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Abstract – This paper presents the analysis of an 
isolated three-level dc-to-dc converter operating in wide 
load range, which presents half of the input voltage 
across the main switches. A commutation auxiliary circuit 
is used in order to assure ZVS for all active switches in 
the whole load range. The commutation auxiliary circuit 
operates at lower current than the rated current, and the 
conduction losses of this converter are almost in the same 
order of those present in the converter without the 
auxiliary circuit. This converter is suitable for 
applications in power supplies that have power factor 
pre-regulators in their input stage. Principle of operation, 
and theoretical analysis along with experimental results 
are presented.  
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I. INTRODUCTION 
 

In order to reduce the voltage stress across the switches of 
dc-to-dc converters, many techniques are being used such as: 
series connection of the switches, multilevel commutation 
cells association and multilevel converters association. 

The three-level dc-to-dc converter based on the flying 
capacitor multilevel cell presented in [1] assures half of the 
input voltage across its active switches with ZVS 
commutation and pulse-width modulation. However, in order 
to ensure soft-commutation, a minimum value of load current 
is necessary. Thus, for this converter, it can be observed that 
the wider the load range with ZVS, which implies smaller 
minimum load current, the higher is the reactive voltage drop 
across the commutation inductor of the converter. Therefore, 
a good design involves sacrificing the soft-commutation at 
low load, where the conduction losses are low, to obtain 
high-efficiency at full-load. [1] 

In this paper, a commutation auxiliary circuit (CAC) is 
introduced in the three-level dc-to-dc converter based on the 
flying capacitor multilevel cell (figure 1) to obtain ZVS for 
all active switches in a wide load range. This circuit was 
previously proposed for the full-bridge ZVS PWM dc-to-dc 
converter in [2], and for the three-level ZVS PWM dc-to-dc 
converter based on the neutral-point clamped multilevel cell 
in [3]. 

An analysis of a three-level isolated dc-to-dc converters 

based on the flying capacitor cell with CAC, as well as 
experimental results obtained with a 1.5kW, 60V output 
voltage, 600V input voltage and 50kHz prototype are  
presented and discussed in this paper. 
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Fig. 1 – The proposed isolated three-level ZVS PWM DC-to-DC 
converter with CAC. 

 
II. CIRCUIT DESCRIPTION AND PRINCIPLE OF 

OPERATION 
 

In the converter of figure 1, the switches S1 to S4 form the 
main commutation leg.  The diodes D1 to D4 conduct inverse 
polarity current and clamp the switch voltage at reverse 
voltage (-1V). The capacitors Cm1 and Cm2 are responsible for 
the voltage clamping across the main switches to half of the 
input voltage (Vi/2). The inductance Lr (which incorporates 
the leakage inductance of the isolation transformer Tr ) and 
the capacitors C1 to C4 provide a resonant transition 
permitting zero-voltage turn-on and eliminating turn-on 
switching power losses. Capacitors C1 to C4 also provide 
capacitive turn-off snubbing reducing the commutation 
losses. The transformer Tr provides galvanic isolation and 
voltage transformation between the source and the load. The 
output stage of the converter is formed by the rectifiers Do1 
and Do2 and an output filter, composed of Lo and Co. 

The commutation auxiliary circuit proposed in this paper 
is obtained by the connection of the inductances La1 and La2 
in the middle point of the clamping capacitors Cm1 and Cm2 
and input capacitors Ci1 and Ci2. 

Figure 2 shows the stages of operation of the converter for 
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half period of operation, assuming that all switches are ideal, 
a transformer turns ratio equal to one, and replacing the 
output stage by a current source. The output stage is referred 
to the primary.  

Fig. 3 shows the key waveforms for one switching period. 
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Fig. 2 – Stages of operation. 
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Fig. 3 – Key waveforms. 

The stages of operation are described as follows: 
a) Stage 1 (t0, t1)  
During this stage the current flows through switch S3, 

capacitors Cm1 and Cm2 and diode D1. The voltage across 
Cm1 is (1-D)Vi and across Cm2 is (D)Vi. The voltage vab is 
null. All output rectifiers are conducting and the output 
voltage is zero. The voltage across La1 is –(D)Vi/2 and 
across La2 is (D)Vi/2. The current iLa1, which is negative, 
flows through the switch S3, and the current iLa2, also 
negative, flows through diode D1. 

b) Stage 2 (t1, t2)  
When S3 is turned-off, the voltage vC3 increases from zero 

to Vi/2, while vC2 decreases from Vi/2 to zero, with the help 
of current iLa1. This stage ends at the instant t2, when D2 is 
directly polarised and starts conducting. 

c) Stage 3 (t2, t3)  
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In this stage the current iLr is negative and flows through 
the diodes D1 and D2. During this period of time S2 is gated 
on at zero-voltage and zero-current. The voltage vab is Vi/2 
and the output voltage is zero because all output rectifiers are 
conducting. The voltage across the inductor La1 reaches      
(1-D)Vi/2. 

d) Stage 4 (t3, t4)  
When the current iLr becomes positive, it starts to flow 

through the switches S1 and S2. The voltage vab remains Vi/2 
and the output voltage is zero. 

e) Stage 5 (t4, t5)  
During this stage, power is transferred from the input 

source Vi to the load through the switches S1 and S2 and the 
diodes Do1 and Do4. During this stage the current across the 
auxiliary inductors La1 and La2 becomes positive. 

f) Stage 6 (t5, Ts/2)  
This stage begins when S2 is turned-off. The capacitor C2 

begins to charge and C3 begins to discharge linearly with 
time, with a constant current. This stage finishes when vC2 

reaches Vi/2 and vC3 becomes null. The voltage across La2 
goes from (1-D)Vi/2 to –(D)Vi/2. 

The second half-period, which is identical to the first one, 
is omitted in this paper. 

 
III.  COMMUTATION ANALYSIS 

 
To ensure ZVS commutation at wide load range, it is 

necessary to have enough energy to charge and discharge the 
capacitances C1 to C4.  

Two different commutations take place in this converter. 
During stage 6, the switches S2 and S3 commutate while the 
current through the inductance Lr is equal to the output 
current Io. Even if this current is null, the current trough 
auxiliary inductance La1, which is positive, provides the 
energy necessary to perform the commutation. 

However, at stage 2, the switches S2 and S3 commutate 
when the output current is in a free-wheeling mode through 
the output rectifiers. Since the resonant inductor Lr can not 
provide enough stored energy to guarantee the zero-voltage 
commutation. Thus, the current that flows through auxiliary 
inductor La1 must be used to charge and discharge the 
capacitors in parallel with the switches that are commutating. 

Therefore, the following condition must be respected to 
ensure soft commutation: 

r
Lapk L

CVi
IIo

.2
.

2
≥+  

 
(1) 

where Io is the load current referred to the transformer 
primary side, and ILapk is the peak value of the current in the 
auxiliary inductances La1 and La2. 

From equation (1), one can observe that even for no load 
situation, the zero-voltage switching can be obtained if an 
appropriate value of peak current in the auxiliary inductances 
is calculated. 

The inductance Lr is determined by the maximum allowed 
reduction in the duty-cycle, and the auxiliary inductances 
must be large enough to avoid a significant increase in the 
conduction losses. 

IV. OUTPUT CHARACTERISTICS 
 

The currents provided by the two auxiliary inductors of 
the CAC does not flow through the inductor Lr and the 
output rectifiers. So, the output characteristics obtained for 
the converter with CAC, proposed in this paper, is the same 
that the one obtained to the ZVS PWM dc-to-dc converter 
with the flying capacitor cell without the CAC [1]. 

According to the waveforms shown in figure 3, and 
considering that the commutation time is much smaller than 
the switching period, the average output voltage is given  by 
(2), where n is the transformer turns ratio. 

Deff
n

Vi
Vi

fsLrIo
D

n
Vi

Vo .
...4

. =�
�

�
�
�

� −=  
 
(2) 

It can be noticed that the larger Lr is, the larger is the 
reduction of the output voltage caused by the reactive voltage 
drop. 
 
 

V. SIMPLIFIED DESIGN 
 
The design procedure of the converters studied in this 

paper is similar to the one presented in [1] for the converter 
without CAC. 

Table I present the input data used in the design 
procedure. 

TABLE I 
Input Data 

Input voltage – Vi (V) 600 

Output voltage – Vo (V) 60 

Output power – Po (kW) 1.5 

Switching frequency – fs (kHz) 50 

Input voltage ripple - ∆Vi (V) 15 

Output current ripple - ∆Io (A) 2.5 

Output voltage ripple - ∆Vo (V) 0.06 

Clamping voltage ripple - ∆VCc (V) 3 

Maximum duty-cycle – Dmax 0.4 

Maximum nominal duty-cycle reduction (%) 15 

 
a) Transformer turns ratio, resonant inductance, output 

filter and output rectifiers 
The transformer turns ratio, resonant inductance Lr, the 

output filter Lo and Co, and the output rectifiers are 
calculated in the same manner as in [1]. 

b) Auxiliary inductances La1 and La2  
The minimum current necessary to assure soft 

commutation is calculated using (1), considering the output 
current null. 
 AI Lapk 723.1=   

The auxiliary inductances are calculated by (3). 

H
Ifs

ViDeffDeff
LaLa

Lapk
µ390

..4
).1.(

21 =
−

==  
 
(3) 

c) Clamping capacitances Cm1-2: The clamping 
capacitances Cm1-2 must be large enough to be considered as 
a voltage sources. Thus the required value of Cm1-2 is 
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calculated as a function of the maximum allowable ripple 
voltage (∆Vcc) using the following expression: 

fsVcn
DIo

CmCm
..

).21.( max
21 ∆

−
==  

 
(4) 

 

Limiting the voltage ripple to 1% of its average value, 
yields 

 Cm1 = Cm2 = 10µF 
 

d)  Switches Voltage and Current Stresses 
 

1) Active Switches: The maximum voltage across the 
blocking switches is 

V300ViV maxS ==  (5) 
 

From a computer simulation analysis, it was observed that 
in the converter with the proposed CAC, the current through 
switches S1 and S3 increased their rms value in 7%, and the 
current through switches S2 and S4 increased their rms values 
in 4%, in comparison with the same converter without CAC.  

Therefore, the rms current through switches S1 and S3 and 
through switches S2 and S4 can be calculated by (6) and (7) 
respectively. 

 Ax
n
Io

I rmsS 44.507.1
62

1
.13 =

�
�
�

�

�
�
�

� ∆−=  

 
(6) 

 

Through switches S2 and S4 the rms current is 

  Ax
D

n
Io

I rmsS 71.404.1
62

.24 =
�
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� ∆−=  

 
(7) 

 

  
VI. EXPERIMENTAL RESULTS 

 
In order to analyse experimentally the behaviour of the 

converter, a prototype was built with the input data presented 
in Table II. The power stage of the converter is shown in 
figure 7. 

 
TABLE II 

Converter Components 

S1-S4 IRFP460 – 500V, 20A (Harris) 

Lr  16µH –ferrite core E42/15   IP12 (Thornton) 

Ci1 – Ci2  2µF/400V – polyester (Icotron) 

Cm1 – Cm2  7 x 1µF/400V – polyester  (Icotron) 

La1 – La2 390µH –ferrite core E30/14   IP12 (Thornton) 

Tr  2 ferrite cores E65/26 - IP12 (Thornton) Prim.: 
17 esp.  Sec.: 5+5 esp.  - 22AWG 

Do1 - Do2 MUR1560 – 600V, 15A (Motorola) 

Lo 89µH – ferrite core E55/21 - IP12 (Thornton) 

Co 220µF/100V - electrolytic (Icotron) 

 
MOSFETs were used to implement switches S1, S2, S3 and 

S4. The diodes D1, D2, D3 and D4 are the MOSFET´s body 
diodes and the capacitors C1, C2, C3 and C4, are the 
MOSFET´s Coss capacitances. 
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Fig. 4 – Power stage diagram of the implemented converter. 

 
Figure 5 presents the three-level voltage of the inverter 

stage, the current through the resonant inductor. The 
waveforms are similar to those obtained for the converter 
without CAC, as predicted. 

 
Fig. 5 – Experimental waveforms. 
upper trace: voltage vab (250V/div) 

lower trace: current iLr(2A/div) 
Time scale: 4µs/div 

 
The currents and voltages in the auxiliary inductors La1 

and La2 are presented in figures 6 and 7. The peak current in 
each inductor is around 1.6A. 

Figures 8 and 9 present the voltage and current of switch 
S4 for load currents of 18A and 1.7A respectively. It can be 
observed the zero voltage commutation in the switch even if 
the load current is lower than the minimum value expected to 
guarantee soft commutation in the converter without CAC  
which is 5.8A[1].  

Figures 10 and 11 present the same waveforms for switch 
S1 on the same load current conditions. 
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Fig. 6 – Experimental waveforms. 
upper trace: voltage vLa1 (250V/div) 

lower trace: current iLa1(2A/div) 
Time scale: 4µs/div 

 

 

Fig. 7 – Experimental waveforms. 
upper trace: voltage vLa2 (250V/div) 

lower trace: current iLa2(2A/div) 
Time scale: 4µs/div 

 
Fig. 8 – Experimental waveforms – Load current = 18A. 

upper trace: voltage vS4 (250V/div) 
lower trace: current iS4(5A/div) 

Time scale: 2µs/div 

 
Fig. 9 – Experimental waveforms – Load current = 1.7A. 

upper trace: voltage vS4 (250V/div) 
lower trace: current iS4(2A/div) 

Time scale: 2µs/div 

 
Fig. 10 – Experimental waveforms – Load current = 18A. 

upper trace: voltage vS1 (250V/div) 
lower trace: current iS1(5A/div) 

Time scale: 2µs/div 

 
Fig. 11 – Experimental waveforms – Load current = 1.7A. 

upper trace: voltage vS1 (250V/div) 
lower trace: current iS1(2A/div) 

Time scale: 2µs/div 
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It is important to emphasize that the peak voltage across 
the switches is 300 V, half of the 600 V dc input voltage.  

Figure 12 presents the measured efficiency of the 
converter as a function of the output current, experimentally 
obtained for constant input voltage equal to 600 V and 
constant duty-cycle.  
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Fig. 12 – Efficiency  x  output current with CAC. 

 
The main source of losses are diode and MOSFET 

conduction losses, magnetic and snubber losses. The 
switching losses at full load are practically null. 

In comparison with the results obtained for the converter 
without CAC [1], the efficiency for output currents below 5A 
(when the ZVS commutation is lost and the converter starts 
to operate with hard-switching for the circuit without CAC), 
the efficiency of the proposed converter is slightly higher. 
For currents next to the nominal current, the efficiency of the 
proposed converter is lower than the efficiency of the 
converter without CAC [1]. 
 

VII. CONCLUSIONS 
 

The proposed isolated ZVS-PWM DC-to-DC converter 
with the commutation auxiliary circuit presents identical 
characteristics to the three-level DC-to-DC converters based 
on the flying capacitor cell [1], on the NPC cell [5], and to 
FB-ZVS-PWM converter [4], such as: 

- high-efficiency due to ZVS commutation on the switches; 
- half of the input voltage across the blocking switches 

makes this converter suitable for high-input voltage 
applications. 

Soft switching can be guaranteed in a wide load range. To 
achieve that it is necessary to include two inductors only, 

since the capacitors needed to build the commutation 
auxiliary circuit are already present in the original three-level 
dc-to-dc converter based on the flying capacitor multilevel 
cell. 

The raise of the conduction losses caused by the additional 
current provided by the commutation auxiliary circuit are not 
significant and can be minimised with a proper design of the 
auxiliary inductors. 
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