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Zero-Voltage-Switching Boost Converter Using a
Coupled Inductor
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Abstract

This paper presents a zero-voltage-switching (ZVS) boost converter using a coupled inductor. It utilizes an additional winding
to the boost inductor and an auxiliary diode. The ZVS characteristic of the proposed converter reduces the switching losses of the
active power switches and raises the power conversion efficiency. The principle of operation and a system analysis are presented.
The theoretical analysis and performance of the proposed converter were verified with a 100W experimental prototype operating

at a 107 kHz switching frequency.
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I. INTRODUCTION

DC-DC step-up converters are widely used in industrial
applications such as computer periphery power supplies, servo-
motor drives, car auxiliary power supplies, and medical equip-
ment [1], [2]. A continuous conduction mode (CCM) boost
converter can be selected as a possible candidate for a step-up
converter with a continuous input current. Since a continuous
input current can simplify the input filter stage, it is one of
the major advantages of this solution. However, its switching
losses and the reverse-recovery problem of the output diode
degrade system performance in terms of efficiency and electro-
magnetic interference noise [3]. The moment the power switch
turns on, the reverse recovery phenomenon of the output diode
occurs. During this interval, the switch is submitted to a
high current change rate and a high peak of reverse recovery
current. In order to reduce the switching loss, the switching
frequency should be lowered. However, lowering the switching
frequency raises the system volume and cost. Therefore, an
efficient method to obtain soft-switching operation of the
switches and to alleviate the reverse recovery problem of
the power diode is required. In [4], a new boost converter
with a ripple free input current was suggested. In the new
boost converter, an extra LC circuit with coupled inductors
was utilized. The ripple component of the input current was
reduced by carefully designing the parameters of the coupled
inductor. However, the efficiency could not be improved due
to the switching losses of the power switch. To increase the
efficiency and power conversion density, the soft-switching
technique is required in DC/DC converters [S]-[11]. In [9], a
new soft-switching technique for buck, boost, and buck-boost
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Fig. 1. Proposed ZVS boost converter.

converters was suggested. This technique utilizes an auxiliary
circuit consisting of a coupled inductor, an auxiliary inductor,
and an auxiliary diode. It provides the ZVS characteristic
and its main inductor current is kept in CCM. However,
two magnetic components lower the power density. In [10],
[11], soft-switching boost converters with a single switch were
suggested. They can be a cost-effective solutions due to the
single power switch. However, there are four power diodes
and it may increase the conduction loss.

In order to overcome these problems, a ZVS boost converter
with a coupled inductor is proposed. The ZVS characteristic
of the proposed boost converter reduces the switching losses
and raises the overall efficiency. Moreover, since the ZVS
characteristic is achieved by adding an additional winding to
the boost inductor, there is only one magnetic component. The
reverse-recovery of the auxiliary diode is alleviated due to the
leakage inductance of the coupled inductor. The theoretical
analysis is verified by a 100W experimental prototype with
24V-to-86V conversion.

This paper is organized as follows. An analysis of the
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Fig. 2. Equivalent circuit of the proposed converter.

proposed converter is provided in Section II. The design
parameters of the proposed converter are presented in Section
III. The experimental results are shown in Section IV and some
conclusions are given in Section V.

II. ANALYSIS OF THE PROPOSED CONVERTER

Similar to a conventional CCM boost converter, the ZVS
boost converter provides a continuous input current and has the
same voltage gain. However, the ZVS operation of the power
switches is accomplished by adopting an additional winding of
the boost inductor and an auxiliary diode. The ZVS operation
of the proposed converter can raise the overall efficiency and
lower the noise. As shown in Fig. 1, the proposed ZVS
boost converter consists of a coupled inductor L., a lower
switch Qj, an upper switch Q,, an auxiliary diode D, and
an output capacitor C,. The switches QO and O, are operated
asymmetrically and the duty ratio D is based on the switch
Q1. An equivalent circuit diagram of the proposed ZVS boost
converter is shown in Fig. 2. The diodes Dg; and Dy, are
the intrinsic body diodes of Q; and @, respectively. The
capacitors Cp; and Cpy are the parasitic output capacitances
of Q1 and Q3. The coupled inductor L. is modeled as the
magnetizing inductance L,,, the leakage inductance Ly, and the
ideal transformer, which has a turn ratio of 1:n (n= N,/N,).
The key waveforms of the proposed ZVS boost converter are
shown in Fig. 3. The magnetizing current i, flowing through
the magnetizing inductance L,, varies from its minimum value
I to its maximum value ;1. The auxiliary diode current ip,
varies from zero to its maximum value Ip,. The operation
of the proposed ZVS boost converter stage in one switching
period T can be divided into five modes as shown in Fig. 4.
Before 1, the upper switch O and the auxiliary diode D, are
conducting.

Mode 1 [ty, t1]: At g, the switch Q5 is turned off. Then,
the input current #;, and the auxiliary diode current ip, start
to charge Cgpy and discharge Cp;. Therefore, the voltage vg;
across Qg starts to fall and the voltage vpo across O, starts
to rise. With the assumption that the input current i;;, and the
auxiliary diode ip, are as constant as I, —nlp, and Ip, during
this mode, the transition interval 7;; can be determined as

(Co1 +Cop) Vo

(1+n)IDa_Im2.
Since the output capacitances Cp; and Cp; of the switches

are very small, the transition interval 7;; is very short and it

T = ey

Vasi ’7 P
Vas2 t

Yor | i '

Vo2 .t

v ; I ¢

P nD
n(r,-1,) =25

1
—(nl, +17)=— V.
i

T

Vik i t

ipa = AN — et

< / i ! —((n+1)1,,-1,,)

i il t (I7+l)[[)“ =1,

-

ml

Mode

Ity t
;1%2 j 3 J4F 5
T T

Fig. 3. Key waveforms of the proposed converter.

can be neglected. Therefore, the currents i,, and ip, can be
considered to have constant values during Mode 1.

Mode 2 [11, 12]: At 1, the voltage v across the lower switch
Q1 becomes zero and the body diode Dy is turned on. Then,
the gate signal is applied to the switch Q. Since the current
has already flown through the body diode Dg; and the voltage
Vo1 is maintained at zero before the switch Q is turned on, the
zero-voltage turn-on of QI is achieved. Since the voltage v,
across the magnetizing inductance L,, is V;,, the magnetizing
current i,, increases linearly from its minimum value I, as
follows: v

im(t) =Ly + = (1 —11). 2
Ly,

Since the voltage vy, across the leakage inductance Ly is
—(nVin+V,), the auxiliary diode current ip, linearly decreases
from its maximum value Ip, as follows:

Vin +V,
I ) Q)
k

From (2) and (3), the input current i;, and the lower switch
current iy are determined as:

iin(t) = im(t) *ip(t)

= m2_nIDa+%:(t_t1)+n'

iDu([) = IDu -

‘/i)'l ‘/0 ) (4)
e (1 1)
in (t) = iin(t> - iDa(t)
= fa = (= DIpa+ (o + (n+ 1) 222 ) (¢ —1y)
5
diode current ip,
turned off. Since

Mode 3 [t, 13]: At 1p, the auxiliary
decreases to zero and the diode D, is
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Fig. 4. Operating modes.

Aoy [5asdiv.]

Ves1[25V/div.]
d; 2 :

VQ1 [5 oV div.]
D
Fig. 5. Auxiliary diode current reset timing ratio d; according to duty fime [2pisfdiv.]
cycle D. (a)
u
:
: 4 ~ :
iy, [SA/div.] w e V
M- P O SRR — . sspns Dmswn: vebhers womilng vsssebl : i
: : : : Vga2[25V/div. ] f
/\ ip, [SA/div.] /\ ; //\
.......... Vor[50V/div.|
SVo1[50v/div.]
o — I T
: : fime [2ps/div. ]
time [2pLs/div. ]

(b)

Experimental waveforms: (a) ip1, vgs1, and vpi; (b) ig2, Ve, and
vo2.

Fig. 7.
Fig. 6. Experimental waveforms: ij,, ips, and vpi. g



Zero-Voltage-Switching Boost Converter Using a Coupled Inductor 19

—m— Hard switching Boost —a— Proposed 275 Boost |

100

95

o0

Efficiency [%]

85

a0

10 20 30 40 50 al 70 20 o0 100
P[]

Fig. 8. Measured efficiency.

the changing rate of the diode current ip, is controlled by
the leakage inductance of the coupled inductor, its reverse
recovery problem is significantly alleviated. Since the voltage
v, across the magnetizing inductance L,, is the input voltage
Vin, the magnetizing current i,, increases linearly with the same
slope as in Mode 2 as follows:

im(t) :im(IZ)—F?(l—lz). (6)

m

Since the auxiliary diode current ip, is zero, the input
current i;, and the lower switch current ip; are equal to
the magnetizing current i,. At the end of this mode, the
magnetizing current i,, arrives at its maximum value I,,;.

Mode 4 [t3, t4]: At 3, the switch Q; is turned off. Then,
the magnetizing current i,, starts to charge Cp; and discharge
Co». Therefore, the voltage vp| across Q; starts to rise and the
voltage vpy across Oy starts to fall. With the same assumption
as in Mode 1, the transition interval 7;» can be determined as
(Co1+Cg2) Vo
—_—. (7

]ml

Similar to Mode 1, the transition interval 7;; is very short
and it can be neglected.

Mode 5 [t4, t5]: At 14, the voltage vpy across the upper
switch Q> becomes zero and the body diode Dy is turned
on. Then, the gate signal is applied to the switch Q,. Since
the current has already flown through the body diode Dg»
and the voltage vgy is maintained at zero before the switch
0, is turned on, the zero-voltage turn-on of Q) is achieved.
Since the voltage v, across the magnetizing inductance L,, is
—(V,-Vin), the magnetizing current i,, decreases linearly from
its maximum value I, as follows:

Vo_Vin
—(t—14). 8)

m
Since the voltage vy, across the leakage inductance Ly is
n(V, — Vi), the auxiliary diode current ip, linearly increases
from zero as follows:

Ty =

lm(t) =Iml —

Vo_Vin
fl£442244442(t——t4). )

From (8) and (9), the input current i;, and the lower switch
current ip; are determined as

lin(t) = im(t) —ip(t)

—V. 2(V. _V:
— m]_Vanm (1—2‘4)—’1 (Vzkvm) (t—t4) ?

iDa(Z) =

(10)

ig1(t) = iin(t) —ipa(t)
=t = (g + ") (Vo = Vi) (1 —14)

III. DESIGN PARAMETERS

(1)

A. Voltage gain

Referring to the voltage waveform v, across the magnetizing
inductance L,, in Fig. 3, the volt-second balance law gives
VisDTy — (Vo = Vin) (1—D) T, = 0. (12)
From (12), the voltage gain of the proposed ZVS boost
converter is obtained by
Vo 1
—_—=— 13
V. 1-D’ (13)
which is the same as that of a conventional CCM boost
converter.

B. Auxiliary diode current reset timing ratio d,

By applying the volt-second balance law to the voltage
waveform vy across the leakage inductance Ly, the auxiliary
diode current reset timing ratio d; is determined by

nD(1—D)
d = ———"—7—.
n(l1-D)+1

Fig. 5 shows the theoretical d; according to D with several
different values of n. After the duty cycle is determined, the
turn ratio n can be selected for a predetermined auxiliary diode
current reset timing ratio d{ as follows:

dy
(D—d;)(1-D)

The predetermined auxiliary diode current reset timing ratio
d} should be larger than the dead times of Q; and Q) for
proper ZVS operation.

(14)

n=

15)

C. Maximum auxiliary diode current Ip,

From (9) and (13), the maximum auxiliary diode current
ipa 1s obtained by

Ipy = "DZZ”E. (16)
D. ZVS conditions
From Fig. 3, the ZVS condition for Q» is given by
Ly > 0. (17)

From (17), it can be seen that the ZVS of O, is easily
obtained. Similarly, for the ZVS of O, the following condition
should be satisfied.

(n+1)Ipg— Lz > 0. (18)
The inequality (18) can be rewritten by
1)DV;, T,
L < M (19)

Y )

With the assumption that the minimum magnetizing current
I is similar to the average input current, the leakage induc-
tance L; of the coupled inductor can be designed by

L, o Mot NDVET,
P, ’
where P, is the output power and £ is the efficiency.

(20)
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E. Input current ripple Aij,
From Fig. 3, the input current ripple is determined as

_ Vie 12V,
Aiyy = Iy — Iyp +nlp, = (le + Lkm
In order to reduce the input current ripple Ai;, below a

specific value Aifj,, the magnetizing inductance L, of the

coupled inductor should satisfy the following condition:
DV T

2 g °
23 n=DV;, Ty
Ay, — =7,

)DTS. 1)

L, > (22)

IV. EXPERIMENTAL RESULTS

A prototype ZVS boost converter using a coupled inductor
is implemented. The input voltage V;, is 24V and the output
voltage V, is 86V. The maximum output power is 100W. The
predetermined auxiliary diode current reset timing ratio d/* is
selected as 0.09. Since the theoretical duty cycle is calculated
as 0.72 from (13), the turn ratio n of the coupled inductor
is selected as 0.5 according to (15). The switching frequency
is selected as 107kHz. From (20), the leakage inductance L
is determined as 20uH. With a selection of Ai} as 2.2A, the
magnetizing inductance L,, is selected as 810uH from (22).

Fig. 6 shows the input currents i;,, the auxiliary diode
current ipg, and the voltage vpi. The input current is con-
tinuous and its ripple component is around 2A. The ripple
component of the input current can be controlled by the
magnetizing inductance L,,. The leakage inductance L; of the
coupled inductor L. controls the changing rate of the auxiliary
diode current. Therefore, the reverse recovery of the auxiliary
diode D, is significantly alleviated. Fig. 7 shows the ZVS of
Q1 and Q». In Fig. 7(a), since the switch current ig; flows
through the body diode of Q; and the voltage vp; goes to
zero before the gate pulse vgg; is applied to Qg, the ZVS of
Q) is obtained. Similarly, the ZVS of Q, is obtained as shown
in Fig. 7(b). It can be seen that the experimental waveforms
in Fig. 6 and 7 agree with the theoretical analysis suggested
in sections II and III. Fig. 8 shows the measured efficiency of
the proposed converter compared with that of a conventional
boost converter. It exhibits an efficiency of 94.7% under the
full load condition. Due to its soft-switching characteristic,
the overall efficiency is improved by 2.5% under the full load
condition. The proposed ZVS boost converter still provides
a continuous input current. Moreover, the ZVS operation of
the power switches raises the overall efficiency and the reverse
recovery of the auxiliary diode is alleviated due to the leakage
inductance of the coupled inductor.

V. CONCLUSIONS

A ZVS boost converter using a coupled inductor has been
proposed. The voltage gain of the proposed ZVS boost con-
verter is equal to that of a conventional CCM boost converter.

It also provides a continuous input current. Moreover, it
improves overall efficiency due to the ZVS operation of the
power switches. Therefore, the proposed ZVS boost converter
is suitable for industrial applications that require a step-up
function and a continuous input current characteristic.
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