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Abstract—A novel auxiliary switch DC-DC converter with
coupled inductor is presented in this paper. The proposed
circuit achieves loss-less switching for both the main and
auxiliary switches without increasing the main device cur-
rent/voltage rating. A tapping in the pole inductor is added
for the purpose of commutation. The proposed circuit is ca-
pable of operation at elevated switching frequencies of sev-
eral hundreds of KHz, high and low power levels with wide
range of load variations. In the sections that follow, theoret-
ical analysis and operating principle of the proposed circuit
is outlined through the example of buck converter. Simu-
lation and experimental results of 33 watt, 400KHz boost
converter are presented. The proposed circuit is applicable
to all isolated and non-isolated DC-DC converters. The per-
formance and the design equations of the ZVS are identical
for all types of DC-DC converters when the throw voltage
and the pole current are properly defined.

I. Introduction

T
he constant demand for smaller and lighter power DC-
DC converters is pushing the switching frequencies well

into Mega Hertz range. Such high frequency switching is
possible by resonant topologies ([2] - [11]). In contrast to
the sharp-edged switching waveforms of PWM converters,
these resonant converter topologies feature smooth wave-
forms resulting in reduced switching losses and less inter-
ference.
Quasi-resonant converters introduced (QRC) in [3] reduce
the switching losses in PWM converters operating at high
switching frequency. The control for this family of con-
verters is by variable switching frequency. However the
switches in QRC are subjected to high voltage stress and/or
high current stress [4].
In zero-voltage transition (ZVT) introduced in [6], the VA
ratings of the switches are same as that of the source volt-
age and load current. However, the auxiliary switches still
have switching losses during turn-off [11].
In auxiliary resonant commutated pole converter (ARCP)
introduced in [5], the VA ratings of the main switch are
same as that of the source voltage and load current. These
converters have advantages of traditional PWM converters.
The resonant current is not carried by the main switch [10].
Active clamp converters, introduced in [7] have some con-
straints. Zero voltage switching in these converters is load
dependent. VA rating of the switches is higher than the
source voltage and the load current [9].
The proposed circuit [12] addresses the above problems and
maintains the advantages of traditional PWM converters.

There is an additional winding on the same core of the fil-
ter inductor. The novelty in the proposed circuit is the
method of generating the voltage required to ensure ZCS
conditions for the auxiliary switch. The switching transi-
tions of both the active switch S and auxiliary switch Sa

are loss-less. The switching frequency is constant in the
proposed converter. The VA ratings of the active switch S
are same as that of the source voltage and load current.
The paper is organized as follows: Section II presents the
generic requirements of ZVT PWM Converters with aux-
iliary switch. Section III presents the mathematical anal-
ysis of the performance of a sample buck converter with
auxiliary switch circuit. Section IV and V presents the
simulation and experimental results of 33 Watt, 400 KHz
converter. Application of proposed auxiliary circuit to all
DC-DC converters is presented in section VI. Section VII
gives the conclusion and the references.

II. ZVT PWM Converters Mechanism
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Fig. 1. A typical switching pole in a power converter

Fig. 1 shows the basic switching element common to all
switching power converters [1]. The throw voltage VT , and
the pole current IP are defined as shown in Fig. 1. The
active and the passive switches are S and D respectively.
The switch voltage VS and the switch current IS trajecto-
ries are shown in Fig. 1. Every turn-on and turn-off process
transits through the high dissipation point of (VT ,IP ). This
results in high switching losses which is proportional to the
switching frequency. The proposed scheme introduces an
auxiliary circuit connected in parallel to the active switch.
The auxiliary circuit consists of auxiliary switch Sa, a se-
ries diode Da, a set of resonant elements La and Ca and
a dependant voltage source Va as shown in Fig. 2. The
auxiliary circuit when switched properly, ensures lossless
switching.
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Fig. 2. Auxiliary circuit cell

A. Auxiliary circuit with Va = 0

Consider the circuit shown in Fig. 3. The steady-state
ZVT waveforms are shown in Fig. 4.
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Fig. 3. Auxiliary circuit cell with Va = 0
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Fig. 4. Switching transitions of the auxiliary circuit with Va = 0

Interval 0 (t < to): The load current is free-wheeling
through the passive switch D ; resonant capacitor Ca is
charged to VT . The auxiliary switch Sa and main switch S
are in OFF state. This state is just prior to commutation
of current from passive switch D to active switch S.
Interval 1 (to < t < t1): This interval begins when the
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Fig. 5. Auxiliary circuit cell with Va = 0: Interval 1

auxiliary switch Sa is turned-on at t = to. The turn-on
of the auxiliary switch Sa is zero current. The equivalent
circuit is shown in Fig. 5 with ILa(to) = 0 as the initial
condition of resonant inductor. The load current is free-
wheeling through the passive switch D. The current in the

auxiliary switch increases linearly as in Eq. 1.

isa(t) =
VT

La
(t − to) ; where to < t < t1 (1)

At t = t1, when isa(t) reaches IP , the passive switch D
turns-off.

T1 = (t1 − to) =
IP La

VT
(2)

Interval 2 (t1 < t < t2):
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Fig. 6. Auxiliary circuit cell with Va = 0: Interval 2

The turn-off of the passive switch D is followed by the
resonant interval. The resonant inductor La and the reso-
nant capacitor Ca resonate during this interval. The equiv-
alent circuit in this interval is shown in Fig. 6.

iSa(t) = IP + VT

√
Ca

La
sin(ω(t − t1)) (3)

vCa(t) = VT cos(ω(t−t1)) ; ω =
1√

LaCa

; where t1 < t < t2

(4)
At t = t2, when vCa(t) reaches zero, the body diode of the
main switch S turns-on. The main switch S can be now
turned-on with zero voltage switching.

T2 = (t2 − t1) =
π

2

√
LaCa (5)

Interval 3 (t > t2):
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Fig. 7. Auxiliary circuit cell with Va = 0: Interval 3

The equivalent circuit following t = t2 is shown in Fig. 7.
However, the turn-off of Sa under this condition will be
hard with switching overvoltage on account of the current
in La being interrupted. This is undesirable.
It is observed that, for the auxiliary circuit with Va = 0,
the turn-on of the auxiliary switch Sa is at zero-current.
The turn-off transition of the auxiliary switch Sa is lossy.

B. Auxiliary circuit with Va �= 0

It is seen that the turn-off of auxiliary switch Sa is lossy
with Va = 0. We may use an auxiliary source Va of appro-
priate polarity in order to obtain loss-less turn-off of the
auxiliary switch Sa as well. Such a circuit, operating wave-
forms and the equivalent circuit are given in the following.
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Fig. 8. Auxiliary circuit with Va �= 0
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Fig. 9. Switching transitions of the auxiliary circuit with Va �= 0

Fig. 8 shows the auxiliary circuit with the auxiliary source
Va �= 0. The transients intervals and the steady-state wave-
forms are shown in Fig. 9.

Interval 0 (t < to): The load current is free-wheeling
through the passive switch D ; resonant capacitor Ca is
charged to VT . The auxiliary switch Sa and main switch S
are in OFF state. This state is just prior to commutation
of current from passive switch D to active switch S.
Interval 1 (to < t < t1): At instant t = to, auxiliary
switch Sa is turned-on with ILa(to) = 0 as the initial cur-
rent of resonant inductor La. The current in the auxiliary
switch will raise with a slope of VT + Va

La
as in Eq. 6 (

Va < 0 in this interval ).

isa(t) =
VT + Va

La
(t − to) ; where to < t < t1 (6)

At t = t1, when isa(t) reaches IP , the passive switch D
turns-off.

T1 = t1 − to =
IP La

VT + Va
(7)

Interval 2 (t1 < t < t2): The turn-off of the passive switch
D is followed by the resonant interval. The resonant induc-
tor La and the resonant capacitor Ca resonate during this
interval. The current and voltage equations valid during
this interval is given below.

iSa(t) = IP + VT

√
Ca

La
sin(ω(t − t1)) ; ω =

1√
LaCa

(8)

vCa(t) = (VT + Va)cos(ω(t − t1)) ; where t1 < t < t2 (9)

At end of the interval, vCa(t) reaches Va. This forward-
biases the body diode of the main switch S. Thereby the
main switch S can be turned-on with ZVS.

VCa(t2) = Va ; ωT2 = ω(t2 − t1) = cos−1 −Va

VT + Va
(10)

The valid solution for ωT2 is from the second quadrant.
The qualitative change in introducing the dependent volt-
age in the auxiliary circuit occurs following the resonant
interval T2.
Interval 3 (t2 < t < t3): We assume that the auxiliary
voltage Va > 0 in this interval (Later we will see how the
auxiliary voltage source Va may be obtained). In the auxil-
iary circuit, the resonant inductor faces a negative voltage
during this interval which resets the same in the interval
T3. At t = t3, the inductor current has fallen to zero.
The turn-off of the auxiliary switch Sa at t = t3, ensures
zero current switching. Following the interval T3, the gate
drive to the auxiliary switch may be turned-off as shown
in Fig. 9.
Interval 4 (t4 < t < t5): The main switch S is switched-
off at t = t4 i.e at the end of DTS . The turn-off of the main
switch is at zero voltage, on account of capacitor across the
main switch. The voltage across the switch raises slowly
thereby reducing the turn-off transition losses.
It is observed that, for the auxiliary circuit with Va �= 0,
the switching transitions of both the main and auxiliary
switches are lossless.:

III. Circuit realization of ZVT mechanism and
analysis of buck converter

We have observed in section II that it is necessary to ob-
tain a dependent source Va whose magnitude is less than
zero during turn-off of the passive switch D i.e interval T1

and greater than zero during reset of the auxiliary switch
Sa i.e interval T3. The magnitude of Va could be same or
different during the interval 2 and interval 4. The genera-
tion of the dependent voltage source Va is by the auxiliary
winding coupled to the main inductor. Fig. 10 shows the
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Fig. 10. Buck converter with primitive auxiliary switch commutation
circuit

primitive auxiliary circuit for a buck converter employing
this method. The commutation process and the mathe-
matical analysis is explained for the buck converter with
auxiliary switch. To simplify the analysis, it is considered
that, the converter is operating in steady state and the
following assumptions are made.
1. All components and devices are ideal.
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2. The output filter inductor L is large enough to assume
that the output current Io is constant.
3. The output capacitor C is large enough to assume that
the output voltage is constant and ripple free.
The turns ratio between L and LT may be chosen con-
veniently. The winding LT has to carry the commutation
current and reset current only. Therefore the RMS value of
this coupled winding will be a small fraction of the current
flowing in the main inductor L. Accordingly, this will not
demand a higher size of inductor. The complete commuta-
tion process and the mathematical analysis are explained
below for a buck converter. To simplify the analysis, turns
ratio for the coupled inductor (L and LT ) is taken to be 1.
Switching sequences are as shown in Fig. 9.
Interval 0 (t < to): Prior to time t = to, the main switch
S and the auxiliary switch Sa is in OFF state. The load
current is freewheeling through the diode D. The resonant
capacitor is charged to voltage (Vg + V0).
Interval 1 (to < t < t1): This interval begins when the
auxiliary switch Sa is turned-on with ZCS at t = to. The
equivalent circuit is shown in Fig. 11 with ILa(to) = 0
as the initial current of resonant inductor La. The load
current is freewheeling through the passive switch D. The
current in the auxiliary switch will increase linearly as in
Eq. 11.

S

C RLT

L
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Ca
Vg La

ISa(t)
Vo

Io

Fig. 11. ZVS buck converter: Interval 1: (to < t < t1)

isa(t) =
(Vg + Vo)

La
(t − to) =

Vg(1 + D)
La

(t − to) (11)

At t = t1, when isa(t) reaches Io
2 , the passive switch D

turns-off.
T1 = (t1 − to) =

IoLa

2Vg(1 + D)
(12)

Interval 2 (t1 < t < t2): The turn-off of the passive
switch D is followed by the resonant interval. The res-
onant elements La and Ca resonate during this interval.
This interval ends, when the voltage across the resonant
capacitor vCa(t) reaches (Vo −Vg). This forward biases the
body diode of the main switch S.
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CaVg
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Vo
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Fig. 12. ZVS buck converter: Interval 2: (t1 < t < t2)

iSa(t) =
Io

2
+ Vg(1 + D)

√
Ca

La
sin(ω(t − t1)) (13)

vCa(t) = Vg(1 + D)cos(ω(t − t1) ; ω =
1√

LaCa

(14)

VCa(t2) = Vo−Vg = −Vg(1−D) ; where t1 < t < t2 (15)

ωT2 = ω((t2 − t1)) = cos−1

[−(1 − D)
(1 + D)

]
(16)

ISa(t2) = 2Vg

√
Ca

La

√
D +

IP

2
(17)

At time t = t2, body diode of the main switch S is ON and
main switch S can now be turned-on with ZVS.
Interval 3 (t2 < t < t3): The resonant inductor current
flows through the main switch S, auxiliary switch Sa and
the auxiliary diode Da. The trapped energy in the auxiliary
circuit inductor La is recovered into the coupled inductor
LT . The voltage across the coupled winding is (Vg − Vo).
The negative voltage across the resonant inductor La will
reset iLa(t) linearly to zero as given by Eq. 18. Turn-off of
the auxiliary switch at t = t3, ensures ZCS.

LaVg

Isa

RI2Da

CaLT L
Vo

I1

Fig. 13. ZVS buck converter: Interval 3: (t2 < t < t3)

iSa(t) =
−Vg(1 − D)

La
(t − t2) + ISa(t2) (18)

End of interval T3 is when iSa(T3) = 0

T3 = t3 − t2 =
√

LaCa

√
D

(1 − D)
+

IP La

Vg(1 − D)
(19)

At the end of t3, turn-off of the auxiliary switch Sa is there-
fore lossless (ZCS). Following the interval T3, the gate drive
to the auxiliary switch may be turned-off.
Interval 4 (t4 < t < t5): The main switch S is switched-
off at t = t4 i.e at the end of DTS . The turn-off of the main
switch is at zero voltage, on account of capacitor across the
main switch. The voltage across the switch raises slowly
thereby reducing the turn-off transition losses.

La

Da

Ca

Vo
Vg L L

I0

Fig. 14. ZVS buck converter: End of commutation

It is observed that turn-on and turn-off transitions of main
switch and auxiliary switch are loss-less.

IV. Steady state experimental Results

The circuit diagram is shown in Fig. 15. Following is the
specifications of the prototype: Input voltage Vg = 18− 25
V, Output voltage Vo = 30 V, Output power Po = 33 W,
Switching frequency FS = 400 KHz. Simulation results
and experimental results are shown in Fig. 16 and Fig. 17
respectively for the boost converter with coupled inductor.
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Fig. 16. Simulated waveforms of boost converter with tapped-coupled inductor

(a) Ch1: 10 volts/div ; Ch2: 10 volts/div :Vgsa and
Vgs of auxiliary switch Sa and active switch S

(b) Ch1: 20 volts/div ; Ch2: 0.5 volts/div :pole
voltage Vp and resonant inductor current iLa(t)

(c) Ch2: 20 volts/div ; Ch1: 10 volts/div :Vds and
Vgs of active switch S indicating ZVS turn-on

(d) Ch2: 20 volts/div ; Ch1: 0.5 volts/div :Vdsa and
iSa(t) of auxiliary switch indicating ZCS

Fig. 17. Experimental waveforms of boost converter with tapped-coupled inductor

2664



+
− 0.5nF

MUR860K=1
68µH 30µH

2µH

Sa
S

60

18

vGSavGS

PW = 1µ

TD = 0.3µ

PER = 2.5µ PER = 2.5µ

PW = 0.8µ
TD = 0

IRF540

MUR860

47µF

Fig. 15. Simulated boost converter with coupled inductor

1. Fig. 17(a) shows the gate pulses of frequency 400 KHz
driving S and Sa.
2. Fig. 17(b) shows the pole voltage and the resonant in-
ductor current waveforms. In theoretical and simulated
waveforms [Fig. 9 and Fig. 16(b)], there is a linear reset-
ting of the resonant inductor current. In the experimental
results, high frequency oscillations are observed during the
resetting interval, due to parasitics of the resonant induc-
tor.

V. Steady state efficiency results

Steady state efficiency results of hard switched boost
converter and boost converter with the proposed auxiliary
switch are compared [Table. I]. Efficiency as high as 94%
is achieved for the boost converter, switching at 400 KHz.

TABLE I

Steady state efficiency for the hard switched and soft

switched boost converter (with auxiliary switch)

Load(p.u) Hard switched(%η) Soft switched(%η)
0.35 72 78
0.49 73 80
0.62 78 84
0.74 84 88
0.89 87 91
1 89 94

VI. Application to other circuits

This proposed method is applicable to all DC-DC con-
verters. Some of the realizations are shown [Fig. 18 - 21].
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Fig. 18. Boost converter with coupled inductor
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Fig. 19. Buck-boost converter with coupled inductor

VII. Conclusion

A novel auxiliary switch DC-DC converter with cou-
pled inductor is presented in this paper. The proposed
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Fig. 20. Cuk converter with coupled inductor
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Fig. 21. Sepic converter with coupled inductor

circuit achieves loss-less switching for both the main and
auxiliary switches without increasing the main device cur-
rent/voltage rating. A tapping in the pole inductor is
added for the purpose of commutation. The novelty in
the proposed circuit is the method of generation of the
auxiliary voltage needed to reset the ZVS circuit. The
proposed circuit can be applied to all DC-DC converters
(Buck, Boost, Buck-boost, Cuk, Sepic converters). The
performance and the design equations are identical for all
types of DC-DC converters when the equations are writ-
ten in terms of throw voltage and the pole current. The
method of analysis is outlined for a buck converter with
coupled inductor. Simulation and experimental results are
presented for a 33 watt, 400KHz boost converter.
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