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Single Switch Nonisolated Ultra-Step-Up DC-DC
Converter With an Integrated Coupled Inductor
for High Boost Applications

Yam P. Siwakoti, Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—This paper introduces a new single-switch nonisolated
dc—dc converter with very high voltage gain and reduced semicon-
ductor voltage stress. The converter utilizes an integrated auto-
transformer and a coupled inductor on the same core in order to
achieve a very high voltage gain without using extreme duty cycle.
Furthermore, a passive lossless clamp circuit recycles the leakage
energy of the coupled magnetics and alleviates the voltage spikes
across the main switch. This feature along with low stress on the
switching device enables the designer to use a low voltage and low
Rps_on MOSFET, which reduces cost, as well as conduction and
turn on losses of the switch. The principle of operation, theoretical
analysis, and comparison supported by some key simulation and
experimental results of a 500 W prototype are presented.

Index Terms—Coupled inductor, distributed generation, high
step-up dc—dc converter, switched-mode power supply.

I. INTRODUCTION

DC-DC converter with high voltage gain and efficiency
A is required in many applications such as the front-end
converter for intermittent renewable and distributed power gen-
erations including solar photovoltaic (PV), fuel cells and power
systems based on battery bank, and supercapacitors [1], [2]. In
addition, hybrid electric vehicle (HEV), high voltage light emit-
ting diode (LED) lamps, and uninterruptible power supply also
require a highly efficient high boost dc—dc converter to convert
the low and varying voltage of the battery (12-48 V) and fuel
cell (25-50 V) to standard dc bus voltage of 380-400 V [3]. Sim-
ilarly, in HEV and other electric traction systems, a voltage of 14
or 42 V from batteries, fuel cells, and/or supercapacitors needs
to be raised to 200 V. or 500 V4. during various modes of oper-
ation [4]. In addition, the emergence of a 380 V dc distribution
system instead of conventional 48 V dc distribution systems for
data and communication center subsequently increases demand
for high step-up dc—dc converters [5]. The conventional boost
converter for such higher voltage gain applications (in the range
of 10-20 times) is not sufficient to boost the input voltage due
to high losses and associated stress on the switching devices.
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Furthermore, higher stress on the switch(es) demands a higher
voltage switch, which contributes to higher conduction losses
due to larger Rps_on -

Various high step-up dc—dc converter topologies are pre-
sented in the literature using various voltage boosting techniques
such as multilevel, interleaved, cascaded or using voltage mul-
tiplier cells (VMCs), switched capacitor, and coupled inductor
[6]-[15]. Fig. 1 shows the various voltage boosting techniques
used for such high boost applications. These voltage boost-
ing techniques have their own advantages and disadvantages
and should be selected based on the application and require-
ments, such as isolated/nonisolated, hard switch/soft switched,
unidirectional/bidirectional as well as with or without minimum
phase characteristics [16]. For example, the numbers of com-
ponents to design multilevel, interleaved, cascaded including
VMCs and switched capacitor are large, especially the switch
and associated driving circuitry. In addition, the voltage stress
on the switch is high and suffers from high conduction losses
[10]. Moreover, with the increasing number of power processing
stages (e.g., in cascaded or multilevel structures), the complexity
in control and circuit design (driving circuitries) increases.

Considering the above aspects and to meet the growing de-
mand of high boost converter for various power applications,
a magnetic coupling (using coupled inductor or transformer)
could be an attractive option among the voltage boosting tech-
niques for high boost converter design. This reduces the num-
ber of components, especially switching devices (MOSFETs and
diodes) and complexity in the circuit. In addition, the converter
with coupled magnetics has a higher design freedom, e.g., volt-
age gain can be tuned with duty cycle, turns ratio, and the wind-
ing arrangements. Moreover, the switch can be implemented at
the low voltage side of the circuit, which reduces the conduction
loss by replacing high voltage and high Rpgs_,,, switch with low
voltage and low Rpg_o, switch. However, with these advan-
tages, converters with coupled magnetics are prone to leakage
inductance, and cause voltage spikes across the switching de-
vices and also lower the converter efficiency. This leakage effect
cannot be eliminated completely; however, it can be mitigated
by using an active clamp circuit. The extra active clamp circuit
can effectively recycle the leakage energy and reduce the main
switch voltage stress, but at the expense of circuit complexity
and loss in the extra circuitry. In addition, some converters re-
quire high voltage rated switches [12]. Moreover, the turns ratio
of the coupled magnetics must usually be increased in order to

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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General topology variation of different coupled inductor based high boost dc—dc converter (a) continuous input current type (saw-tooth) [18]-[25],

(b) continuous input current type using magnetically coupled impedance source (MCIS) networks [37], (c) continuous input current type (with offset pulsating)

[26]-[35], and (d) discontinuous input current type [36].

obtain a higher voltage gain, which may in turn lead to more
costly and volumetric magnetics because of the many winding
turns involved.

Fig. 2 shows the general topology variation of different cou-
pled inductors based on a high boost dc—dc converter. The varia-
tion is basically due to the nature of the current (i;,) drawn from
the source, winding arrangements, and the integrated VMC.
VMCs are generally added in the coupled magnetic converter
to further assist in voltage boost, whilst clamping the voltage
spikes and leakage energy recovery. These cells only consist of
diodes and capacitors and hence are known as switched/diode
capacitor VMCs. Some common VMCs are shown in Fig. 3. In
such VMCs, the secondary winding acts as a voltage source
which is in series with the power branch, while the clamp

capacitor and diode are used to recover the leakage energy. The
clamp capacitor can be shifted in the circuit in all placements,
where the clamping function is similar and the leakage energy
can effectively be recycled directly or through the secondary
winding to the load [3]. These circuits can be used at the output
stage of converters with ac or pulsating dc inputs (both half-wave
and full-wave). Therefore, they are known as voltage multiplier
rectifiers also. Although the voltage stresses in the middle stages
are reduced, the voltage stress of output diode and capacitor re-
mained identical to the high output voltage level. Therefore,
high-order multiplication may cause increased power loss, cost,
and size of the circuit.

As mentioned above, the drawbacks associated with such a
high boost converter using different voltage boosting techniques
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Some common voltage multiplier cells used with magnetically coupled dc—dc converter for higher gain application (a) switched capacitor VMC and

(b) integrated coupled type VMC. (a) Switched capacitor VMC and (b) magnetically coupled VMC.
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Schematic illustration of the autotransformer-type coupled inductor and modified integrated voltage multiplier cell with high boost and integration ability

(a) normal coupled inductor, (b) autotransformer-type coupled inductor, and (c) modified voltage multiplier cell.

encourage to investigate a new high boost converter topology,
which enables to use a lower voltage rating, lower Rps_on
MOSFET, with lower overall component count, complexity, and
higher efficiency. To address this issue, a very high voltage gain
dc—dc converter is proposed using an integrated coupled induc-
tor with autotransformer-type winding and a modified VMC [see
Fig. 5(a)]. The integrated passive lossless clamp with VMC in
the circuit recycles the leakage energy of the coupled magnetics,
which increases the efficiency and avoids extra lossy snubber
or active-clamp circuit. The prominent advantages of the new
topology are
1) Autotransformer-type winding in the coupled inductor
helps to reduce the total number of turns and hence the
size of the magnetics in the converter circuit. This helps
to improve the power density of the circuit.
2) A very high voltage gain can be achieved, which is particu-
larly suitable for a) low voltage output fuel cell (25-50 V)

to stabilize the output voltage to 400 V4. and b) high
voltage LED lamps (which require 100-600 V for a se-
ries/parallel string of LED from a 12-24 V battery input).

3) A low voltage stresses on the switch (Q), which helps to
choose a low voltage and low Rpg,, MOSFET.

4) No voltage spikes across the switch. The secondary wind-
ing acts as a voltage source, which is in series with the
power branch, while the clamp capacitor and diode are
used to recover the leakage energy to the load.

5) Only eight components are required to design the con-
verter. In addition, the magnetic design is simplified by
winding the autotransformer and coupled inductor on the
same core that not only reduces the space and overall com-
ponent count, but also the current stress in the switching
devices.

The above advantages of the new topology open a new hori-

zon in the area of switch mode power supply to design a compact
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Fig. 5.

and highly efficient dc—dc converter for high voltage gain ap-
plications. A mathematical derivation of the proposed converter
is documented in Section II with detail comparison and design
rules in Section III, which are further validated by simulated
and experimental results in Section IV, and the findings drawn
are finally concluded in Section V.

II. PROPOSED TOPOLOGY AND ANALYSIS
A. Basic Principle of Operation

Fig. 4 shows different coupled inductors with different wind-
ing arrangements. Using the principle of an autotransformer, the
coupled inductor shown in Fig. 4(b) can achieve higher voltage
gain (V5 /Vi = N =n+ 1) compared to the normal coupled
inductor (V2 /V; = n) as shown in Fig. 4(a). With such a simple
modification in the winding and its arrangement and combin-
ing it with a charge pump and switched capacitor with coupled
inductor VMC as shown in Fig. 4(c), a high step-up gain can
be achieved at the converter output. Furthermore, the integrated
VMC recycles the leakage energy to the load and helps to reduce
the voltage and current stress across the switch and improves
the overall efficiency.

The principle and circuit components as described above are
used in the proposed converter, which is illustrated in Fig. 5(a)
to achieve the desired performances. In addition to charge
pump and integrated three winding coupled inductor, the circuit
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Proposed ultra-step-up dc—dc converter (a) schematic circuit and its (b) steady-state waveforms during CCM.

consists of a power switch, three diodes, three capacitors, and
an input voltage Vi,.

To simplify the circuit analysis, the following conditions are

assumed:

1) Capacitors (4, Cy, and Cy are large enough to keep
Ve, Voo, and Vg constant in one switching period.

2) The power MOSFET and diodes are treated ideal. ON-state
resistance Rps_,, and parasitic capacitances of the main
switch Q are neglected. In addition, the forward voltage
drops of the diodes Dy—Dj3 are ignored.

3) Equivalent series resistances (ESRs) of all capacitors are
neglected.

4) The coupling coefficient (k = L, /( Ly, + Lj1)) of the
coupled inductor is 1.

B. Continuous Conduction Mode (CCM)

Based on the aforementioned assumptions, there are three
major operating modes in one switching period of the proposed
circuit under continuous conduction mode (CCM). The equiva-
lent circuit of the converter in each operating mode is shown in
Fig. 6. Fig. 5(b) illustrates some typical key waveforms under
CCM operation in one switching period. The different operating
modes are described as follows in detail:

Mode I ([ty — t1]): During this interval, the switch Q turns ON
and the current flows through the primary winding, secondary
winding of the autotransformer and to the coupled inductor



8548

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 11, NOVEMBER 2017

mln
e

Vi

(2 (b)

Fig. 6.

through diode D> and charges capacitors C and C5. Diodes
Dy and Dj are reversed biased. There are two closed loops for
the current to flow as shown in Fig. 6(a). The relevant circuit
expressions for this mode can then be written as

]]\\;—imm +Vo —Vea + ]]\\%ULIH Vo1 =0
> v =tV Vo ()
Np
and
Vm = Ve (2)

where v, is the voltage across the magnetizing induc-
tance.From (1) and (2)

Ng + Ngv v
Ay Vdec

Vor+Ver = N
P

+ V0. 3)

Mode 2 ([t; — to]): The switch is turned-OFF during this in-
terval [see Fig. 6(b)]. Diode D is reverse biased, whilst the
diode D3 continues to be reverse biased until the end of this
mode. The load current flows through diode D; and primary
winding of the autotransformer, and discharges the capacitor
C5. The circuit expression for this mode can then be written as

V:lc — ULm +VCQ — VO =0

= ULm = Vde + VCQ - VO- (4)

Mode 3 ([ta — t3]): The diode D; remains in the previous
mode until the capacitor Cs is discharged to V. This reverse
biased the diode D; and the load current path changes to loop IV
as shown in Fig. 6(c). The circuit expression for this mode can

Equivalent circuit of the proposed converter in CCM during different modes. (a) Mode 1 [t9—t1 ], (b) (b) Mode 2 [t —2 ], and (c) Mode 3 [to—t3].

then be written as

N,
ULm — iULm + VCI - VO =0

Ve —
d NP
Vo — Vo1 — Ve
T (5)
Np

Applying volt-second balance to the magnetizing inductance
L,, using (2) and (4) will result in

DT, Ty
/ ULm dt + / ULm dt =0
0 DT,

= Voo = : (©6)

Applying volt-second balance to the magnetizing inductance
L,, using (1) and (5) results in

DT, T,

/ ULm dt + / ULm dt =0

0 DT,

Ver +Ves — Vo Ver = Vo — Ve
D=7 (0 - D)—F=m— =0 O
Using (6) and (7)

Ng + Nj 1
Vo = Vie- 8
C1 l: NP + 1 - D d ( )

Which gives the voltage ratio between two capacitors as
Voo . Ns—l—Np—l—Né(l — D)

Ver (Ns+Ni)(1 — D)+1° ©)

The voltage gain (Gy_ccon) and hence the voltage transfer
characteristics equation of the converter during CCM is found
by solving (3) and (7) as

_ Vo B 1+ N
Gv.com = Vi~ [1 — +m} (10
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where N = (Np + Ng)/Np is the autotransformer voltage
transfer constant and m = N /Np is the turns ratio of the cou-
pled inductor. The voltage transfer characteristic of the proposed
converter is shown in Fig. 7 with varying N, m, and D.

Furthermore, since P, = Pop = Va.lin = Vo lp for a loss-
less converter, the dc input-to-output current gain Gi.ccm =
1o /T;, can be expressed as

1 —-D

1+ N+m(l — D)’ an

Giccm =

C. Discontinuous Conduction Mode (DCM)

Typical waveforms of the inductor voltage and current during
discontinuous conduction mode (DCM) are shown in Fig. 8.
When 0 <t < DTg, Q is turned ON, which results in the fol-
lowing equations for representing its operation:

Ver +Ves = Vo
ULm = W (12)
s
and vr,, = Vge. (13)

Theoretical voltage transfer characteristics of the proposed converter with varying N, m, and D during CCM.

From (12) and (13)

Ng —I-Név
— ar __ Vdec-

N (14)

Ver+ Voo — Vo =

Similarly, (15) and (16) are valid when Q is OFF in the adjacent
interval DTg <t < (D + Dy)Ts:

vLm = Vae + Vo2 — Vo (15)
Vo —Ver — Vae
Vi = — — (16)

P

Applying the volt-second balance to the magnetizing induc-
tance L,, using (13) and (15), it then results in the following
expression for computing Vo as

DT, (D+D)Ts
/ VLm dt + / vLmdt =0

0 DT,
D+ D
= Ve = Vo - S 2L, (17)
Dy,
Now using (14) and (17), V1 can be found as
Ns+ Ny D+ Dy
= c- 1
Ve { Ny + D; Ve (18)

Using (18) and reapplying the volt-second balance to the
magnetizing inductance L,, using (14) and (16), it results in the
following expression to calculate Dy, in Fig. 8:

DT, (D+Dyp)Ts
/ ULm dt + / ULm dt =0
0 DT,

D(l — N)V;lc

. 19
Vo (N +m+1) Vg (19

= Dy =
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(tLp ) versus the duty ratio of the switch (N = 4, m = 2).

Using (19), the voltage and current gain during DCM can be

found by assuming P, = Py as

Vo D+ Dy,
G =2 =(1+4 N)=——=L
vDeM = - (I + N) D, +m
G —lo_ Dr
M T T U+ N)(D+ D) +mDyL

From Fig. 8, the average input current can written as

ULm

Iin =
2L,

DTs (D +Dy).

Using (20)—(22), the voltage gain expression of the converter
during DCM can be derived as

N+m+1 N+m+1]* D2
G NN ———— _— — (23

(20) V.DCM 5 + \/{ 5 ] + 57, (23)

@1 where the normalized inductor time constant 77, is given as
Lm Lm .fS

= = 24

TR, TR @9

where f; is the switching frequency and R is the equivalent

22) load resistance. Curves plotted using (23) are given in Fig. 9(a)

for different 77, values during DCM. They collectively confirm
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TABLE I
VOLTAGE AND CURRENT STRESS ACROSS THE COMPONENT OF THE PROPOSED
DC/DC CONVERTER

Components Normalized Voltage Stress Current Stress
. 1 ~ Ntm+D 1
Switch Q =7 Ve ~ D(1+N+m)l”‘
. 1 ~ 1
Diode D T Vdc ~1=plo
Ng+Np+N.
. 1 s+Np+Ng o Nim+D _p
Diode Dy T—D [?} Vae ~ ND(1+N+m,)Im
. N ~ L
Diode D3 -7 Vdc ~1=plo
. Ng+Nj 1 1
Capacitor C; [ vt = | Vac ~1—plo
ApACi Nim(1l_-D) ~ Ntm+D p
Capacitor Co T—D Ve ~D(+N+m) Iin
. N+m+D N+m+D 7.
Capacitor C3 =5 Vae T DA+N+m)n

that the converter is load-dependent because of 7. DCM is
thus not recommended in general.

If the proposed converter is operated in the boundary condi-
tion mode, then the voltage gain of the CCM operation is equal
to the voltage gain of the DCM operation. From (10) and (23),
the boundary normalized inductor time constant (7,5) can be
derived as

D(1 — D)?
N+ 1)(N+m+1)

Fig. 9(b) shows the plot of the boundary normalized induc-
tor time constant versus the duty ratio under N =4, m = 2.
The proposed converter operates in CCM if 77 > 7,3, and
otherwise it operates in DCM.

LR & 27 (25)

D. Component Stress

From Fig. 6, the normalized voltage stress experienced by
switch Q can be written as

Vic — Vim = vQ

UQ_ 1

= e 1-D (26)

Similarly, voltage stress across diode D; can be derived as
vp1 = 7 Y 5 27)
N R
vps = T Vi 29)

Other voltage stresses experienced by components of the con-
verter are summarized in Table II. It is to be noted that the
winding N7 and switch are the only component in the con-
verter with higher current stress (ig ~ inp ~ ID ), the rest of
all other components (diodes, capacitors, and secondary wind-
ings of the coupled inductor Ny and Ng) experience very low
current (= 7 L 7 )- This helps the proposed circuit to achieve a
better efficiency even at higher voltage gain.

8551

E. Proposed Converter Versus Other Converters

Table II summarizes some key features of the proposed con-
verter along with other recent very high boost type dc—dc con-
verters [9]-[36]. The expressions included in Table II are based
on an ideal coupled inductor with zero leakage inductance (or
k = 1) and in CCM. Related voltage gains of the converters
are plotted over a wide range of D in Fig. 10, which together
with Table II shows the proposed topology producing a higher
gain than most of the conventional topologies. For D > 0.6,
the topology proposed in [13]-[15], [17], [30], and [33] has a
higher gain. However, the lower duty cycle gain is much less
than the proposed topology. In addition, [14] and [33] require
an additional switch with higher voltage rating and [17] and
[30] require additional diode and capacitor. The converter pre-
sented in [13] and [15] has also a higher gain for D > 0.65.
However, the number of switch and inductor increases with the
corresponding voltage stress [15]. On the other hand, the con-
verter with quadratic boost expressions [22]-[24] has a higher
gain at elevated duty cycle; however, the voltage stress on the
switch increases exponentially. In addition, the extra diode and
capacitor with higher rms current lead to a poor efficiency at
higher voltage gain. In summary, the proposed converter has
higher conversion ratio, lower switch voltage stress, and can
be realized with a comparatively smaller number of compo-
nents compared to other higher boost topologies (for compari-
son with other converter topologies Np = Ny, Ng = N», and
Ng = Ns).

III. DESIGN GUIDELINES

A. Coupled Inductor

Figs. 7 and 9, and (10) can help to find the appropriate values
for N, m, and D, while producing the desired voltage conversion
ratio. It should be noted from the gain expression (10) that the
primary turns are required to be low in order to achieve higher
voltage gains. This not only increases the voltage conversion
capability, but also helps to reduce the cupper loss in the high
current side of the converter. Furthermore, the following equa-
tion helps to choose the proper dimension of the primary and
secondary side winding wires with respect to power and voltage
conversion ratio:

[INP] N{INP} _1+N+m(Q1 - D)
INS rms INS' rms D(l - D)

In general, N > 2 and m > 1. Higher value of N (N > 5)
with higher Ng results in higher rms winding (ixp, ixp, and
ins/) and switch (i¢) currents, which also draws a higher rms
current from the source. Fig. 11 illustrates the effect of N and m
on the winding and switch currents with different Ng and Ng,
whilst keeping the same overall voltage gain and duty cycle. This
higher Ng unnecessarily increases the conduction losses in the
high current path of the circuit (consist of the primary winding
and the switch). To mitigate this, the secondary winding of the
coupled inductor N should be increased in the range of 1 <
N < 4 for aconverter with a medium voltage gain (G, < 20)
requirement. A higher Ny > 5 could lead to volumetric inductor
with higher cost and lower power density. While choosing N and

(30)
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TABLE II

References

Voltage Gain (GU = V"(

Voltage StressonSwitch

No. of components

Coupled-inductor

Proposed Converter Vic/(1 — D)

Converter in [9] Vic/(1 — D)

Converter in [10] Vac/(1 — D)
1 2Vie

Converter in [11] ; +‘D

Converter in [13] Viac/(1 = D)

Ny
Converter in [14], [33] mVd.
B T-D c

Converter in [15] %

Converter in [17], [30] Vac/(1 — D)

Converter in [18], [19] Vic/(1 — D)
: 24 3

Converter in [20] 7 Vac/(1 — D) 1 1 3 4 1

[26], [29] 1 0 3 1

_ 2+(1-p)¥2+ 18

Converter in [21] — Vic/(1 — D) 1 0 5 5 1
) 1+ :2 5

Converter in [22] 0 7'D1)2 Vie/(1 — D) 1 1 5 4 1
) 1+52p )

Converter in [23] i [1))2 Vic/(1 — D) 1 1 4 3 1
) 24 2 )

Converter in [24] 0 7'D1>2 Vic/(1 — D) 1 1 5 4 1
. 2+ :2,—2(1 + D)

Converter in [28] —]— Vie/(1 — D) 1 0 3 3 1
) 14252 -2 p

Converter in [31] —i Vae/(1 — D) 1 0 3 3 2

Converter in [34] — 5+ Vie/(1 = D) 1 0 4 5 1
. L+ 32

Converter in [36] —5 Vic/(1 — D) 1 0 3 3 1

m, the possibility of minimizing the leakage inductance should
also be considered, which in [1] has suggested to be a bifilar
winding method for improving coupling. Once this is done with
N and m confirmed, an estimation of the converter duty cycle D
can be inferred as

Gy com — (1 + N + m)

D pr—
Gycom — m

. 31)

Usually, D should be smaller than 75% of its maximum value.
Similar to the conventional dc—dc converter, the loss beyond
75% duty cycle becomes higher due to the large current drawn
from the source.

B. Active Switch and Diode

Voltage and current ratings of the active and passive compo-
nents can be deduced from Table I. While deciding, it should

also be noted that although diode D; and capacitor Cy with the
load resistor help to curb voltage spikes across the switch, there
will still be some small spikes, in practice, caused by stray in-
ductances and capacitances. This requires an ultrafast Schottky
diode with both small forward and reverse recovery times. To
retain a comfortable safety margin, voltage and current ratings
of the selected power devices should, therefore, be set at 150%
of their theoretically computed values.

It should also be noted that the switch Q is also burdened
by the large input current [;;, and it is primarily considered
with respect to the cost and the efficiency. As presented in (32)
and Fig. 12, the rms value of switch current is decreased as
the duty cycle D increases. This means a larger D is of the
benefit for reducing the switch conduction loss. However, this
will increase the switch voltage stresses (26), and requires higher
voltage switch having larger ON-resistance in return. As a result,
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Fig. 10. Comparison of voltage gain of the proposed converter with different high boost de—dc converters in CCM (N} = 1, Ng =2, N3 = 1).
iy (N = 4.45)\
A m=1""|
(c) (@)
Fig. 11.  Tllustration of the effect of N and m; specially, the secondary winding turns Ng and N g on winding and switch current, whilst keeping the same overall

voltage gain and duty cycle (G, = 16, D = 0.65 ): (a) current through Np (ixp ), (b) current through switch @ (ig ), (c) current through Ng (ins), and
(d) current through NV Z? (ins/)- The solid line shows the current with lower N and high m (1:3:2) and the dash line shows the current with higher N and lower m

(1:3.35:1).

a compromise should be made to have low voltage stress, while
still having a low rms value of the switch current:

(32)

C. Capacitor

Capacitors are sized mainly according to their permitted
voltage ripples during the ¢,, interval. Assuming a common
permitted capacitor ripple voltage of AVC < x% x VC,
C > Puax/ (Ve AVe fs) can hence be used for computing the

capacitances. Another parameter that needs to be determined
is the rms current through the capacitor, so that the capacitor
I, rating is not exceeded. From the capacitor current wave-
forms, the rms current through C;, Cs, and Cs can be calculated
approximately as

[ D 1
I rms ~ Iin 33
! I — DGveem —1 )
[ D m
1 rms — I 3rms ~ Ijn. 34
“ @ 1 — DGycem —1 G



8554 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 11, NOVEMBER 2017

30 - LT Y veenes GV=6
281\ % N Gv=8
26 -
24
22
20
18 -
16 -
14 -
12 -
10 -

Normalised rms switch current (Qrms/10)

O N &~ O
1

0 0.2 0.4 0.6 0.8 1
Duty ratio of the switch Q (D)

Fig. 12.  Normalized rms current of the switch O (Iq,ms/Io ) at varying voltage gain of the converter (G, ) and duty ratio (D).
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Fig. 13. Simulated waveforms of the proposed converter at N =4, m =2, D = 0.65, Vg, = 25V, and fs = 30 kHz a full load: (a) input-output voltage
current waveforms, and (b) switch Q and diode D voltage and current waveforms.
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Fig. 14.  (a) A 500-W experimental prototype of the proposed ultra-step-up dc—dc converter with (b) efficiency over a wide load range (at Vg, =50 Vand Vp =
400 V).

ey

Tol Preve

Gate source voltage of sw1tch (Vgs) (25 V/div) | Gate-source voltage of sw1tch (V) (25 V/le) ]
Draln -source voltage of sw1tch (vo) (100 V/div) | |__Voltage across diode D, (Vpy) (100 V/div) —
. S ' o p— — Q
| ‘Input voltage (V) (25 V/div) Voltage across diode D, (Vp,) (250 V/div)
: : ; — P j
'E'}BBBt current (i;,) (20 A/diV) = | Voltage across diode D; (Vp3) (200 V/div)

;‘ e — - e e = e - g 579 e
R Rt T T (BEE S Sasses T
(a) (b)

'me..- =t ‘k..gwwu [ 171
 Voltage across capacitor Cl (Ver) (250 V/div) Gate-source voltage of switch (ng) 25 V/le)
! ] o
n . . . .I h \ 1
. Voltage across capacitor C_-“z (Ve2) (100 V/div) Current through winding Np (iyp (20 A/d1V)
» Voltage across capacitor C; (V¢3) (250 V/div) " Current through winding Ns\('jvsfz A/dlv) dai
' Output voltage of the convéner (Vo) (200 V/div) ‘-—-—-______ L\'—\-,__w ““—--__.___. N

_ i | Current through winding Ng- (iys' (2 A/div)

W v 7] [ WFECEG [ ML 10,008 TR @ 5 sov  rav
30 peints

@ oA & ieen To.0m |[Z30cen [ AR
=2 i I potnty

© (d)
Fig. 15. Key experimental waveforms of the proposed dc—dc converter at N = 4, m = 2, D = 0.65, V3. = 25 V, and f; = 30 kHz and 500 W load.

Usually aluminum electrolytic capacitors are used, whose
ESR reduces with increasing capacitance. It may, therefore, help
to have larger capacitances than those computed theoretically to
keep low losses. Larger capacitances may also help to lengthen
the holding time of the converter in cases of disturbances, which
at times, may be necessary.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Simulations were carried out in MATLAB-Simulink with
PLECS toolboxes included to verify the performance of the
proposed converter. The converter was simulated with N =

4, m =2 (NP : Ng : Né =1:3: 2), D = 0.65, and fs —  Fig. 16. ) Thermal image of the proposed dc—dc converter at a rated load of
30 kHz. With these conditions, the output voltage is boosted 00 W With Vac =25 Viand Vo = 400 V.
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to Vo = 398 V for V4. = 25 V, which is consistent with (10)
as shown in the fourth trace of Fig. 13(c). The drain source
voltage of the switch is around 70 V as shown in the second
trace of Fig. 13(a), which helps to select a low voltage and a low
Rps_on switch. Other simulated waveforms are also noted to be
in agreement with the theoretical values derived in Section II.
Performances expected from the converter are thus smoothly
verified in simulations.

A 500-W experimental prototype as shown in Fig. 14(a)
has been built in the laboratory to confirm the analysis and
theory presented in Section II. Considering the size, loss,
and ripple current as discussed in Section III-A, an inte-
grated autotransformer-type coupled inductor was designed with
20:60:40 turns (11AWG wire on N, and 18 AWG wire on Ng
and Ng) on a C055863A2 MPP (molypermalloy powder). As
the midpoint of the coupled inductor is tied directly to the switch
Q and diode Dy, its coupling must be tightly ensured to min-
imize the leakage inductances seen at its windings. This can
be done by following the winding design and style as used in
[39]. The toroid core with distributed air gap used in the proto-
type improves coupling and reduces leakage inductances in the
circuit [40].

Furthermore, alow voltage and low Rpg_,, switch from NXP
semiconductors PSMN5R6 (100 V, 100 A, 5.6 m2), diode D,
43CTQI100 (100 V, 40 A), diodes Dy and D3 STTH20R04FP
(400 V, 20 A), capacitors C; — C5 (220 uF, 400 V) are used
based on the design guidelines as discussed in Section III-A.

With these conditions and design, the output voltage was
boosted to Vp = 400 V at D = 0.65 for an input voltage of
Vae = 25 V, which is consistent with (10) as shown in the fourth
trace of Fig. 15(c). The drain source voltage of the switch is
around 90 V as shown in second trace of Fig. 15(a), which helps
to select low voltage and a low Rps_,, switch. Other measured
waveforms are also noted to be in good agreement with the sim-
ulation and the theoretical values derived in Section II. Also, the
measured efficiency of the converter is above 96% and almost
flat over a wide range of the load as shown in Fig. 14(b). Hence,
the performances expected from the converter are thus smoothly
verified.

-495V offset

Waveforms showing variation of load change from full load to half load and back to full load (N =4, m =2, D = 0.6, V3. = 30 V).

For an overview of the converter loss distribution, a thermal
image of the experimental prototype operating at rated 500 W
in the steady state was captured and shown in Fig. 16. The high
current and corresponding °R loss in the primary winding of
the integrated coupled inductor and the switch contributes to
the highest power loss among other components; however, the
temperature remains stable after 60°C. All diodes and capacitors
remain cool and do not even require a heat sink.

The converter response with the change in load is shown in
Fig. 17. The load is changed from full load to 65% of the full
load (at point a) and back to full load (at point b). The input
current as well as the load current switches from full to 65% of
the full and back again to full current corresponding to changes
in load. The output voltage remains almost stable (AV is < 5%
of Vi) with these load variation, which shows the robustness
even under the open loop condition. The input voltage remains
stable throughout the load changes.

Fig. 18 shows the frequency response (control-to-output no-
tated as Gyq = 0o/ d) of the proposed dc—dc converter sim-
ulated in MATLAB. This corresponds well with the transfer
function approximated below in Laplace domain as

0 224 x10's* +9.6 X 10°s + 2.5 x 10°

d 3+ 1625582 +32x10°s+5 x 106
(35)

The response shows that the converter is stable, as its gain
crossover frequency is smaller than its phase crossover fre-
quency. The responses show that the converter is stable, as its
gain at the phase crossover frequency is smaller than O dB
(i.e., with gain-margin of ~ 20 dB), and its gain crossover
frequency is smaller than its phase crossover frequency (with
phase-margin of 70°). The responses have, however, been bur-
dened by nonminimum-phase behavior, characterized by a phase
range exceeding 90°. This needs to be considered while design-
ing the closed loop control of the system. The same observation
has also been observed with a general boost converter at a high
duty cycle [38], which certainly is expected since they are all
converters with boost ability.
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Fig. 18.  Frequency responses (control-to-output, G q) plot of the converter.

V. CONCLUSION

A high step-up single-switch dc—dc converter with high volt-
age gain and reduced switch voltage stress is proposed in this pa-
per using an integrated autotransformer and a coupled inductor.
The converter was realized using low voltage and low Rpg_on
switch, which helps to improve the efficiency. Experimental re-
sults have verified the principle of operation and confirmed the
presented theoretical analysis. The measured efficiency of the
converter over a wide range of load is above 96%, which is
comparatively higher than the conventional converter at similar
voltage gain and power level. These demonstrated performances
clearly stand out the proposed topology as a competitive alter-
native for a practical application where a high voltage gain is
demanded, such as for a fuel cells and high voltage LED lamps.
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