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Abstract—This paper presents the implementation and evaluation 

of an isolated resonant converter and also compares the 

efficiencies of hard and soft switching isolated converter 

topologies using high-frequency transformer for auxiliary power 

supplies in DC traction. The half-bridge DC-DC converter with 

resonant network has been tested under zero voltage switching 

(ZVS), zero current switching (ZCS) operations, and also dead 

time variation of the power switches improving the overall system 

efficiency. This paper provides guidelines for a cost effective DC-

DC converter design based on discrete 1200V/40A IGBTs driven 

with high switching frequency. That would allow optimization of 

passive elements by reducing their mass making the converter 

suitable for traction application. Simulations and test results of 

an experimental setup with output power up to 3kW are 

presented. The overall system efficiency of the ZVS and ZCS 

operations of half-bridge LLC DC-DC converter were compared 

with a classic hard switching topology. 

Keywords-ZVS; ZCS; half bridge resonant converter; LLC; 

DC-DC; auxiliary power supply 

I. INTRODUCTION  

Typical light traction vehicles contain electrical equipment 
such as air brakes, cooling system, air pressures, fans etc. 
supplied from a standard 3×400VAC on-board power grid. The 
grid is generated by a structure of dedicated converters which 
usually provide battery charging functionality. The design of 
such an auxiliary power supply has to respect the fact that the 
catenary voltage of nominal voltage 600VDC or 750VDC may 
vary in the range of 400VDC to 950VDC. Also, the outputs, i.e. 
the power grid or the battery charger, must be isolated in order 
to maintain a high level of safety. The overall structure of an 
auxiliary power supply (without a battery charger branch) used 
in practice consists of the input voltage stabilizer (IVS), 
supplied from the catenary through, which stabilizes voltage to 
the catenary lower range level, and the half-bridge (HB) 
isolating converter. Due to additional requirements from 
vehicle manufacturers concerning small size and low weight, 
high frequency operations with reduced losses allowing further 
savings in passive components mass and volume become key 
parameters of the converter in the auxiliary power supply.  

The resonant network topology suggested in [1] provided 
useful soft switching operations for the isolated dual bridge 

DC-DC converters. To obtain ultra-high input and better 
efficiency in a DC-DC converter [2], different combinations of 
type-4 series resonant networks were reported. A burst 
oscillation control [3] has been used to improve the efficiency 
of current resonant, full bridge and half bridge converters. 
These converters achieved the highest efficiency at low and 
high output power levels. For the applications of on-board 
charging, an LLC resonant converter [4] operated under 
continuous conduction mode achieved ZVS turn-on operation 
to their MOSFETs. A half bridge LLC resonant converter is 
described in [5] for low power applications with higher 
switching frequency and digital control system developed for 
multi resonant network [6] for DC-DC converters. A half 
bridge converter has been developed with a simple resonant 
inductor, capacitor and an additional switch, and obtained ZVS 
operation with 94.5% efficiency at 350W output power in [7]. 
A ZVS full bridge resonant converter has been implemented in 
[8] by utilizing simple resonant elements and obtained 93.3% 
efficiency at 8kW output power. A low power full bridge 
converter [9] attained ZVS operation by the additional resonant 
network. However, it had poor efficiency at low output power. 
A half bridge resonant converter with voltage rectifier attained 
soft-switching (ZVS) operation to their MOSFETs and 
achieved 96% efficiency below 100W, was studied in [10]. 

This paper focuses on the high power DC/DC isolating 
converter which converts stabilized voltage 380VDC-390VDC 
(has to be lower or higher than input catenary voltage range) to 
a level suitable for the consequent appliances (standardly 
560VDC to supply VSI to produce output power grid 
3×400VAC). Half bridge topology was chosen for the study as it 
offers lower prices. In order to achieve maximum efficiency, a 
resonant network was utilized, allowing higher switching 
frequency at reasonable efficiency level. In this paper, a half 
bridge resonant converter was verified under two different 
operating modes, continuous conduction and discontinuous 
conduction. Comparison was made between the effectiveness 
of this converter and the one of a conventional hard-switching 
converter. This article presents the operation principles, DC 
characteristics, simulation analysis, and laboratory tests 
conducted with the half bridge LLC resonant DC-DC 
converter. 
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II. OPERATION PRINCIPLES 

Figure 1 shows the schematic of a typical half bridge 
resonant DC–DC converter. The primary side contains four 
active IGBTs S1–S2, the resonant elements Cs, Ls, and the 
magnetizing inductance (Lm). The turns ratio of the transformer 
is 1:1.5. The secondary side of the transformer includes 
rectifying diodes D1–D4, the filter capacitor (Co) and the load 
resistance (RL). The primary-side active switches are controlled 
with 50% duty cycle. When S1 and S2 conduct simultaneously, 
the input power is transferred to the output load. The zero 
voltage switching (ZVS) turn-on and zero current switching 
turn-off are achieved by the resonance of Ls and Cs. Figure 2 
shows the waveforms of half bridge LLC resonant DC-DC 
converter. The first stage is resonant current in continuous 
conduction mode, the operating frequency is above the 
resonant frequency and the second stage is resonant current in 
discontinuous conduction mode, with the operating frequency 
below the resonant frequency. In these stages, during 
continuous conduction mode, all the power switches can turn-
on under ZVS condition and in discontinuous conduction mode 
all the power semi-conductor switches can turn on/off under 
ZCS. Figure 2(a) shows the continuous conduction mode, 
resonant tank current (iLr), magnetizing inductance current (iLm), 
and switch current (iS1) waveforms and similarly Figure 2(b) 
shows the waveforms of the discontinuous conduction mode. 

 

 
Fig. 1.  Isolated half bridge LLC resonant converter 

 

 
Fig. 2.  Key waveforms: (a) CCM mode, (b) DCM mode 

A. Continuous Conduction Mode 

When the resonant frequency of the half bridge DC–DC 
converter is set below the switching frequency zero voltage, 
turning on of the converter power switches is possible. These 
conditions ensure that the resonant current iLr freewheels 
through the body diodes of the main switches prior to turn on, 
thus preventing turn on losses. Figure 2(a) shows the key 
waveforms for continuous conduction mode (CCM) of resonant 
half bridge converter. At t=t0 the IGBT S2 is turned off which 

forces the resonant tank current iLr to freewheel through the 
body diode of S1, resonant tank. The voltages on S1 basically 
the diode drop, become close to zero when the gate turn on 
pulse for S1 applied at t=t1. During the time from t1 to t2, S1 is 
turned on, the output rectifier diodes D1, D4 conduct and energy 
is transferred to the secondary through the transformer. After 
the time t2, the power switch (S1) is turned off, the body diode 
of S2 creates the path for freewheeling the primary resonant 
tank current iLr which makes ZVS condition for the following 
S2 turn on. 

B. Discontinuous Conduction Mode 

Figure 2(b) shows the discontinuous conduction mode 
(DCM) waveforms, At t=t0 IGBT S2 is turned off, the Lm 

inductor current reaches maximum, and the resonant current 
drops to zero. The output rectifier diodes are also turned off. S1 
is turned on under ZCS at t=t1. The resonance of the inductors 
Ls and Cs creates iLr current in a sinusoid shape and the 
magnetizing inductor current decreases linearly. The switch S1 
is turned off under conditions close to ZCS at t=t2. The iLr 
value at this moment equals to the magnetizing current of the 
transformer. After that the output capacitances of S1 and S2 are 
recharged by iLr until S2 voltage reaches Vdc when S2 body 
diode is forced to conduct. It provides ZVS conditions for the 
subsequent S2 turn on at t=t3.  

III. DC CHARACTERISTICS AND DESIGN PROCEDURE  

A. DC Characteristics 

The DC characteristics of the half bridge converter are 
obtained by experimental studies performed for steady state 
response. Voltage gain characteristics curves are illustrated in 
Figure 3, which shows that the resonance frequency is above 
the switching frequency. From the DC characteristics, it can be 
seen from peak gain changing by adjusting load. The peak gain 
measured values were taken at high load conditions. 

 

 
Fig. 3.  DC Characteristics of ZCS operating region. 

B. Design Procedure 

Based on the theoretical analysis, the design procedure is 
presented in this section. It discusses that the resonant network 
can be suitable for traction applications. The equivalent circuit 
of the LLC resonant tank is shown in Figure 4. The load 
resistance (RE) shown in the primary side is defined as: 

2
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      (1) 

Using the ac equivalent circuit of Figure 4, the voltage gain 
is expressed with the following parameters and definitions: 
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Voltage gain characteristics curves are shown in Figure 5. 
They curves show the resonance frequency is 90kHz when the 
switching frequency is 100kHz, and the converter operates in 
ZVS region. 

 

 
Fig. 4.  Equivalent circuit of LLC 

 
Fig. 5.  DC Characteristics of ZVS operating region 

 

Fig. 6.  Simulated results: Voltage and current through switches S1, S2 

when the converter operates in ZCS region. 

IV. SIMULATION RESULTS 

Simulation results were obtained separately for ZVS and 
ZCS by Matlab/Simulink. The simulation parameters used are 
mentioned in Table I. Figure 6 depicts switches’ (S1 and S2) 

voltage and currents, which show the ZVS operating region of 
the converter. Figure 8 illustrates switches’ voltage and 
currents, which represent the ZCS operation of the converter. 
Figure 9 shows the voltage and current through the transformer 
in ZVS and ZCS regions. 

 

 

Fig. 7.  Simulated results: Voltage and current through switches S1, S2 

when the converter operates in ZVS region. 

 

Fig. 8.  (a) Measured waveforms of the primary side of the transformer: 

Voltage (Ch1), current (Ch2). (b) Measured waveforms of IGBT S1: Voltage 

(Ch1) current, (Ch2). Hard switching. 

V. EXPERIMENTAL RESULTS  

Laboratory tests were conducted for the two case studies 
under steady state operation. ZVS and ZCS conditions were 
tested separately in order to show the efficiency of the ZVS and 
ZCS converters separately. The design specifications (Table I) 
for this converter are Vin=400V, Vout=300V, Pout=1kW to 3kW, 
switching frequency 100kHz and the switching device we used 
was IGBT IKW40N120H3. The resonant inductor Ls=15µH, 
the transformer magnetizing inductance Lm=17µH, and the 
resonant capacitor Cs=130nF/200nF. The realization of DC-DC 
converter system is a low cost system to drive auxiliary 
systems in traction. Figure 9(a) shows the transformer primary 
side voltage and current waveforms of hard-switched half 
bridge converter and Figure 9(b) shows the device voltage and 
currents. Figure 10 depicts IGBT (S1) voltage and current 
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waveforms for the ZVS operating region. Figure 11 shows the 
experimental waveforms of the transformer primary side 
voltage(VP) and resonant tank current (iLr).  

 

 
Fig. 9.  Measured waveforms of the primary side of the transformer: 

Voltage (Ch1), current (Ch2). (b) Measured waveforms of IGBT S1: Voltage 

(Ch1), current(Ch2). CCM mode. 

 

Fig. 10.  (a) Measured waveforms of the primary side of the transformer: 

Voltage (Ch1), current (Ch2). (b) Measured waveforms of IGBT S1: Voltage 

(Ch1), current (Ch2). DCM mode. 

A. Observations Made by Varying Dead Time 

By varying the dead time between each switch, laboratory 
tests were conducted in order to observe the optimum 
efficiency of the converter. During the resonant cycle, all the 
power switches will transfer the output power. Two switches 
for a half of the resonant cycle and the other two for the next 
resonant cycle, maintaining the ZCS, but a delay is introduced 
between each switch turning on. Therefore the switch current 
transfers to the corresponding freewheel diode before returning 
to zero. The switch currents remain zero until the next switch 
turns on. Results shown in Figure 11 are obtained for dead time 
of 0.5µs. By changing the dead time between switches to 0.9µs, 
it is observed that all power switches are turned on under 

ZVZCS. Also, the efficiency of the converter has been 
increased from 0.5% to 1%, when comparing with ZCS 
operating region with 0.5µs. Figure 12(a)-(b) depicts the ZCS 
turn on with 0.5 µs dead time interval, which is having large 
current spikes when switches are turn on/off. Due to the large 
amount of spikes the efficiency is very poor. It is observed in 
Figure 12(c)-(d), that with 0.9µs dead time, ZVZCS turn on is 
achieved and the overall system efficiency is improved. Figure 
13 shows the collector-emitter voltage and current of the switch 
(S1), when it is operated in ZVS and ZCS regions. 

 

 

Fig. 11.  (a) Measured waveforms of IGBT S1 voltage and current of the 

switch with 0.5μs dead time. (b) Measured waveforms of IGBT S1 voltage and 

current of switch with 0.9μs dead time. 

 
Fig. 12.  (a) Turn-on and (b)Turn-off transitions of the switch. ZVS. 

(c) Turn-on and (d) Turn-off transitions of the switch. ZCS. 

TABLE I.  COMPONENT AND PARAMETER VALUES, SIMULATION 

AND EXPERIMENTAL 

Parameters Symbol Values 

Input Voltage Vin 400V 

Output Voltage Vo 300V 

Output power Po 3kW 

Switching frequency fsw 100kHz 

Resonant inductor Ls 15µH 

Magnetizing inductance Lm 217µH 

Resonant capacitors CS 130nF/200nF 

Output capacitors Co 470µF 

Main switches S1-2 IKW40H1203 

Diodes D1-4 APTDC20H1201G 8 

Transformer Tr SKYVFTR15 

Input Voltage Vin 400V 

Output Voltage Vo 300V 
 

B. Efficiency Comparison 

In this part, the efficiency of the DC-DC converter for 
auxiliary drives is discussed comparing two topologies of input 
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half bridge converter (resonant and hard switching). In Figure 
13, the comparison between HS (hard switching), ZVS, ZCS is 
shown while Figure 14 shows the efficiency comparison 
between converter switches operated at 0.5µs dead time in ZCS 
operating region with switching frequency 112kHz, resonant 
frequency 118kHz and 0.9µs delay used with 100kHz 
switching frequency. The efficiency of HS full bridge topology 
at maximum output power 3kW is 92.1% and ZVS half bridge 
resonant converter is 92.6%. There is an augmentation in 0.5% 
efficiency in comparison with HS. When the converter operates 
in the ZCS region at maximum output power 3kW, there is 
94.3% efficiency achieved. The overall system efficiency is 
about 2% more than when using HS converter. 

 

 
Fig. 13.  Efficiency curves between HS and soft-switching. 

 
Fig. 14.  Efficiency curves: ZCS operating region. 

VI. CONCLUSION 

This paper presents an efficiency comparative study of HS 
and soft switching DC-DC converter for auxiliary power 
supply in traction with maximum efficiency of 94.3%. The 
maximum output power of the resonant converter is 3kW with 
100kHz switching frequency. It has been simulated and 
laboratory tests investigated the ZVS and ZCS resonances 
separately in order to show the performance of the overall 
system efficiency. The output power levels can be increase up 
to 10kW by changing transformer turns ratio. The efficiency 
obtained for hard switched DC-DC converter is 92.1% at 
maximum output power of 3kW. When the resonant frequency 
operates below the switching frequency, the converter has 
maximum efficiency 92.6% and the ZCS resonant converter 
has maximum efficiency of about 94.3%. By varying the dead 
time interval between power switches in the ZCS operating 
region, the system efficiency was improved by 2% when 
compared to the conventional converter. The experiments were 
performed for steady state condition. 
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