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Abstract: This study presents an interleaved high step-up DC-DC converter based on three-winding high-frequency coupled
inductor and voltage multiplier cell (VMC) techniques. The primary and secondary windings of each coupled inductor are
inserted in the same phase and the third winding is inserted in the other phase. The VMC in each phase consists of two
diodes, two capacitors, the secondary winding of the same phase coupled inductor and the third winding of the other phase
coupled inductor. The voltage gain is increased and the output voltage is clamped across the capacitors of the VMCs. Then,
the voltage across the power metal oxide semiconductor field effect transistors (MOSFETSs) is decreased. The leakage
inductance of the coupled inductors controls the output diode falling rate, which alleviates reverse recovery problems. The
power MOSFETs are turned-on under zero current switching that helps to conversion efficiency improvement. Three modes
of operation named as continuous conduction mode, discontinuous conduction mode and boundary conduction mode are
investigated for the proposed converter. The carried mathematical analysis and satisfying operation of the proposed converter
are verified via experimental results of an 870 W 60 V-input to 590 V-output laboratory prototype with 95.2% conversion

efficiency.

1 Introduction

Renewable energies such as photovoltaic and fuel cells, are
becoming increasingly important and widely used in
distribution systems. These kinds of energies address the
solutions to environmental pollution and the problem of
exhaust of fossil energy reserves. However, the main
characteristic of these energies is the low-output voltage,
then a DC-DC converter with large voltage conversion
ratio is used to increase the output voltage of the clean
energy for the DC interface to the main electricity source
through the DC-AC inverter [1-3]. Theoretically, the
conventional transformerless DC-DC converters such as
cascade boost and buck—boost converters can achieve a
high-voltage conversion ratio with high-duty cycles [4, 5].
However, some effects such as the on-state resistance of the
power metal oxide semiconductor field effect transistors
(MOSFETSs) (rps), the forward voltage drop (Vgp), the
on-state resistance of rectifier diodes (rp) and the equivalent
series resistor (ESR) of capacitors and inductors will
degrade the voltage gain of the converter, which limit their
practical applications. Moreover, working with extreme
duty cycles will cause in serious current reverse recovery
and stability problems. Another important drawback of such
converters is high-voltage stress across the main switch,
which decreases the efficiency. The voltage conversion ratio
can be extended by voltage lift and voltage multiplier cell
(VMC) techniques [6-10]. However, the main switch
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suffers high transient current and the conduction loss is
increased. Another solution for voltage gain extension is
using of magnetic means such as coupled inductors with (or
without) VMCs [11-18]. The voltage conversion ratio and
the voltage stress across power MOSFETSs can be controlled
by the turns ratio of the coupled inductor. Also the reverse
recovery problem of the diodes is alleviated by the leakage
inductance and the leakage energy is recycled by active or
passive clamp circuits. Although the extreme duty cycle is
avoided in the aforementioned converters, however, the
input current ripple is large because of single-phase
operation, which decreases the renewable power source life
time and limits their application for high-current and
high-power applications. Interleaving technique can be used
to minimise input power source current ripple [19-27]. The
power is shared between the phases and consequently
because of the reduction of losses, the conversion efficiency
is maintained at high levels even for high-power
applications. The proposed converter in [19] uses an
resistor—capacitor-diode network to reduce the switching
loss during turn-off transition. However, the duty cycle of
power switches should be less than 0.5, which is a great
limitation for increasing of voltage gain. The proposed
converters in [20, 22, 23] employ only coupled inductor
technique to increase voltage gain. However, without
integrating the VMC in the converter, the voltage step-up
capability is ordinary. A step-up converter based on
three-state switching cell is proposed in [21]. An additional
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winding is added to the auto transformer to provide
high-voltage gain and reduce the voltage stress across the
power switches. However, an additional inductor is needed
to be inserted at the input of the converter for reducing of
power source current ripple and also the power switches
operate under hard commutation conditions. The converter
in [24] integrates a forward energy-delivering circuit with a
voltage-doubler to extend voltage gain. However, the
voltage gain is not high, enough. A high step-up converter
with a three-winding high-frequency coupled inductor and
VMC is proposed in [25], which its power circuit is shown
in Fig. 1. The third winding of each coupled inductor is
inserted at the other phase. The passive clamp circuit is
combined with the VMC. The VMC in each phase consists
of the second winding of the coupled inductor in the same
phase and the third winding of the coupled inductor at the
other phase, a clamp capacitor, a clamp diode, a
regenerative capacitor and a regenerative diode. The voltage
gain is extended and the voltage stress across the power
switches is reduced thank to coupled inductor turns ratio
and VMC. The converter is suitable for high-current and
high-power applications. An interleaved step-up converter is
derived in [26] by inserting a VMC into the conventional
interleaved boost converter. The VMC consists of a
regenerative capacitor, a regenerative diode and the
secondary windings of the coupled inductors. An
asymmetric interleaved high step-up converter is proposed
in [27] that combines the advantages of integrated fly-back
boost converter and conventional interleaved boost
converter with a voltage lift capacitor structure. The voltage
is relatively high and the voltage stress across the power
switches is low.

Based on the aforementioned discussions the integration of
coupled inductor and VMC technique in interleaved
structures is a better concept for obtaining higher voltage
gain and less-voltage stress across the semiconductors even
at high-power levels. This paper proposes an interleaved
high step-up DC-DC converter suitable for high-current
and high-power application. Using coupled inductor and
VMC techniques, the proposed converter can achieve
high-voltage gain and the voltage across the power
MOSFETs is decreased. The coupled inductor has three
windings. The second winding is inserted in the VMC of
the same phase and the third winding is inserted in the
VMC of the other phase. The VMC consists of two
regenerative diodes and two regenerative capacitors instead
of one regenerative diode and one regenerative capacitor
and the windings of coupled inductors. The voltage gain is
extended and the voltage stress across the semiconductors is
reduced compared to the proposed converters in the
literatures. The overall features of the proposed converter
are as follows:

+
V]
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Fig. 1 Power circuit of the proposed converter in [25]

176
© The Institution of Engineering and Technology 2015

High-voltage conversion ratio

Low-voltage stress across semiconductors

Zero current switching (ZCS) of the power MOSFETs
Recycle of leakage energy

Low-input current ripple

High conversion efficiency

This paper is organised as follows:

e In Section 2, the proposed converter is presented and its
modes of operation under continuous conduction mode
(CCM), discontinuous conduction mode (DCM) and
boundary conduction mode (BCM) are described.

e In Section 3, the performance analysis of the converter in
CCM, DCM and BCM are demonstrated.

o In Section 4, the theoretical conversion efficiency, design
guidelines of the proposed converter semiconductors and
performance comparison are given.

o In Section 5, the discussion about unbalances effects on the
operation of the proposed converter are given.

e In Section 6, the experimental results of an 870 W 60
V-input 590 V-output laboratory prototype are given to
prove the satisfying operation of the proposed converter.

2 Proposed converter and operational stages

Fig. 2 shows the circuit configuration of proposed converter.
The converter consists of a DC input voltage Vj,, two power
switches S; and S,, two coupled inductors, seven capacitors
and eight diodes. Each coupled inductor has three windings
and the third winding is inserted at another phase. L1, Ly
and Ly, Lk are the magnetising and equivalent leakage
inductors of the coupled inductors. ‘e’ and ‘e e’ notate for
the windings of coupled inductors in the first and second
phase, respectively. The primary of each coupled inductor
has N; turns and their secondary (second and third
windings) have N, turns, respectively. Turns ratio (V) of
the coupled inductors are equal to N=N,/N;. The VMCs
are composed of two blocking capacitors (C;y;, C;» and
Cr1, Cin), two regenerative diodes (D, Dy, and Dy,
Dy»5). D¢y and D¢, are the clamp diodes, Cciand Cc, are
the clamp capacitors, D,; and D, are the output diodes, C,
is the output capacitor. The duty cycle in the proposed
converter is higher than 0.5. As the main objective of the
proposed converter is to obtain high-voltage gain and such
characteristic is achieved when the duty cycle is higher than
0.5, hence, the steady-state analysis has been made only for
this case. It is important to point out that the proposed high
step-up converter can also function for duty cycle lower

Sirst phase

Fig. 2 Circuit configuration of the proposed converter
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than 0.5. However, with duty cycle lower than 0.5, the
secondary induction voltage of the transformer is lower, and
consequently, it is not possible to obtain the high-voltage
gain as that for duty ratio greater than 0.5. To simplify the
circuit analyses following assumptions are made:

(1) All capacitors are large enough. Thus, their respective
voltages are considered constant in one switching period.

(2) The power devices are ideal, but the parasitic capacitors of
the power switches (Cg , Cy, ) are considered.

2.1 CCM operation

Key waveforms of the proposed converter under CCM are
shown in Fig. 3. There are 14 modes of operation in one
switching period. Owing to symmetry of the operation only
first seven modes are analysed. Equivalent circuits of the
proposed converter under CCM are shown in Figs. 4 and 5.
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Fig. 3 Key waveforms of the proposed converter under CCM
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Mode 1 [ty <t<t;]: At t=ty, the switch S, is turned on with
ZCS soft switching condition (Fig. 4a). The diodes D¢y, Dc»,
Dy, Dy and Dy are in turn-off state and the switch S,
diodes D11, D;1; and D, are in turn-on state. In this time
interval, the energy of Cg is discharged, rapidly. The
energy stored in the coupleé inductors is released into the
capacitors C;; and C,q,, at the first phase and the energy
stored in the coupled inductors is released to the C,, at the
second phase. The current through the leakage inductor
Ly, is increased linearly, which leads to decrease of the
secondary current through interleaved phases. This
operating mode ends when the iy, reaches i;,. Thus D,
is turned off with ZCS condition and the reverse recovery
current problem is alleviated. The following equations can
be written in this mode

Ly % =Vin— pl (D
g =1ty +ip (2)
Ly, % =Vin — p2 3)
I =y Hip, “4)

= _ipz = N(ZiDrn + iDoZ)

Ve, ) (%)
SR ("
N(Lyyg + L) P10

pl

where 7, and ¥}, notate for the current and voltage of primary
side of coupled inductors.

Mode 2 [t; <t <t,]: In this time interval, switches S; and S,
are in turn-on state (Fig. 4b). Diodes Dc¢1, D¢y, Dr11, D12,
Dy, Dyo, Doy and Dy, are all in turn-off state. In this
mode, the inductors Lyyy, Lni, Lk and L., are charged
linearly from the DC input voltage. This mode ends when
switch S; is turned off at #=1¢,. The following equations are
held in this mode of operation

. V.
U :]Lml(l‘l)—i_T_thl(t_tl) (6)
V.
ip =1 (t)+—""—(—1) (7)
fo2 2 L + L :
VDCI = VCCI ®)
Vb, = Ve, ©)

Mode 3 [t; <t<t3]: At time t=t,, switch S; is turned off
(Fig. 4c¢). The switch S, is in turn-on state. Diodes D¢,
Dcz, Drlls Dr12a Der, Drzz, DOl and D02 are all in tum-off
state. The parasitic capacitor Cg is charged by inductors
Ly, and L, currents. This increases the voltage across
diode D¢;. This mode ends when the voltage across Dc
reaches to zero at =13

t

1 . ILm](lz)
Vb, = Ve, () + o) e dt=—-p=@—-1) (10)

1vh Sy

Mode 4 [t; <t <t,]: Attime t=t3, D¢ is turned on (Fig. 4d).
S; is kept switched off and S, is kept switched on. Diodes
Dcz, Drlls DrlZa Der, Dr22’ Dol and D02 are all in turn-off
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Fig. 4 Equivalent circuits of the proposed converter under CCM

a Mode 1
b Mode 2
¢ Mode 3
d Mode 4

state. During this time interval, the stored energy in L, and inductors Ly, and L, are charged linearly from DC input
Ly is released to clamp capacitor Cc; that increases the voltage. This mode ends when the voltage across output
voltage across switch S; and the output diode D,;. The diode D, reaches to zero at t=1,

Fig. 5 Rest of equivalent circuits of the proposed converter under CCM

a Mode 5
b Mode 6
¢ Mode 7
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1 [ .
Veo, = VCCl(t3)+C—ClJt ic, dr
3
I, (%)

= Ve, () +—2(t — 1) (11)
CCI

Mode 5 [t;<t<ts]: At time t=1t,, diode D, is turned on
(Fig. 5a). The switch S; is kept turned off and S, is kept
turned on. The diodes D¢y, Dyi1, Dr» and Dy, are in
turn-off state and the diodes D¢, D1, Dy and Dy, are in
turn-on state. The energies of Ly, and L, are released to
clamp capacitor C¢;. The coupled inductors in first phase,
DC input power source, capacitors C;;; and C;p are in
series to transfer the energy to the output load. Thus the
capacitors C,1; and C;;, are discharged. Capacitors C»; and
Cy, are connected in parallel to each other and the
secondary windings of coupled inductors in second phase
and are charged, equally. This mode ends when the current
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Fig. 6 Key waveforms of the proposed converter under DCM
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through capacitor C¢; reverses its direction at ¢ =t

b2 = "1 = N(lerzl + lDol)

LN+ DV, 20

-V
rll o -
(t—t)+it,) (12)
N(Lyy + Liy) N patd

Ipe, = tk1 = ir,,(t4)

N+ DVea +2V¢,

I V°(t—¢) (13)
N(Liy + L) N

ice, = Ir,, () =N + Dip  —2Nip (14)
Is, =i =i, + Nlp  +2ip ) 15)

Mode 6 [ts <t <t4]: At time t=ts, the current through clamp
capacitor C¢; reverses its direction (Fig. 5b). The equivalent
circuit of the proposed converter in this time interval is similar
to mode 5. This mode ends when diode D is turned off at
t=te.

Mode 7 [ts <t <t;]: At time t=tg, the current through D¢,
reaches to zero (Fig. 5¢). Switch Sy, diodes D¢y, Dco, Dii,
D1, and D, are in turn-off state. Switch S,, diodes D,;,
Dy and Dy, are in turn-on state. Inductor L, releases its
energy to the output load via the secondary side of the
coupled inductors. Inductors L., and L, are charge
linearly. This mode ends when switch S, is turned on at
t=1t; and the second half cycles start.

2.2 DCM operation

Key waveforms of the proposed converter under DCM are
shown in Fig. 6. There are ten modes of operation in one
switching period. Owing to symmetry of the operation only
first five modes are analysed. Equivalent circuits of the
proposed converter under DCM are shown in Fig. 7.

Mode 1 [ty <t<t;]: In this time interval, switches S; and S,
are in turn-on state (Fig. 7a). Diodes Dc¢1, D¢y, Dr11, D12,
D1, Dio, Doy and Dy, are all in turn-off state. In this
mode, the inductors Liy;, Lmi, Lk and Ly, are charged
linearly from the DC input voltage. This mode ends when
switch S; is turned off at r=1,.

Mode 2 [t; <t<t,]: At time t=t;, switch S; is turned off
(Fig. 7b). Diodes Dcs, Di11, Dyj2 and D,y are in turn-off
state. Switch S, and the diodes D¢y, Dy, Dip and Dy, are
in turn-on state. The coupled inductors in first phase, DC
input power source, capacitors C;;; and C;, are in series to
transfer the energy to the output load. Thus the capacitors
C;11 and G, are discharged. Capacitors C,; and C,p, are
connected in parallel to each other and the secondary
windings of coupled inductors in second phase and are
charged, equally. This mode ends when diode D¢ is turned
offat t= t.

Mode 3 [t, <t<t3]: At time t=t,, diode D¢, is turned off
(Flg 7C) Switch S], diodes DC]: Dcz, Drl]: Dr12 and D02
are in turn-off state. Switch S,, diodes Dy, Dy and Dy,
are in turn-on state. Inductor L, releases its energy to the
output load via the secondary side of the coupled inductors.
Inductors L, and Ly, are charge linearly. This mode ends
when the energy of the clamp capacitor Cc; is fully
released to the output and D, is turned off at #=1#;.
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Fig. 7 Equivalent circuits of the proposed converter under DCM

a Mode 1
b Mode 2
¢ Mode 3
d Mode 5

Mode 4 [t; <t<t,]: At time t=1t;, diode D, is turned off.
Switch Sla diodes DCl: Dcz, Drlls DrlZ; Dol and D02 are all
in turn-off state. Switch S,, diodes D,,; and Dy, are in
turn-on state. The remained stored energy in the
magnetising inductor L,; is released to the capacitors Cyy;
and Cyp. Owing to maximum subfigure limitation of the
paper, the equivalent circuit of this time interval cannot be
shown. This mode ends when i;  reaches to zero at 1=14.

Mode 5 [t,<t<ts]: At time t=1y, i; = reaches to zero that
makes the diodes D,»; and D, turned off (Fig. 7d). All the
semiconductors except switch S, are in turn-off state. This

; . dTS
Y <
—1. (I-d)Ts

v

! IR N Y-

1y ) 15

Fig. 8 Simplified waveforms of the proposed converter under CCM
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mode ends when S; is turned on at r=t5 and the second
half cycles start.

3 Steady-state analysis of the proposed
converter

In this section, the steady-state analysis of the proposed
converter under CCM, DCM and BCM is presented. It is
assumed that LLklzLLkZZLLk and Lmlsz2:Lm' The
following assumptions are made because of the symmetry
of the proposed converter

ml = ]Lm2 = [Lm (16)
VCC] = VCCZ = VCC ( 1 7)
= VCrlZ = VCer = V = Vcr (1 8)

1,

Ve,

1l 122

3.1 CCM operation analysis

Fig. 8 shows the simplified waveforms of the proposed
converter under CCM. The vertical dashed line area in
Fig. 8 shows ij,, . The average value of this current is equal
to I,/2. Then the following equation can be written

1

I, =-"* 19
=g (19)

Knowing that the horizontal dashed line surface equal to
N(ip,, +2ip, ), then

(1= d)Ts +[(1 = d — de)]T, ' :
S ZTS Cl S ILm = AVeI:N(lDol + 2lDr21)]

(20)
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DCM, (c) characteristic curves of CCM, DCM and BCM
regions under N=1

3N,
I = 21
In 7201 —d) — dgy @)

By equating (19) and (21), the following equations are
obtained

_2(1—d)

A=3NT1 22
3N +1

Ly, = 2(1 _ d) o (23)

The following equations can be written in the time intervals
t1 —t5 and #; — t5 (modes 5 and 12)

VLkl(t/47t’5) = VLkZ(t’lftQ) = _VLk2(1’47ﬂ5)
3N + 1Y°f1
Lk ON+ D /sl )J;S 2 (24)
4(1 — d)

Vpg,wa-rs) = Ve, (25)
VCC =V, - 3VCr (26)

Vo =Ve. +2Ve, + Nl(Viy — Vikira—rs))
— Vin = Viawa—rs) = Ve )l 27)

Substituting (24) into (27), yields the following equation
Vo=W~+ DVe, +2Ve +2NViopa—rs) (28)
Using (26) and (28), Vee and V. are derived as below

Vo = ONVioa—rs)

V. = 29

Ce 3N + 1 29)
NV + 2Vawa-rs)

V. = 30

G 3N + 1 (30)

The voltage stress across switch S,(S;) in mode 7 (mode 14)
is found to be

NVip — VCrlZ) _ VCrlZ Vcr

VDSZ(t’S—t’()) = Vin - ( N N = W (31)

The voltage-second balance is applied to the primary winding
of the coupled inductor, which is given by

Vg, ~asdc1Ts + Vg —se(1 —d —de)Ts = Vi Ty (32)

From (22)—(32), the accurate voltage gain of the proposed
converter in CCM operation is obtained as below

v
MCCM = 70

B 3N +1

A=)+ ((LyafsBN + 1D?)/(2R,(1 — d)?))]

(33)
By neglecting the leakage inductor, the following equations
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Eim 2, peak

d,Ts

Fig. 9 Simplified waveforms of the proposed converter under
DCM

can be derived

V. v,

V., =—n —__¢ 34

€7 1—-d 3N+1 G4
NV,

V. =NV, = o 35

G Cc 73N +1 (35)
Vo 3N+1

Mcen = 7 (1—d (36)

1

3.2 DCM operation analysis

The simplified waveforms of the proposed converter under
DCM are shown in Fig. 9.

Following equations can be written in the 7y <# <f¢ and t5 <
t<tq time intervals

V1 py-charge = Vin (37
VLmZ—discharge =Vin— VCC2 (38)
Vo=3Ve, + Ve, 39)
Vi ,-discharge = Vin — % (40)
Using (38)—(40), the following equations are obtained
Ve, =NV, (41)
Voo =5y @

Using the volt-second balance principle on L, the following
equation is derived

d

Ve, = <1 + d_L> Vin 43)

The values of i .., and i; (t;) are calculated as

. Vin

L pek =7 dTg (44)
m2

. . in VCCZ
i ,(t7) =i peak T LidcTs (45)

The average values of i, and 2ip, =+ i are I,/2 and 31,/2,
respectively. Then d¢ and d; are found to be
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ILL
d. — tofm 46
A (46)

3N,

0
iLmz,peak + (<V1 - VCCZ)/Lm)dCTS
B 3NLL, fi

(d+dc)Viy —dcVe,,

d, =

(47)

Substituting (42) and (47) into (43), the voltage gain of the
proposed converter under DCM operation is obtained as

3N+1 BN +1P? &
Mpey = 3 + 4 +T_L (43)

where 7, =L.fs/R, is the normalised magnetising inductor
time constant.

3.3 BCM operation analysis

When the proposed converter is operating in BCM condition,
the voltage gain of CCM and DCM operations are equal.
Using (36) and (48), the following equation is obtained as
boundary normalised magnetising inductor time constant 7,

d(1 —dy d
Tig = 2= .2
BN+ 1)y Mgy

(49)

Fig. 10 shows the characteristic curves of the proposed
converter under CCM, DCM and BCM regions under N=
1. If the 7, is higher than 7, , the proposed converter
operates in CCM, else it operates in DCM.

4 Analysis of the conduction losses, design
guidelines and performance comparison

In this section, the conduction losses of the proposed
converter are analysed. Then the design guidelines of
semiconductors and performance comparison between the
proposed converter and some other solutions in the
literatures are presented.

AN M=40
09 )
\._‘\/’ BCM ceMm
S 08 ™ 4
2 . M=13.33
=07t
DCM
0.6+
0.5
0 1 ) 3

Fig. 10 Characteristic curves of the proposed converter under
CCM, DCM and BCM
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4.1 Analysis of the conduction losses

Some conduction losses are caused by ESRs of the
semiconductor components and the coupled inductor. Thus
they can affect the efficiency of the proposed converter. To
simplify the conduction losses analysis of the proposed
converter, the leakage inductors of the coupled inductors
are neglected. The operating principle of the proposed
converter is divided into six modes, for which because of
the symmetry of the operation only the first three modes are
shown in Fig. 11.

Mode 1 [0 <t<(d—0.5)Tg]: In this mode, power switches S;
and S, are turned on and all the diodes are in turn-off state.
The equivalent circuit is shown in Fig. 1la and the
following equations can be derived

Vio =1, 0, +1pg ) + VLIml (50)
Vio = 1, (rp,, +1pg ) + VLUm2 (51)

Mode 2 [(d—0.5)Ts<t<(d+dc;—0.5)Tg]: In this mode,
power switch S; is turned off and diodes Dci, Dyi, D1
and D,,, are turned on. The equivalent circuit is shown in
Fig. 115 and the following equations can be derived

Vn=Vi +II, —N(Up, +2Ip )]
X (rp, +rp.,)+ VFDC] + Ve, (52)

Vin= Vl]‘fnZ + [ILmZ + N(IDOI + 2[Dr21)](rL21 + rsz) (53)

11 11
Vo= Vcrll + VCrlZ + VCCI +N(VLm2 ~ Vi)

ml

—(rp, + rL23)100] - VFDM (54)

11 11
N(VLml - VLmz) + VCrll + 2[Dr21(rL22 + rle)
+ VFD2l +rp Ip =0 (55)

21 ~r21

N( VLIInl o VLIfnz) + VCrzz + 2]Dr21 (rLzz + rL13)
+ VFD22 +rp In =0 (56)

22" Dino

Mode 3 [(d+dc;—0.5)Ts<t<0.5Tg/: In this mode, diode
Dc; is turned off. The equivalent circuit is shown in
Fig. 11c and the following equations can be obtained that
are equal to (52)—(56)

Vin= Vggz + [ILmz + N(IDOI + 2[Dr21)](rL21 + rsz) (7)

11 11T
Vo= Vcru + VCrlZ + VCCI +N(VLmz o VLml)
=y, + 1), = Vi, (58)

N(Vngl - Vngz) + VCrn + 2IDr21(rL22 + rle)
+ VFDm + rDrZIIDrZI =0 (59

N(Vi:l - VLIEZ) + VCrzz + 2[Dr21(rL22 + rle)
+ VFDrZZ +rp In =0 (60)

122 Mr22
In general, to predict the power loss in resistor R, we should
calculate RMS current (/rys) through the resistor rather than
the average current. Then the power loss will be equal to
RIéMS. However, the small ripple approximation technique
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Fig. 11 Egquivalent circuits of the proposed converter, including the ESRs of the coupled inductors, the on-state forward voltage drop of the

diodes and resistance of power MOSFETs and diodes

a Mode 1 [0<¢<(d—0.5)Ts]
b Mode 2 [(d—0.5)Ts<t<(d+dc, —0.5)Ts]
¢ Mode 3 [(d+dc —0.5)Ts<1<0.5Ts]

can correctly predict the losses, provided that the current
ripple is small. However, in real condition the current ripple
is not zero. Suppose that the average current that follows
through the MOSFET during d7s is /. Consider three case
for the MOSFET resistor current (during d75s) [28].

Case (a): the current ripple is 0 (Az 0): Iyns = IVd,
Pl = RIRMS = dRI? and Piverage = dRrP.

IET Power Electron., 2015, Vol. 8, Iss. 2, pp. 175-189
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Case (b): the current r1pple is 0.17 (Ai=0.11):
Iops = (1. 0067)1 Vd, P, = RIRMS = (1.0033)dRI* and
Paverage dRI .

Case (c): the current ripple is / (Ai=1): Ippg = (1 155)1/d,
PLoss - R[RMS - (1 3333)dR[2 and Paverage .

As can be seen in the worse condition [case (c)], the
difference between the actual power loss and average power
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loss is 0.3333. Then the average model can nearly correctly
predict the power loss [12, 27, 28].

Then, small ripple approximation is used to calculate the
conduction losses. Thus all currents that pass through
the components are approximated by the DC components.
The average currents that pass through the diodes can be
obtained as below

1

o

]Dc1 = ]Dol = [Dr21 = [Dr22 = 2(1 —d) (61)

From mode 2, the magnetising current /; ~can be obtained

(BN + 1)1,

2(1—d) ©62)

ILml = N(IDo] + 21Dr21) =

Owing to symmetry of the phases, ESRs of the coupled
inductors and the characteristics of semiconductors are
taken equal. Then

"ps, = 'pg, = g (63)

Tpy, =T, =711, (64)

PL, =Tr, =711, =7, =11, (65)
Fpe Fpey — VFDC (66)

Doy = "Dy = D¢ (67)

VFDrll Fpis Fp,, — VFDr22 = VFDr (68)
Dy =TDyy, =Dy =Dy, = b, (69)
VFD01 = VFD02 = VFDO (70)

rDol = rDoZ = rDo (71)

Applying the volt-second principle for L.,; and using (50)—
(71), the following equations are derived

yo_ Va BN+ 2d — 1)(r, +1py)

T 1—-d 20-4d 1—d

rp, +rp. + (6N + D)(1 —d)(ry, +rp,)

- 2
+ 3N +1 Vepe  (72)
NI,

Ve = —2—

G721 —4d)

(4ry, +rD11):|

X |:(rL1 +rp.) — (6N + D)(r, +rp) — ¥

+NVe + NV, =V

Dy

(73)

M=_2
Vi

BN+ 1/ =)= V)V, + Ve, +2Vi,)
- [+ A/Q(1 - dR,)

(74)
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Duty Cyele (d)
b

Fig. 12  Steady-state curves of the proposed converter

a Voltage gain of the proposed converter, including parasitic components
b Efficiency of the proposed converter, including parasitic components

where

A =3N(6N + 1)(r, +rp ) + 1y,
+ IOrL2 +rp. +rp, + 2rp1;
+ (rLl + rDS)(6N + 1)(14+3N)(1 —4d)

@2d — DBN + 1Y(ry, + 1))
- (-

Efficiency is expressed as below

P, _ 170 _ 1 _ M
=, M, =M, T (3N + 1)/(1 — D))
1= ((1 = )/ (VBN + D) Vg, + Vi, +2V,)
y . ,

1+(4/2(1 = d)R,))
(75)

Figs. 12a and b show the curves of M and 7 against d under
the following conditions
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Table 1 Components stress analysis of the proposed converter

Parameters Values
. . V,
voltage stress across switches and clamp diodes VCc = ﬁ
. 2NV,
voltage stress across diodes when one of 6 =3INT T
switches is on (except clamp diodes) +
. NVO
voltage stress across diodes when both of Ve, = N
switches are on (except clamp diodes) 3N +
average current of switches dl,/2
RMS current of switches Jdl, /2
average current of all diodes 1/2
RMS current of clamp diodes Vdeily,/2
/
RMS currents of diodes (except clamp diodes) —2
P P 2J/1-D
V,=60V; V,=590; N=1; R,=4000Q
rpy = 0.07€

Fp. =rp, =Tp, =0.01Q

VE,

e = VFD, = VFDO =1V

As can be seen both voltage gain and efficiency are affected
by various coupled inductor winding ESRs and duty cycles.
Working at extreme duty cycles reduces the conversion
efficiency.

4.2 Design guidelines and performance
comparison

The voltage and current stresses of the semiconductors of the
proposed converter are summarised in Table 1 that can be
helpful for specific designers. To understand the merits of
the proposed converter some comparisons with other high
step-up solutions in the literature in the terms of voltage
gain, the maximum voltage across power MOSFETs, the
highest voltage on diodes and also components number are
presented in Table 2. Also the proposed converter utilises
more diodes compared to the conventional converters,
however, the voltage gain and highest voltage stress across
semiconductors have been improved. The curves of
normalised voltage stress of semiconductors are shown in
Fig. 13. As can be seen, the proposed converter achieves
higher voltage gains and the voltage stress across the
semiconductors is lower when compared to the
conventional ones. Then switches with lower r, and

diodes with lower forward voltage drop can be adapted, that
reduces the on-state losses of the proposed converter at
higher voltages and currents.

The value of magnetising inductors L,; and L, can be
designed based on the equation of BCM condition, which is

www.ietdl.org

0.5 Voltage stress on switch [proposed converter]

Voltage stress on switch [25],[27]
0.4r Highest voltage stress on diodes
[proposed converter]

Highest voltage stress on diodes [25]

037

Highest voltage stress on diodes [27]

02¢f

Component Normalised Voltage Stress

=

1 2 3 4 5 6 7 8 9 10
Turns Ratio (N)

Fig. 13 Comparison of components normalised voltage stress
between proposed converter and other converters in the literatures

derived from

_d(1—dyR,

~ AGBN 1Y (76)

mB

The turns ratio design is the key parameter for the proposed
converter, because it determined the voltage stress across
semiconductors, which is given by

N
3

Once the duty cycle of the switches is selected, the turns ratio
of the coupled inductors can be designed.

Assuming all the stored energy in the leakage inductor is
released to the clamp capacitor, the value of the clamp
capacitor can be designed as below

%(1 - D)— 1} (77)

LLin%l max
> 78
© T8V AV, %)

where [iy max 1S the maximum value of the input current and
AVCC is the voltage ripple on the clamp capacitor. As can
be seen from (78), a large value of the clamp capacitor may
reduce the voltage ripple, greatly. However, a too large
value has no improvement in clamping performance and it
is bulky and costly. The value of the regenerative capacitor
can be designed as below

P, I
C ~ 0 = 0 79
T2 VofsA VCr 2fA VCr (79)

Table 2 Performance comparison of the proposed converter and other interleaved structures in the literature

High step-up converter

Converter in [25]

Converter in [27] Proposed converter

voltage gain ((2(N+1)/(1=d))
voltage stress of switches (Vo/(2(N + 1))
highest voltage stress on diodes ((NVL)/(N+ 1))
quantities of diodes 6
quantities of cores 2
quantities of secondary side windings 2

((2(IN+1))/(1 - d)) (BN+1)/(1-d))
(Vo/(2(N+1))) (Vo/(BN + 1))
(((ZN+ NVRI(2(N + 1)) ((ZNVL) (BN + 1))
4 8
2 2
1 2
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Table 3 Simulation of current differences A=(lin1 — lin2)/lin1
between the phases because of the asymmetrical duty cycle

D;=61.5% A= (lnq = hna) hnn

Case (1): N=1, V;,=60V Case (2): N=2, V,, =63V
D, =56.5 0.16 0.1
D,=57.5 0.1023 0.076
D,=58.5 0.092 0.064
D,=59.5 0.05 0.042
D,=60.5 0.032 0.02
D,=61.5 0 0
D,=62.5 —-0.031 -0.03
D,=63.5 —-0.051 —-0.044
D,=64.5 -0.1 -0.09
D, =65.5 -0.16 -0.12
D,=66.5 -0.21 -0.15

Table 4 Simulation of current differences A=(lnq— finz)/lin
between the phases because of the asymmetrical leakage
inductors

L, nH 6 6 6 6
Lig, uH 15 3 6 15
A= (Iin1 - Iin2)/lin1/ % —2 —18 0 24

Vo=590(V)

Ver=140(V)

& = Bk

VDS1=160(V)

One key point on selecting the power MOSFETs and power
diodes is that the maximum imposed voltage across them
during turn-off state, should be less than the maximum
allowed values from the data sheet. Then from Table 1,
following constraint should be held

V.
<VMosfet = VDC = $> < VData sheet (80)
max

2N Vin, max
VDr = ﬁ < VData sheet (81)

5 Discussion of unbalances in the proposed
converter

Two main parameters than can affect the balance operation of
the two phases and consequently the equal current sharing
performance, are the duty cycle and leakage inductors.
Table 3 shows the simulation of current differences A = (/i

— L)/l between the phases because of the asymmetrical
duty cycle. The simulations have been done in
PSCAD-EMTDC software. The duty cycle of phase 1 is kept
at 61.5% and the duty cycle of the second phase varies from
56.5 to 66.5%. The simulations have been done for two cases:

VDol=275(V)

VDC1=160(V)

B

VDC2=160(V)

Fig. 14 Voltage measurements of the proposed converter under CCM |[vertical axis: 100 V/Div. (probe*10), horizontal axis: 10 uS/Div.]

(@) V, and Vi,

(b) Vps1 and Vps,

(©) Vpor and Vpr1y

(d) Vpcis Voez and Vee
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case(1):N=1,V;,=60 V,and case (2): N=2, V;; =33 V.Itcan
be seen in both cases at d; = d, = 61.5% the current difference is
zero. In cases (1) and (2), when d,=66.5%, the current
difference is —0.21 and —0.15, respectively. From the
simulation results, it can be concluded that increasing of turns
ratio can improve the current sharing performance. The
simulation results of the current sharing performance under
different leakage inductances are shown in Table 4. It can be
seen that the leakage inductors have a negligible effect on
current sharing performance even when the difference
between them is considerable Table 4.

6 Experimental verification

To verify the effectiveness of the proposed converter a 8§70 W
prototype is built. The specification of the tested converter is
as below

V. =60V; V,=590V; P,—=870W; fi=23.5kH
N=1, Lyy=Ly,=06pH; Ly, =L, =320uH
C, = 330 uF

www.ietdl.org

Cei1 = Cor =Gy = Cp = Gy = Gy = 68 F

Dcys Deys D> Drigs Days Dy, D> Doyt MURT560
S;, S,: N-channel MOSFET STW45NM50F
rpy = 0.07€

E-55 Ferrit cores have been selected for coupled inductors.
The primary winding, the second winding and the third
winding are all 35 turns. According to (24), (29), (30) and
(33), V. = 158V, Vi =144V and V,=611 V. According
to Table 1, the components voltage stresses are obtained as:
Vb, = VDC =V, =157V, Vp =Vp, =2V, =288V. It
should be noticed that the values of voltage stresses in
Table 1 is based on ideal conditions (34) and (35). Fig. 14
shows the voltage measurements of the proposed converter
under CCM. As can be seen the mathematical analysis and
the experimental results match each other, fairly. However,
the difference between the mathematical analysis and
experimental results is because of the parasitic components
of the proposed converter such as ESRs and forward
voltage drop of the diodes.

Fig. 15 shows the current measurements of the proposed
converter under CCM. Relatively good current sharing

icrll (1A/Div.) icr21 (1A/Div)

iDr11 (1A/Div.)

BRI

F™n aili
i / |

;\_‘__________I
iDr21 (1A/Div.)

O CH1
)

1 .\4———-—-.--!'

Fig. 15 Current measurements of the proposed converter under CCM (horizontal axis: 10 uS/Div.)

(@) iz and igg
(b)iDol and iDuz

(¢) ic,, and ic,
(d) iDrn and l'D;ZI
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iLK1 (0.8A/Div.)
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1b w_/ A

CHz
0z

iDo2 (0.2A/Div.)

1 e et S et |

iDr21 (0.2A/Div.)
O CH1
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Fig. 16 Experimental results of the proposed converter under DCM condition [vertical axis for (a) and (b) 100 V/Div. (probe*10), horizontal

axis: 10 uS/Div.]

(@) V, and Vi,

(b) Vps1 and Vps,

(¢) iLk1 and i iy

(d) ipo2, —ic,, and ip,

performance can be seen from Fig. 154. The ringing
phenomenon in the results is because of resonance between
the leakage inductors and parasitic capacitors of the power
MOSFETs. It is clear from Figs. 15b and d that the current
falling rate of output and regenerative diodes are controlled
by leakage inductors that alleviate the reverse current
recovery problem.

To achieve the DCM operating condition, the output load is
increased to 13 kQ. 7; is obtained =0.59 x 10~ that is lower

Table 5 Conversion efficiency and measured output voltage of
the proposed converter under various load conditions

Qutput power P,, W Output voltage V,, V Efficiency, %

273 619 95.5
317 615.8 96.4
415 611 96.5
524 606 97
600 602.5 96.7
711 596.3 96.1
870 590 95.2
188
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than the boundary value in Fig. 10 at d=0.615. Then the
converter operates under DCM. The input voltage is set at
20 V. According to (48), the voltage gain is obtained 26.86
that yields V,=548 V. According to (41) and (42),
Vo = 135V. Fig. 16 shows the experimental results of the
prc;posed converter under DCM. As can be seen the
mathematical analysis and experimental results match each
other, fairly. It should be mentioned again here that the
difference between the mathematical analysis and
experimental results is because of the parasitic components
that affect the voltage gain and were not taken into account
in DCM voltage gain analysis.

The measured efficiencies and output voltages of the
proposed converter under various load conditions are given
in Table 5. HIOKI 3256 DIGITAL HiTESTER (made in
Japan), KYORITSU KEW MATE MODEL 2000 (made in
Japan) and FUKE FK9205X DIGITAL MULTIMETER
have been used for measurement of input and output
powers, then the efficiency obtained as n=P./P;,= (V,l,)/
(Vinlin). As can be seen the proposed converter reaches the
maximum efficiency of 97% at 524 W and the test
condition efficiency at 870 W is 95.2%.
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7 Conclusion

An interleaved high step-up DC-DC converter based on
three-winding high-frequency coupled inductor and VMCs
has been presented in this paper. The voltage gain is
extended and the extreme duty cycle can be avoided. The
voltage across the MOSFET is low and then switches with
lower on-state resistance can be adapted. Owing to presence
of the leakage inductor of the coupled inductors, the ZCS is
provided for semiconductor that alleviated the switching
losses and diodes reverse recovery problems. The proposed
converter was investigated in CCM, DCM and BCM
regions. Also the theoretical efficiency of the proposed
converter has been analysed and some comparisons in the
terms of voltage gain, MOSFETs and diodes voltage stresses
and components number has been provided between the
proposed converter and the converters in the literature.
Finally, in order to show the satisfying operation of the
proposed converter an 870 W 60 V-input to 590 V-output
laboratory prototype with 95.2% conversion efficiency has
been provided. It was shown that the mathematical analysis
and experimental results match each other, fairly.
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