5982

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 5, MAY 2024

Nonisolated Ultra-High Step-Up Quadratic Converter
With ZVS Operation and Low Switch Voltage Stress

Maryam Hajilou

Abstract—This article proposes a nonisolated quadratic con-
verter with ultra-high voltage conversion ratio. In the presented
structure, an auxiliary circuit containing coupled inductors (CIs)
and a voltage multiplier cell is integrated with the quadratic con-
verter to obtain higher voltage gain. As a result, voltage stress
over switches is reduced significantly and MOSFETs with low ON-
resistance can be used to lower the conduction losses. In addition,
soft switching performance is achieved by the auxiliary circuit
and all switches are turned ON and turned OFF under zero volt-
age conditions to eliminate the switching and capacitive turn-ON
losses. Furthermore, the soft switching is load independent and is
performed over the entire load variation. Moreover, due to leakage
inductances of the Cls, the reverse recovery problem of the output
diodes is alleviated. Due to the abovementioned advantages, the
converter efficiency is enhanced notably. Also, the converter ben-
efits from continuous input current and common ground between
the input and output, which removes any limitation on the converter
applications. In this article, the converter operation is investigated
comprehensively and in order to validate the theoretical analysis,
the experimental results of a 150 W prototype are provided.

Index Terms—Low switch voltage stress, quadratic converter,
soft switching, ultra high step-up, zero voltage switching (ZVS)
operation.

I. INTRODUCTION

OWADAYS, high step-up converters are ever more
N employed in various applications including, dc motors,
three-phase motor drive systems, dc microgrids, hybrid elec-
tric vehicles (HEVs), uninterruptible power supplies (UPSs),
piezoelectric element drives, and high-intensity discharge (HID)
ballasts [1]. Among the high voltage gain converters, where iso-
lation is not necessary, the nonisolated structure is preferred over
isolated topologies due to lower volume, simpler configuration,
and higher efficiency [2], [3].

The conventional boost converter has a simple and low-cost
step-up structure but for higher voltage gains the duty cycle is
over extended, which leads to low efficiency, also the voltage
stress of the switch and diode is equal to the output voltage.
Numerous technics are employed in converters to achieve high
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voltage gain, such as switched capacitors (SCs), switched induc-
tors, coupled inductors (CIs), voltage multiplier cells (VMCs),
and a combination of these procedures [4], [5], [6], [7], [8],
[9]. However, the mentioned methods produce some challenges
like high number of elements, volume, cost, and complexity
of the converter [10]. Also, the leakage inductance of the ClIs
produces voltage spike on the switch. The high step-up convert-
ers presented in [11] and [12] suffer from the lack of common
ground between the input source and the output load that limits
the converter applications. The converter presented in [11] uses
VMC to boost the voltage gain, while a passive clamp circuit
absorbs the leakage inductance energy and recycles to the load.
The high step-up converter introduced in [12] reduces the switch
voltage stress to half the output voltage, but the duty cycle is
confined to 0.35.

Quadratic boost converters have attractive properties includ-
ing high voltage gain at the lower duty cycles with fewer compo-
nents and common ground between input and output, although
the imposed switch voltage is still high. In [13], an ultrahigh
step-up quadratic structure is introduced that uses ClIs with a
voltage doubler cell to improve the conversion ratio and reduce
the switch voltage stress. But this converter utilizes separate
switches for each boost stage that increases the circuit cost.
In [14], to obtain ultrahigh voltage gain, the quadratic structure
is combined with SC cells. But in this converter, the common
ground between the input and output is lost and has a high input
current ripple. The converters in [11], [12], [13], [14] despite
having two power switches in their structures operate at hard
switching conditions which at high output powers diminishes
efficiency.

Enhancing switching frequency decreases the power con-
verters volume and cost, but leads to more switching losses.
Hence various technics are employed to create soft switching
performance [15], [16], [17]. With a combination of two boost
converter stages, CI, and VMC, an ultrahigh step-up struc-
ture with low switch voltage stress is introduced in [18]. In
this converter, the switches are turned ON under zero current
switching (ZCS) due to the leakage inductance and the leakage
inductance energy is absorbed by a passive clamp circuit. High
input current ripple, capacitive turn-ON losses and switching
losses at turn-OFF are the main drawbacks of this converter.
High step-up converters in [19] and [20] use CIs in such a
way to increase the voltage gain and provide ZCS condition
at turn-ON for the switch. In these converters, a passive clamp
circuit limits the switch current spike but suffers from turn-OFF
switching loss and capacitive turn-ON loss. In [21], [22], [23], an
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active clamp circuit recycles the leakage inductance energy and
provides zero voltage switching (ZVS) operation for the main
and auxiliary MOSFETS. The converter in [21] attains high voltage
gain by applying CI and a built-in transformer (BIT), but has
high input current ripple. In [22] and [24], the voltage gain and
the semiconductors voltage stress can be controlled by the CIs
turns ratio and the extendable number of diode—capacitor voltage
multiplier stages. However, this structure has resulted in a large
number of passive and active elements, high cost, and circuit
volume. In [25], an auxiliary winding with a diode is employed
to provide ZVS condition for two of the power switches while an
active clamp circuit is utilized to realize soft switching for other
switches. Although, the switching losses are eliminated in the
converters of [24] and [25], but excessive number of switches is
utilized, which increases the converter cost and control circuit
complexity. Moreover, both converters have high input current
ripple.

This article introduces a new soft-switched ultra-high step-up
converter based on the quadratic structure. In order to signifi-
cantly increase the voltage gain, an auxiliary circuit containing
CIs and a VMC is used. Moreover, ZVS soft switching condition
is obtained by the auxiliary circuit for all switches which is
independent of the load variation. The proposed structure has
considerable advantages such as very high voltage gain, ex-
tremely low switches voltage stress, soft switching performance,
no capacitive turn-ON loss, no reverse recovery problem of
output diodes, common ground between the input and output,
continuous input current, low input current ripple, absorbing
the leakage inductance energy and recycling to the load, simple
structure, low cost, and high efficiency. The mentioned advan-
tages make the converters suitable for various applications and
superior to other counterpart converters.

The proposed converter operating principles are discussed
in Section II. Comprehensive steady-state analysis and com-
ponents design along with the soft switching conditions are
provided in Section III. Experimental results are presented in
Section IV and comparison with other counterpart topologies
and efficiency evaluation are depicted in Section V. Finally,
Section VI concludes this article.

II. PRESENTED CONVERTER OPERATING PRINCIPLES

The proposed ultra-high step-up quadratic converter and its
equivalent circuit are shown in Fig. 1. In the proposed converter,
the input inductor L;,, the input side diodes D; and D, the main
switch M7, the output diode Dy, the magnetizing inductance
L,,1 and the output capacitor Cp form the basic quadratic
converter. The auxiliary switch M,, the capacitor Cy, and the
magnetizing inductance L,,o form the soft switching cell. Also,
the capacitor C's and the auxiliary switch constitute the active
clamp circuit, which prevents the main switch current spike by
absorbing the leakage inductance energy at turn-OFF. The middle
inductor of the quadratic structure and the inductor used in the
soft switching cell are coupled and in conjunction with the diode
D3 and the capacitor Cy increase the voltage gain. Np; and
Npo are the number of primary side windings of the first and
second ClIs, and their secondary side number of windings are
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Fig. 1. (a) Proposed converter and (b) its equivalent circuit.

Ng1 and Ngo, respectively. The turns ratios of the Cls are defined
asn = % and m = x” , and Ly is the sum of the leakage
inductances of the CIs, which is modeled on the secondary side
of CIs. C's7 and Cg,, are the switches snubber capacitors, which
provide soft switching at turn-OFF. To simplify the converter
analysis, all semiconductor devices are presumed ideal and all
capacitors except the snubber capacitors are large enough so that
their voltages are constant. Different operational states and key
waveforms of the proposed converter are illustrated in Figs. 2 and
3, respectively. The converter steady-state operation is described
in six states in one switching cycle as follows:

State 1 (tg—t1): At tg, the main switch M7 begins conducting
and since its body diode is conducting, the switch is turned ON at
zero voltage and zero current switching (ZVZCS) and capacitive
turn-ON loss is eliminated. Switch M, is OFF and diodes D, and
Dy arereverse biased. In this state, Ly, is charged by Vj, through
D>, and its current increases linearly. Also, D3 is conducting,
and the leakage inductance current is increasing in the negative
direction while the currents of magnetizing inductances (L,
and L,,2) are rising

= —— 25N (t —to) (1)

where D is the main switch duty cycle, fg, is the switching
frequency, and I is the average output current.

State 2 (t1—t2): Atty, the switch M7 is turned OFF at ZVS and
Cs1 starts charging from zero to Vo1 + Vo3 and simultaneously
Cs, is discharging until its voltage becomes zero and the current
flows through M, body diode. In this state, D5 is reverse biased
and the input current flows via D;. The leakage inductance
current reduces to zero at t5 and D3 turns OFF at ZCS without
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the reverse recovery problem

Ink(t) = Iok(t) + 7= (Voo — (1 +n+m)Ver — V)
(t—t1) + SE2E (2 — D)L + Alom2)(t — 1))

(2)
where Aly,,2 is L2 current ripple.

State 3 (to—t3): Due to the M, body diode conduction in the
previous state, this switch can be turned ON under ZVZCS and
the capacitive turn-ON loss is removed. D and Dy are forward
biased while Dy and D3 are reverse-biased. The energy stored
in L, is transferred to C through D, while C} is charged by
Lyse. C1 and C5 are connected in series with Np; and through
the secondary winding deliver energy to the load

3

Also, D3 begins to conduct, and the input inductor and the
magnetizing inductances (L,,1 and L,,2) are being charged.
Moreover, I is increasing like the first state.

III. STEADY-STATE ANALYSIS

A. Voltage Gain

Due to short duration of states 2, 5, and 6, only states 1, 3,and 4
are considered in steady-state analysis. At the end of this section,
the leakage inductance effect on the voltage gain is investigated,
which shows a very small effect on the voltage gain and thus,
the leakage inductance is neglected here.

By applying the volt—second balance principle on the input
inductor, and the magnetizing inductances, the capacitors Cf,
Cs, and Cy voltages are achieved as

Vin D
T_p Vs =Vea= a—pyV

Tt O

Vel =
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Fig. 4. Voltage gain versus (a) turns ratios and (b) duty cycle.

By applying Kirchhoff Voltage Law (KVL) in state 1, the voltage
relationship of capacitor Cs is achieved as

1+n+m—D(n+m)
VC2: 2
(1-D)

In the main switch OFF-state, the power is being transferred to the
load, and the output voltage is the summation of Vo1, Voo, Vs,
and the voltage of secondary side CIs thus, the ideal converter
voltage gain is expressed as

Vo 24+mn+m
Vi  (1-D)*

The voltage gain versus n and m for various D is illustrated in
Fig. 4(a) and the voltage gain versus duty cycle form =n =1
is shown in Fig. 4(b). As observed, the presented converter has
ultra-high voltage gain without high turns ratio or extreme duty
cycle.

Vin. (6)

(7

B. Semiconductors Voltage and Current Stress

In state 3 and state 1, the voltage stress of the main and
auxiliary switches is clamped to Vo1 + Vg as

Vo
24n+m’

According to (7) and (8), increasing the turns ratios, enhances
the voltage gain and greatly improves the switches voltage
stress. Low switch voltage stress leads to utilization of low
cost MOSFETs with low ON-resistance, which diminishes the
conduction loss. The voltage stress of D; is clamped to Vi

Ve = Ve = ®)
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in state 1 while V3 is applied on Dy in state 3. Also, according
to the proposed converter equivalent circuit in state 3 and state 1,
the voltage stress of D3 and Do are Vo — (Vo + Viog). Thus,
using (5)—(8) the diodes voltage stresses are as follows:

1-D D
D= oy, Vo Vb2 = oo Vo 9)
1+n+m
Vps =Vpo = ——Vp. 10
D3 Do = 5o Vo (10)

The input current flows through Dy when M is ON and then
flows via D; when M is OFF. Thus, the average currents of D5
and D, are equal to DI; and (1 — D)I;, respectively. Also, the
current stress of both diodes is equal to I; + A% Assuming
ideal components, the input average current is GIp and the

diodes current stress is as follows:

DRo )
— | Ip.
2fswLinG

Considering the capacitors ampere—second balance, the capaci-
tors average current is zero. Thus, the average current of D3 and
Do is equal to Ip. So, according to these diodes current wave-
forms in Fig. 3, their peak currents are given by the following:

Tt = Iy — (G + (11)

Ips = =1Io 12)

D

2
1-D
Based on the general inductor relation AT = VL At/L, I, at
t1 and ¢4 are obtained as (14) and (15), respectively.

D((n+m+1)Ver — Voo + (m+ 1)Veg — mViey)

Ino = Io. (13)

14
(1—=D)(Vor + Vea + (n+ 1)Vez + mVey — Vo) s
fska ’ ( )

By equating (16) with (14), (17) with (15) and summing them,
simplifying, and replacing capacitors voltages from (5) to (7),
the voltage gain relationship by considering Ly, is derived as

Vo 24n+m
G:—: 3
Vin (1-D)

1
2L fsw 1 1
L+ =52 (D2 + 7o)

(16)

According to (16), the proposed converter conversion ratio for
different leakage inductances is illustrated in Fig. 5. As observed,
Ly, has a very small effect on the voltage gain and thus, the
ideal voltage gain of (7) is accurate. By writing the Kirchhoff
Current Law (KCL) in the proposed converter, the average
current of L,,; is obtained as (1 — D)I; and the average current
of L2 is zero. By applying KCL at ¢; and ¢4, considering the
current variation of the magnetizing inductances, and using (12)
and (13), the main and auxiliary switch maximum currents are
obtained by the following:

Iy = ((2— D)G + 2ndmy 4
(1*D)V03( 1 1 )
2 fow L L2

a7
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IV. DESIGN CONSIDERATIONS AND SOFT-SWITCHING
CONDITIONS

A. Elements Design

The input inductor is charged by the input voltage in state
1 and for CCM operation at light load (10% full load), it is
designed as follows:

DV;

Lin> ——r 7
~ 0.2G10o fsw

(19)
For applications where the current ripple is not very important,
higher current ripple for L;, can be considered, which leads
to smaller L;,. The capacitor C charges L,,; during the main
switch ON-state and to avoid power reprocessing, it is preferred to
keep I1 m1 positive for improved converter efficiency. Therefore,
L1 current ripple can be considered 20% of L,,; average
current to prevent the current from returning to Cy at light
loads, but this increases the converter volume and the conduction
losses. Therefore, since there is a tradeoff for L,,,; design, the
ripple is considered twice the L,,; average current at half load.
Based on the L,,; average current given in the previous section,
L, is derived as

L, > DVey

~ (1=D)Glofw 20

In the main switch OFF-state, C is charged and C} is discharged
by I; — Ipo and Ipg, respectively. By considering (13) and Ipg
waveform in Fig. 3, these capacitors equations can be expressed
as follows:

o >(1+m+n+D)Io Io
1

,Cy > —————. 21
a (1 - D)fswAV01 ? fswAVCQ ( )

The capacitor C5 is discharged in the second half duration of
state 1 by (m + 1)Ips + Ime. Also, Cy is charged at the same
time by Iimo +mIps and in state 3 by Iy n9 — miIpo. Thus,
capacitors are obtained as follows:

(22)

Al maD
<3(m + 1)+ ”)

> =
Cs 2 AAVEs fon 2
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1 AV
1 —_— 2
O R Ver T (m oty ) @)
Dlip (1=D)Vey
> Ay = —-~F——. 24
CO fswAVO’ b2 Lm2fsw ( )

where AVgq_4 are Cq_4 voltage ripples, and the Cp voltage
ripple is equal to the output voltage ripple.

B. Soft Switching Conditions

When the main switch is turned OFF, Cs; begins to charge
and limits the switch voltage slop to provide ZVS condition at
turn-OFF. Simultaneously, the auxiliary switch snubber capacitor
is discharged, and M, body diode starts conducting. Therefore,
M, can be turned ON under ZVZCS condition. At the same
time, the leakage inductance current decreases in the negative
direction until reaches zero. As a result, D5 is reverse biased at
ZCS. Before switch M is turned ON, M, is turned OFF under
ZVS due the snubber capacitor C's, across it. The voltage sum-
mation of both snubber capacitors (Vcs1 + Visa) is clamped to
Vi1 + Vies hence when Cs, is fully charged, C's is completely
discharged, and the main switch body diode conducts. Then,
M can be turned ON under ZVZCS without capacitive turn-ON
loss. Also, Do turns OFF at ZCS since the leakage inductance
current smoothly declines to zero. In order to realize the ZVZCS
operation for M at turn-ON, Ics, — Ics1 at t4 must be higher
than zero and also to turn-ON the main switch body diode at 5,
Ips1 at the end of state 5 must be lower than zero. Moreover,
the inductive energy available must be enough to completely
discharge and charge the snubber capacitors. So, soft switching
conditions are as follows:

(n4+m+ 1)Ipo(ts) — ILma(ta) — ILmi(t4) >0 (25)
Ipa(ts) + Imi(ts) + ILme(ts) <0 (26)
1 1

—Lmolpma(ta)? > =(Cs1 + Csa)(Ver + Ves)®. (27)

2 2

In the above equations, Ipo(t4) is obtained from (13) and
Ipa(ts) is almost equal to I;. Ir,a(ts) is % and since
the duration of state 5 is very small, I1,,2(ts4) is the same
as Ipma(ts). Also, Ir,,1 at both times is approximately
%. Thus, (25) and (26) are written as (28) and (29),
respectively.

243mAn) AL S0 28)
1-D
(3—D)GIo — Al <0. (29)

As observed, the first condition is always established. According
to (24), % is independent of load variation, thus the worst
condition for (29) is at full load and L,,> should be designed
at 1o maximum. Therefore, from the second condition, L, is
derived as follows:

(1 — D)Vc4

L <t
™2 = (3= D)GIofow

(30)
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Fig. 6. Main switch voltage and current stress and turns ratios versus duty
cycle for a constant voltage gain.

By substituting (5) in (27) which is the third condition for soft
switching, the following is obtained:

D%(1 - D)?
(051 + C’Sa)fsw2 .

The relation (27) is obtained by assuming that L,,5 energy has
the significant contribution to charge and discharge the snubber
capacitors and the energy of L,,; and the CIs approximately
cancel each other.

Lo < 31
257 (31)

C. Design Procedure

The converter numerical design for Vi, =48V and Vp =
650V at 150 W is performed. Based on the voltage gain, the
switches voltage stress equation in (8) can be written as follows:

__Yo _
G(1 - D)*

Using (7), (17), and (32), the main switch voltage and current
stress along with the turns ratios versus duty cycle are shown in
Fig. 6. As seen, for a certain voltage gain, the switch voltage and
current stresses are appropriate at low duty cycles and high duty
cycles, respectively. Thus, to operate the converter at a suitable
duty cycle and use low voltage MOSFETs to reduce the conduction
loss and cost, duty cycles between 0.3 and 0.5 is appropriate. At
D = 0.5, the switch voltage stress is equal to 200 V and 250 V
MOSFET can be selected while higher D improves the efficiency.
At D = 0.5, n and m are equal to 0.69 and the input inductor
and L,,; are designed from (19) and (20). Also, the capacitors
are designed from (21) to (24) for less than 2% voltage ripple.
Moreover, the snubber capacitors are selected like any snubber
capacitor [26]. Then, to provide ZVZCS at turn-ON for M7, L2
is designed from (30) and (31), which ZVS region versus D is
indicated in Fig. 7. The components values according to this
design procedure are provided in Table I.

Vv = Vma = (32)

V. EXPERIMENTAL RESULTS AND EFFICIENCY

To evaluate the theoretical analysis, a 150 W converter labora-
tory prototype is implemented as shown in Fig. 8. The prototype
specifications are illustrated in Table I and the experimental
results are illustrated in Fig. 9. It is notable that the proposed
converter due to has ultra-high voltage gain, is a good selection
for dc motors. The switches M; and M, voltage and current
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TABLE 1
PROPOSED CONVERTER PROTOTYPE SPECIFICATIONS
Symbol Parameter Specification
Vin ,Vo Input and output voltages 48 V, 650 V
P Output power 150 W
fow Switching frequency 100 kHz
My, Mg main and auxiliary switches IRF250P224
D1, Do Quadratic diodes VS-20CTQ150-M3
D3, Do Diodes DSEP15-06B
C1,C3 input and clamp capacitors 10 uF
C2,Cy capacitors 4.7 uF, 10 uF
Co Output capacitor 10 uF
Cs1,Csqa Snubber capacitors 4.7 nF
e, Input inductor 400 pH
L1, Lm2 Magnetizing inductances 350 pH, 35 pH
Ng1:Np1 Number of turns 24:34
Ngo:Npo Number of turns 14:20
CoreL;, Magnetic core of L;,, EI 35/21/9
Corel Magnetic core of L1 EI 35/21/9
Core2 Magnetic core of Ly,2 EI 25/13/11
Ry, Windings Resistance 64 mQ
Ryp1, Rns1 Windings Resistances 63, 89 mQ
Rnp2, Rns2 Windings Resistances 14, 43 mQ
Bnsm Litz wires number for L;, 7
knpi, kNS Number of litz wires Npy, Ng1 4,2
knp2, kns2 Number of litz wires Npo, Ngo 9,2

§

o

L §
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2 3

=

s k
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g
.4

Length=14.5 cm

Fig. 8. Implemented prototype converter.

waveforms at full load are presented in Fig. 9(a) and 9(b),
respectively. As observed, the switches are turned ON at ZVZCS
condition and turned OFF under ZVS condition. Therefore, the
switching and capacitive turn-ON losses are eliminated, while
the switches voltage stress is reduced significantly. The main and
auxiliary switches waveforms at light load (15 W) are depicted
in Fig. 9(c) and 9(d) indicating ZVZCS turn-ON condition is
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Fig. 9. Experimental waveforms of (a) M at full load, (b) M, at full load,
(c) M; at light load, (d) M, at light load, (e) D1, (f) D2, (g) D3, (h) Do
(i) Input current, and (j) Input and output voltages.

established for both switches. Fig 9(e)-9(h) shows the voltage
and current waveforms of all diodes. According to Fig. 9(g) and
9(h), diodes D3 and D¢ turn-OFF at ZCS condition eliminating
these diodes reverse recovery losses. The low ripple continuous
input current waveform is depicted in Fig. 9(i) while the input
and output voltages are provided in Fig. 9(j). Also, the converter
dynamic load performance is achieved by changing the load
from full load to half load and vice versa as shown in Fig. 10.
The converter control circuit schematic and waveforms are
shown in Fig. 11. A basic PI voltage controller, which is realized
by IC TL494 produces the gate-source signal of M;. Also, the
gate-source signal of M, is generated by IC CD4098, IC 7404,
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Fig. 10.  Step load transient response.
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Fig. 11.  Control circuit schematic and waveforms.

and IC 7410. IC CD4098 contains two monostable blocks, IC
7404 is a NOT gate, and IC 7411 is an AND gate and all of them
provide suitable pulse signals from the main control block for
the auxiliary switch. The pulse width of the first and second
monostable is adjusted by ¢, = T' — t,, and t,, respectively. In
this control circuit schematic, ¢, is the time interval to discharge
the auxiliary switch snubber capacitor (C's,, ) and charge the main
switch snubber capacitor (C's1), simultaneously. Also, ¢, is the
time interval to discharge C's; and charge CSa simultaneously.

(Ver + Vos)(Cs1 + Csa)

A — L3
2(n+ +l)Io + (1— 5;‘;;4 (2 _ D)GIO
(Vo1 + Ves)(Cst 4 Csa)
t, > . (34)
y (n+m+1)Io + (;Llji‘;s4 . (1 _ D)GIO

The integrated circuits used for the control circuit are illustrated
in Fig. 12. To create the delay time for M, turn-ON, the gate
signal of M, is employed for the leading edge triggering of
the first monostable (+TR1) and the trailing edge triggering of
the second monostable (-TR2) in CD4098. The pulsewidth of the
first and second monostable is obtained by the external resistor
and capacitor (RX1 and CX, and RX2 and CX2, respectively).
Then, the output pulsewidth of two monostable terminals (Qo
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TABLE II
PERFORMANCE COMPARISON BETWEEN THE PROPOSED CONVERTER AND OTHER COUNTERPART CONVERTERS

Number of Voltage gain Maximum normalized ~ Normalized sum of the At D =0.65 Switching Reported
Con. S/D/BC/C,W/T.C! @) switches voltage stress diodes voltage stresses and n=m =1 condition CGZ2LICR3 fswa/E4
(Vi /Vo) >(Vp/Vo) G (Vm/Vo)  onloff

[11] 2/5/4/2.3/13 === 52 LT 11 026  Hard/Hard no yes  50/500/91
[12] 2/4/4/2,2/12 % 1 ) - Hard/Hard no yes  30/250/92.2
[13] 2/5/5/2,3/14 =D = e 298 0.45 Hard/Hard yes yes — 50/280/94.3
[14] 2/5/5/3,3/15 = =5 % 21.6  0.37 Hard/Hard no no  33/250/93.5
[18] 2/5/5/2,3/14 %"‘ﬁm e e Stin dnlosD 23 0.35 ZCS/MHard yes no  50/130/96.3
211 2/3/5/2,4/12 it D0t S ETIESSIES: gt 151 019  ZVS/ZVS yes mo  100/400/95.3
[22] 2/4/6/2.3/14 ot T T 85  0.33 ZVSIZVS yes yes  95/500/98
[23] 2/6/6/2,3/16 }jf;)g o o 245  0.33 ZVS/ZVS yes yes  50/175/92.8
[24] 3/4/5/2.4/14 (2"3)("?1":%;5”“4’ S Wé(—f’_)g;# 177 0.3 ZVS/ZVS yes no  100/500/96.8
[25] 4/4/5/2.4/15 %ﬁ;w e . 12 0.68 ZVS/ZVS yes no  100/1k/94.8
pro. 2/4/5/3,5/14 %i"j‘g;;‘ T Stnim 32.6 025 ZVS/ZNS yes yes  100/150/96.7

1. Switch/Diode/Bulky capacitor (all the capacitors except the snubber capacitors)/Core,Winding/Total components (S+D+BC+C)

2. Common ground 3. Low input current ripple 4. fs/P/E: Switching frequency [kHz]/ Power [W]/ Efficiency [%] *. (% +EHM

TABLE III
GATE DRIVE COMPLEXITY AND LOSS COMPARISON BETWEEN THE CONVERTERS IN TABLE II

Number of Gate drive . .
Converter . . Gate drive requirements
switches complexity and loss
[11]-[14], [18] 5 Low Two switches are signaled simultaneously and one switch has a floating source.
[21]-[23], proposed 2 Low Switches are signaled complementary and one switch has a floating source.
[24] 3 Medium-High Two switches are signaled simultaneously and one switch is signaled complementary.
Two switches have floating sources.
[25] 4 Hish Two switches are signaled simultaneously and the other two switches are signaled
& complementary. Three switches have floating sources.
is provided by the proposed converter and capacitive turn-ON

ERE]

CD409

Fig. 12.  Details of the proposed converter control circuit.

and ()1), and the NOT gate signal of M are applied to the AND
gate IC 7411.

VI. COMPARISON

To demonstrate the advantages of the proposed converter, a
comprehensive comparison is performed with other counterpart
structures in Table II. Moreover, a comparison in terms of gate
drive complexity and loss, between the proposed converter and
the converters in Table II, is performed in Table III. Also, the
principal characteristics of the converters in [11], [12], [13],
[14], [18], [21], [22], [23], [24], [25] versus duty cycle are
compared in Fig. 13. As observed, the proposed structure with
an acceptable number of elements has the highest voltage gain
and low voltage stress across the switches (a quarter of output
voltage at n = m = 1) while the summation of voltage stresses on
diodes is minimum. Moreover, soft-switching operation at ZVS

losses are eliminated. Besides, the converter benefits from the
common ground between the input and output and has low input
current ripple.

According to Fig. 13(b), the switch voltage stress is decreased
by enhancing duty cycle in [11] but this converter and the
converters in [12] and [14] have no common ground between
the input and output and they are hard switched. Moreover, the
converter in [14] has higher number of elements compared to the
proposed converter and high input current ripple, which limits
the converter applications. The converters in [13] and [18], have
high voltage gain with the same number of elements as the
proposed converter, but suffer from hard switching operation
while the input current ripple is high in the converter of [18].
The converters of [21], [22], [23], [24], [25] operate under ZVS
condition however, the voltage gain is low in [21] and [22] and
the converters in [21], [24], and [25] have high input current
ripple. The converter in [22] has a high efficiency with the
same number of elements as the proposed converter, but it has
lower voltage gain. To increase the voltage gain, the number of
elements must be increased, which reduces the efficiency. The
converter of [23] has lower voltage gain with higher number
of the elements than the proposed converter. The voltage stress
over the power switches and the sum of diodes voltage stresses
in the converter of [25] is extremely higher than the presented
converter. Also, this converter has two extra switches while the
converter in [24] has one additional switch in their structures
which increase the converters size, cost, and control complexity.
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Fig. 13.  Comparison among the converters in Table II in terms of (a) Voltage

gain, (b) Normalized switches voltage stress, and (c) Normalized sum of diodes
voltage stresses.

D1 conduction loss
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Capacitors loss
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Fig. 14.  Proposed converter loss breakdown analysis.

The proposed converter loss distribution at various output
powers is achieved as shown in Fig. 14. Due to soft switching
operation, switching losses are eliminated and efficiency is
improved. The efficiency diagram versus the output power for
the proposed converter and some of the quadratic converters in
Table II that have two switches is presented in Fig. 15, which
indicates 96.7% efficiency for the proposed converter at full
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Fig. 15.  Efficiency versus output power of the proposed converter and other

counterpart converters.

load and 96% over in a wide output power range. To obtain the
compared converters efficiencies at the same operating condition
as the proposed converter, these converters are designed for the
specifications reported in Table I before computer simulation.
Then, the converters theoretical efficiencies are attained by
performing loss breakdown analysis, which requires data to be
obtained from simulation results, theoretical calculations, and
datasheet parameters. It is notable that the same switches and
diodes as the proposed converter are used for all these converters,
only due to the higher voltage stress of the auxiliary switch in
the converters of [13], [14], switch APT84MS50 L is employed
which is the same category switch. Also, the same magnetic
cores as the proposed converter are used for other converters.

In the loss breakdown analysis of the proposed converter,
due to ZVS operation of switches, the switching losses and
capacitive turn-ON losses are assumed approximately zero. The
conduction losses of switches and diodes are approximated
by Rps(on)Ij/*(rms), and VpIp(ave), respectively, where
Rps(on) is the switches ON-state resistance, /s (rms) is the root
mean square (rms) value of switches ON-state current, Vp is the
diodes forward bias voltage drop and Ip(ave) is the average
current of diodes. Litz wires are used for windings, and the
windings conduction loss is obtained from Ryy Iyy*(rms) which
Ryy is the windings electric resistance and [y (rms) is the rms
value of windings current. Also, the ESR loss of capacitors
is obtained from ESRI:?(rms), where ESR is the equivalent
series resistance and I (rms) is the rms current of capacitors.
Moreover, the core loss is approximated by the Steinmetz equa-
tion as Po = afow” (Bpr )Y where Pe is the core loss density in
mW/cm?, By, = ﬁfi is the flux density peak in Tesla while,
a, x, and y are the Steinmetz coefficients and reported by the
manufacturer. L is the inductor value, AT is the inductor current
swing, n is the number of turns and A, is the core effective
cross-sectional area.

VII. CONCLUSION

This article has proposed a new ultra-high step-up converter
based on the quadratic structure. The presented converter has
taken advantage of integrating Cls, a VMC, and an active clamp
circuit to increase the voltage gain and reduce the switch voltage
stress significantly. Moreover, soft switching operation under
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ZVS at turn-ON and turn-OFF for all switches is established
which is independent of load variation. As a result, switching
losses and capacitive turn-ON losses are eliminated. Also, the
leakage inductance energy is absorbed and recycled to the output
while the output diodes turn OFF at ZCS, which eliminate the
reverse recovery problem. Furthermore, the proposed converter
has continuous input current and common ground between the
input source and load which are necessary factors for various
applications. The performance comparison shows that the intro-
duced converter is superiority to other counterpart structures in
terms of voltage gain, switch voltage stress, and providing soft
switching operation. The results of an implemented converter
prototype and loss breakdown analysis confirm the converter
performance.
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