energy storage density [17] compared to independent
inductors. In addition, coupling of inductances on a common
magnetic core enables to manage current ripple of the coupled
inductors, where the current ripple of one of the inductors can
be significantly reduced [18].The impact of coupling
coefficient is analyzed in conventional coupled inductor based
Cuk converter [19]-[21] in which the correlation between the
coupling coefficient and size of coupling capacitor is
addressed.

The idea of boost extenders as discussed in this study, is
based around introducing a voltage source in series with the
boost as shown in Fig. 1(a). The added voltage sources in the
regular boost converter can be realized by using the series
capacitors Cs, Fig. 2(b). In order to provide continuous
charging current /s to series capacitors an additional charging
circuit is added consisting of auxiliary inductor L,, auxiliary
capacitors Ci, and a diode Di, Fig. 2(c). This novel generic
approach of stacking multiple series capacitor fundamental
cells is shown in Fig. 1(d). Each fundamental cell consists of
an inductor, series capacitor, auxiliary capacitor and a diode. In
this article the stacked capacitors C;, C,, C; are referred as
auxiliary capacitors, and the series capacitors Csi, Cy, Cg are
called series capacitors. The innovation of this study is an
introduction of a coupled inductor into the boost extending
circuitry, to increase power density of the converter, with no
penalties to the efficiency, output voltage ripple, or component
stresses. The unique architecture of the boost extender enables
to achieve equal volt-second balance across all the extending
stage inductors, which in turn enables to wind these inductors
all on the same core. The objective of this work is to evaluate
the new boost extender topology with coupled inductor instead
of multiple separate inductors, validate the criteria for inductor
coupling of the extending stages, analyze the coupling
coefficients on the converter performance, and present some
design outlines of the topology.
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Fig. 1. Development of coupled inductor-based Boost Extender Topology.

The rest of the article is organized as follows: Section II
presents coupled inductors approach for boost extending
topology, section III focuses on effect of coupling on boost
extender topology performance, section IV outlines some
design guides of the coupled inductor-based converter, section
V demonstrates the experimental results, and conclusions are
drawn in section VI.

1L COUPLED INDUCTOR APPROACH FOR BOOST EXTENDER
CONFIGURATION

The general boost extender with coupled inductor is shown
in Fig. 1(d). To analyze the boost extender topology with
coupled inductor two stacked capacitor modules are considered
Fig. 2. The converter has two operation modes [22] Continuous
Conduction Mode (CCM) and Continuous Bidirectional
Conduction Mode (CBCM).
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Fig. 2. Coupled inductor-based boost extender high voltage gain topology
states: (a) Switch On state; (b) Switch Off state.

The operation mode is decided based on auxiliary inductor
currents /7, and I;3. When these currents are all time positive,
converter operation is considered to be in CCM mode. If,
however, the currents are changing direction, and become
negative at least for part of the switching cycle, converter
operation is considered to be in CBCM mode. The two
operation stages and conduction loops are identical for both
CCM and CBCM modes.

To evaluate whether the conditions on the candidate
inductors L, and Ls are suitable for coupling, voltage-balance
on the primary inductor L; and auxiliary inductors L, and L3
are derived for two conduction states of the converter, Fig. 2a
for on time of the switch, and Fig. 2b for the off time of the
switch, and are summarized in Eq. 1-3.

V,.DT =V,,(1-D)T (1

Vi + Ve, =Ves).-DT =V, ,(1=D)T 2

in

YV, VetV =V,

in s

1 =Veo).DT =V, (1-D)T (3)

Following above short analysis, the voltage stresses in all
auxiliary and switched capacitors are found to be equal, and as
a result the voltages across all the inductors are equal as well
[22].

By manipulating above equations, we reach:
When the switch is On, {0 <t < DT }

Vi, =V, =V, =V, (@)

Ln
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When switch in Off, DT <¢t<(1-D)T

D

Vu=Vor"s (b)
Using the equal voltages (Equation a and b) and the
operation principle of all the inductors being switched on and
off according to the switch S on and off times, the volt-second
balance can be observed across all the inductors. This is true
for n stages with n auxiliary inductors, and not only for 2

auxiliary inductors as shown here.

v,

L2

=V,

L3

III.  EFFECT OF COUPLING INDUCTORS ON BOOST EXTENDER
TOPOLOGY

A. Effect of Coupling coefficient on auxillary inductors
value :

In boost extender topology the auxiliary inductors have
self-inductance value (L, L3---L,). To explain the effect of
coupling inductor here we have considered two auxiliary
inductors. The coupling coefficient (K) in terms of self and
mutual inductance given by the equation below:

Applying the Volt-Second balance on the primary inductor
Ly (1), auxiliary inductor L, (2) and L3 (3) the following
equations have been obtained:

L
K=—= “)
LL

12

The voltages across the integrated inductor L; and L, is
equal VL1:VL2,

di di

Vi :Llﬁ—'_LMf Q)
di di

VLz:Lzﬁ"'LMTLtl (6)

The turns ratio N between two coils is defined by the
equation below:

wota M B L o

I/L2 NZ LZ KLZ
For boost extender case, it is known that the voltage stress
across the auxiliary inductors is same so, by manipulating

above equation a generalized expression [23] for ripple current
through coupled inductor can be obtained as:

ﬂ — VLZLZ _VLILM — VLI ®)
d  LL-L, L((1-K*)/(1-KL /L))
@ — Vi =V, Ly, _ Via ©)

dt LL-L,  L(1-K)/(1-K|L,/L))

It can be observed from equation (8) and (9) that the ripple
currents in converter with coupled inductor can be calculated
by the effective inductance value determined by coupling

coefficient K and turn ratio /L, / L, . In boost extender case

the value of inductance is same to operate in different modes of
conductions (CCM and CBCM). The equivalent inductance
produced as an effect of coupling are given by the equation
below:

1-K*
= LLZeq = Ll DR e
1-K\JL /L,
From above equations, ripple current steering in both
inductors can be achieved by properly tuning the coupling
coefficient K and turn ratio /L /L, . Also, with coupling

incorporate the required value of effective inductance is
reduced compared to self-inductances.

L =L

eq Lleq

(10)

B. Impact of coupling on ripple current :

In a coupled inductor design due to finite energy
transferring between capacitance, losses in the converter and
inductor windings resistances there would be a slight
difference in the drive voltage waveform across the windings.
Consequently, due to differential voltage lead to a small
residual ripple current. To analyses ripple current impact
equivalent circuit and model [24] for ripple is shown in Fig. 3.
The equivalent leakage inductance is calculated by considering
Fig. 3(a):

2 2
N. L, +L
L, :(Nz] (LM ||L1kl)+L1k2 :[MILM] (LM [ lel)+LIk2 (11)

1 ‘M

L, +L
L, = [MJ Ly+Ly,

M

(12)

In high leakage coupled inductors, the leakage inductances
are usually small compared to the magnetizing inductance Ly
(<30%) [24], hence the equivalent leakage inductance can be
written as:

L,=L,+L

lke Ikl 1k2

(13)

From the above model of coupled inductor Fig. 3(b), it is
clear that any mismatch in the two-driving voltages appear
directly across the effective leakage inductance (Lu.). To
obtain small current ripple, at least one of the input or output
leakage inductance should be large. The ripple current is
inversely proportional to the effective leakage of coupled
inductor. For tightly coupled inductors, where K = 1, the
leakage between inductors is minimal and ripple current will be
high. However, in the boost extender case where we require to
wound multiple windings on a single magnetic core, we can
neglect the zero-ripple condition.

To illustrate the condition, a simulation has been carried
out in OrCAD PSpice (Fig. 4) by considering V;=20, D=0.75,
f~=100kHz, V,=200V and self-inductance value of both
coupled inductors is selected to be 135uH. It is shown that the
ripple across the auxiliary and series capacitors get increased
once we reach K values of 0.98. Also, Low load values is used
to record and demonstrate (Fig. 5) the both auxiliary coupled
inductors current in CBCM mode for two different value of
coupling coefficient K.
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Fig. 3. Coupled inductor model: (a) Equivalent circuit; (b) Ripple
derivation model.
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Fig. 4. Simulation results - Ripple voltage waveform recorded under light
load condition (CBCM). V;, =20V, f=100kHz, D=75% and C,,=C~1pF: (a)
Auxiliary capacitor, C,; (b) Series capacitor, Cy,. Large ripple (red trace) —
high k value, k = 0.98; low ripple (green traces) — Low k value, k = 0.4.
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Fig. 5. Simulation results - Inductors waveform recorded under light load
condition (CBCM). V;, =20V, f<100kHz, D=75% and C,.,~C~=10uF:
Auxiliary Inductors voltages, (V3, Vi2) and current waveforms, (Ip, I53), (a)
K=0.4, (b) K=0.98

IV. DESIGN METHODOLOGY FOR COUPLED INDUCTOR

This section deals with the design analysis of the coupled
inductor that can be used to evaluate the boost extender
topology. There are several literatures have been reported [25]-
[30] where the coupled inductor is designed for numerous
topologies like Multi phase buck, SEPIC and Cuk converter.
By considering the limiting parameters like temperature rise
due to AC and DC windings losses and saturation limit of core
a short design guideline of coupled inductor is explained in this
section. The main specification of coupled inductor is shown in
Table 1.
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A. Selection of core size :

The selection of the core size is facilitated by calculation of
A, (Area product) required by the application. Most of the
manufacturers described it as A..4. .At high frequencies the
core losses dominate hence it cannot be operated anywhere
near saturation flux density. Whereas at low frequency, core
size is dictated by IR losses generated by the inductor
windings and saturation flux density of the core material. 4,
calculation is dependent on operating frequency f, saturation
limit of magnetic flux density B and Ky window factor. The
A, calculation can be described as:
_LI,p

=__mm 14
B JK, (14
For coupled inductor case an appropriate ferrite core (3F3)
is selected. To limit the saturation limit and core losses in
ferrite. Maximum flux density of 100mT is chosen for
designing coupled inductor.

P

TABLE 1. PARAMETERS FOR COUPLED INDUCTOR DESIGN
Parameter Value/Type
Coupled inductors (L2, L3) 135pH, 135uH,

Max Peak current 2A
Max Total Full load current 1A

Using the above parameters and considering window area
Ky =0.5, current density J=4.2A/mm? in this case, the 4, for
the design is found to be 0.68cm*. An E-core is selected to
reduce the overall sizing of coupled inductor. The calculated 4,
compared with different E core and it is found that Ferroxcube
ETD 34 is suitable for our application.

B. Calculation of number of turns :

The next step is to calculate the minimum number of turns
that will take the core to Buma (Magnetic flux density) at the
peak current limit. The number of turns for each inductor can
be calculated by using the expression:

nmin = L]pk
B A

max ““e

(15)

Buaxand A, are the properties of core. In this case maximum
magnetic flux density 100mT is chosen for 3F3 core material
having effective area is 97mm?. From design consideration
peak current from auxiliary inductor x =2A is chosen. By
solving the above equation with all parameters, the no. of turns
needed for 135 uH single inductor is 28. Using the minimum

no. of turns the next step is to find the air length required to get
the desired inductance value. The air gap for the inductor
design can be calculated by using the equation given below:

2
,gzw.lo—zcm
L

(16)

By using the above obtained parameters, the both windings
of coupled inductor are wounded on the middle leg of E core
by inserting calculated air gap of 0.7cm.
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Fig. 6. Gate signal V,, Coupled Inductor Voltage (V;2, V;3) and Current ( /1,
I13). Top trace is Vg with 5V/Div; Middle trace is inductor voltage (50V/Div);
Bottom trace: (a) Irp, (b) ;3 with 1A/Div and 500mA/Div, Time base is
Sus/div.

V.

To evaluate the theoretical predictions and the operation of
a boost extender with coupled magnetics, a boost extender with
two auxiliary inductors L, and L3 on a single magnetic core is
build and tested in the laboratory. The specification of the
components used for prototype are given in Table II. The
power rating of the designed converter is 200W and an output
voltage of 208V.

To record the key waveform of converter the input voltage
is set to be 20V, and the output was recorder to be 208.83V.
The switching frequency was set to 99.9kHz, and the power
level was recorded to be 100W. The waveforms are presented
for tightly coupled inductors by considering coupling
coefficient of K =0.98 in both mode of operation CBCM (Fig
.6) and CCM (Fig .7). Also, a lower coupling coefficient
having large leakage inductance is considered to record the
waveform (Fig .9) in CBCM mode for both auxiliary inductors.
As outlined in [20]-[21] the current waveform for tightly
coupled inductors diverge from straight triangular form and
becomes curved. The efficiency of the boost extender
prototype over a wide range of output is tested and
demonstrated in Fig .8. A maximum efficiency of 94.4% in
CBCM mode was achieved at a power level of 120W.

EXPERIMENTAL RESULTS
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Fig. 7. Gate signal V,,, Coupled Inductor Voltage (V,,, V;3) and Current ( I,
113). Top trace is Vs with 2V/Div; Middle trace is inductor voltage (50V/Div);
Bottom trace: (a) I1,, (b) ;3 with 500mA/Div and 200mA/Div , Time base is
Sus/div.

Efficiecny n [%0]

80 100 120 140 160 180 200

Outpiit Power P[W]

Fig. 8. Experimental efficiency Curves under CBCM mode when 7;,=20V and
Vou =208V
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Fig. 9. Gate signal V,, Loosely coupled Inductor Voltage (Vi,, V;3) and
Currents ( I;2, I;3). Top trace is Vy with 5V/Div; Middle trace is inductor
voltage (50V/Div); Bottom trace: (a) 1, (b) /13 with 500mA/Div, Time base is
Sus/div.

TABLE IL EXPERIMENTAL PARAMETERS
Input voltage Vix 20V
Output voltage Vo 208 V
Output Power P, 200W
Switching Frequency fo 100KHz
Primary Inductors Li 100 uH
xagnetlzmg Inductance Lo, 13523 uH, 135.23uH
Leakage Inductance Lo, L3 221 pH
Coupling Coefficient (K) 0.98
Capacitors Cy1, Cs2 20 pF, 20 uF
Capacitors Ci, C2 15 pF, 15 pF
Diodes V40PW22CHM3/1
Main Switch IXFHI120N30X3

VL

A Dboost extender converter using coupled inductor is
presented. A boost extender approach is compatible with
coupling multiple of its extension inductors on the same single
core. This unique approach of single magnetic structure
facilitates to reduce size, and weight, while maintaining the

CONCLUSION
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same voltage stress of the components and similar efficiency
compared with the uncoupled case of boost extender switching
converter.

The experimental prototype with two extension stages
attains maximum efficiency of 94.4% at the input voltage of
20V and output voltage of 208V. The experimental waveforms
follow to simulation waveforms at different values of coupling
coefficients. Theoretical predictions were found to be in a good
agreement with experimental results. The converter finds its
application in medium voltage boosting such as renewable
energy, datacenters, telecom centers and microgrids.
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