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A practical design approach for a high-frequency resonant boost converter with zero-voltage 

switching (ZVS) technique is presented in this paper. The advantages of the soft resonant commutation 

have become more apparent with the trend for smaller converter component size, higher energy 

density and improved weight, less carbon dioxide emissions and clean environmental footprint. A 

simplified design procedure for a resonant ZVS boost converter has been introduced. A hysteretic, 

fixed-frequency controller without the need for loop compensation has been designed and a SPICE 

closed loop simulation of the ZVS boost converter has been carried out. A prototype has been built 

and evaluated. With efficiency exceeding 85% at a constant switching frequency of 1MHz and output 

power of 40W, the experimental ZVS boost converter easily meets the design requirements and 

demonstrates the advantages of the proposed design procedure and the simple, yet very effective 

hysteretic constant-frequency control concept. 
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Introduction 
Many modern automotive electrical appliances rely 

on boost (step-up) converters. Examples include start-
stop systems with elevated voltages for reduced 
current demand and thus lower amount of cooper 
needed, heater and window defrost systems, LED 
background light panels, LED headlamps and rear 
lights [1].  

The global trend for car weight reduction and 
better environmental performance also demands for 
smaller electronic component size, mass and better 
efficiency.  

 
A possible strategy for meeting these expectations 

is to increase the switching frequency of the electronic 
converters. However, while indeed reducing the size 
and weight of the electronic components, the higher 
switching speeds pose new challenges on the power 
loss management. A feasible approach is to apply a 
resonant “soft-switching” technique (also called “zero 
voltage-” or “zero current”-switching, ZVS, ZCS) in 
order to avoid situations where the switches 
experience both high current and voltage at the same 
time.  
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While the resonant step-down and half-bridge 
(LLC) converters have been in the spotlight for a long 
time [2], [3], there is still a lack of design procedures 
and implementations for resonant step-up/boost 
converters. The few papers available disclose rather 
complex solutions with high amount of expensive 
switches and/or inductors [4].  

Goals and Tasks 
Objective of this work is to introduce a novel, 

simplified design methodology for a high-frequency 
resonant ZVS boost controller aided by a robust 
hysteretic control which renders loop compensation 
obsolete.  

Implementation of a ZVS Boost Converter 
A standard boost converter for LED headlamp 

applications usually delivers about 30W…60W in the 
load [5]. Therefore, an output power of 40W has been 
targeted in this work. An output voltage of 40V is a 
common choice which allows for driving long LED 
strings of up to eight LEDs, while still utilizing 50V-
rated output capacitors and diodes. 

The intended switching frequency of 1MHz is 
considered as a significant advantage compared to the 
typical state-of-the-art switching frequencies in the 
range 200kHz…400kHz 

Power Plant 

The proposed ZVS boost controller is depicted on 
Fig. 1. 

The choice of the power components – inductors, 
switching FET, diode - is governed by the power 
requirements listed in Table 1. 
 

Table 1 
Boost converter requirements 

Supply Voltage Range 10V…20V 
Output Voltage, nom. 40V 
Output Current, max. 1A 
Output Power, nom. 40W 
Switching Frequency ~1Mhz 
Efficiency, nom. ≥85%  

 
The components establishing the resonant tank of 

the converter, Lres and Cres, will be chosen in 
accordance with the design procedure presented in this 
work, while the remaining components in the power 
plant will be selected utilizing the common boost 
converter dimensioning procedure described in [6]. 

 

 
Fig.1. Circuit of the proposed resonant ZVS boost 

converter. 

An estimation of the maximum duty cycle is the 
starting point of the resonant component analysis. The 
real-life duty cycle (including losses) of the boost 
converter is  

(1) 
out

in

V

V
D

η.
1 min_

−= , 

where D – the duty cycle, min_inV - the minimum 

supply voltage, outV - the maximum output voltage and 
η  - the efficiency of the boost converter.  

By substitution with the targeted values from Table 1 
in (1), the required minimum duty cycle, needed to 
provide 40V output voltage from 10V input voltage, is 
calculated be equal to 79%. Considering the fact, that 
we are targeting 1MHz switching frequency, the off-
time shall be around 210ns. The on-time is 790ns for a 
switching period of 1µs.  

In this design, the resonant inductor Lres will have 
to sustain a large sine current swing. The value of the 
inductor must not be very high to allow for better 
regulation dynamic. An 180nH inductor with 39A 
saturation current has been chosen as a good 
compromise. 

Further, by solving the classic resonant tank 
equation for the capacitance Cres:  
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where  the resonant frequency resf  is determined by 
closer examination of the turn-off  process of a boost 
converter. 
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Fig.2. Zero-voltage switching (ZVS) for a boost converter. 

In the turn-off phase of the boost switch, the 
resonant tank, formed by the components Lres, Cres 
forces a sine swing on the drain node Udrain .  The 
loseless zero-voltage siwtching (turn-on of the 
inductor current iL) can only occur in the very moment 
the drain voltage swings to zero.  

Thus, the resonant frequency from equation (3) is 
in fact the inverse of the turn-off time and the value of 
the resonant capacitor can then be calculated as: 

 (4) 
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A value of 6.21nF is calculated and a combination 
of two 3.3.nF ceramic capacitors in parallel is 
selected.  

The power plant component choice is summarized 
in Table 2. 

 
Table 2 

Boost Converter Components 

Component Ref Value 
Boost Inductor Lboost IHLP4040 1.5µH 
Resonant Inductor Lres XAL6030 180nH 
Boost Diode D PDS5100 
Boost FET M BSC320N20NS3 
Res. Capacitance Cres 2x3.3nF, parallel 
Input Capacitance Cin 3x10µF, ceramics 
Output Capacitance Cout 4x2.2µF, cer.+27µF poly. 
Load resistor Rload 40Ω/100W 
Gate resistor Rg 1Ω 

 

Constant off-time controller 

A key challenge in the design of the proposed ZVS 
boost converter is the implementation of a proper 

constant off-time control algorithm. Considering the 
high switching and resonant frequency, a highly 
precise clock with nanosecond resolution is required. 

A suitable control strategy based on hysteretic on-
off control is proposed in this work (Fig.3). The 
output voltage of the boost controller is supervised by 
the voltage divider R1, R2 and two comparators, U1 
and U2. Their references, Vref_hi and Vref_lo, define 
the voltage ripple at the output (with the magnitude of 
some hundred millivolts). The comparators control a 
flip-flop FF, which, in turn, enables or disables the 
high frequency clock pulses (1MHz, 81% duty) 
through the gate AND. The clock pulses are generated 
by a precise function generator or microcontroller. 
The gated pulse train drives the FET gate driver DRV. 

 
 

 
Fig.3. Circuit of the constant off-time controller for the ZVS 

boost converter. 

The proposed hysteretic control scheme has a 
simple principle and does not need any closed loop 
compensation. The high frequency pulse train is 
effectively modulated with the much lower (in the 
range of some tenth of kHz) hysteretic frequency, 
dependent on the parameters of the power plant and 
the reference voltages of the control comparators. The 
comparators are preferably low-offset, high–speed 
types to improve the control behavior. 

The components used for the hysteretic controller 
implementation are summarized in Table 3. 

 
Table 3 

Control circuit components 

Component Ref Value 
Voltage Divider High R1 39kΩ 
Voltage Divider Low R2 1kΩ 
Ref. Voltage High Vref_hi 1.02V 
Ref. Voltage Low Vref_lo 0.98V 
Hyst. Comparator High U1 TS3022IDT 
Hyst. Comparator Low U2 TS3022IDT 
Flip-Flop Trigger FF HEF4013BT 
Logic AND Gate AND 74HC08D 
Gate Driver DRV IR4427S 
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Simulation 

A SPICE simulation with the components listed in 
Table 2 and Table 3 has been performed in 
LTSpice™.  

Current and voltage waveforms 

As expected, the output voltage of the boost 
converter is regulated to approximately 39.4V with 
the aid of pulse bursts, filled with 1MHz carrier 
(Fig.4). 

 
Fig.4. Simulation of the ZVS converter operation. Output 

voltage (top trace), gate control pulses (middle trace), 

boost inductor current, FET drain voltage (bottom traces). 

A zoom within the 1MHz-pulse train (Fig.5) 
reveals the true zero-voltage switching during the off-
phase of the boost converter as the inductor current 
ramps down. The drain voltage swings with a sine-
wave, decaying to nearly zero at the moment the boost 
switch turns on again. The amplitude of the resonant 
swing depends on the quality factor (damping) of the 
resonant tank, which is a function of the component 
series resistances and the load resistance. The large 
voltage swing on the drain - a major drawback of all 
resonant topologies - will inevitably occur and has to 
be considered by the choice of the switching FET. 

 
Fig.5. Simulation of the ZVS converter operation. Zoom’d 

view.  

Special attention shall be paid to the resonant 
inductor and diode (Fig.6). Both exhibit the same 
large resonant current swing of up to 40A and must be 
selected accordingly. A properly dimensioned snubber 
across the rectifier diode can help in reducing the very 
high-frequency ringing, caused by the finite (some 
tenth on nanoseconds) reverse recovery time of the 
Schottky diode. Optionally, a SiC diode might offer 
the additional advantage of dramatically reduced 
reverse recovery losses and less ringing on the 
expense of higher forward voltage. In the low voltage 
domain, both diode types will perform satisfactory.  

 

 

Fig.6. Resonant current and voltage (sinus shaped curve, 

bottom traces) in the boost diode D, gate pulses (top trace). 

Spectral analysis 

A Fast Fourier Transformation (FFT)-analysis is 
used to evaluate the spectral contents of the supply 
voltage at the input node of the boost converter for 
both hard and soft switching (Fig.7). The direct 
comparison of the FFT curves clearly indicates the 
advantage of the ZVS technique – the amplitude of the 
harmonics is reduced by nearly 20dB, starting at the 
fundamental switching frequency of 1MHz, thus 
lowering dramatically the electromagnetic noise and 
emissions, especially in the critically important FM 
radio band. 

 
Fig.7. FFT of the supply voltage Vin. Spectral content of 

the ZVS boost converter (solid black) vs. spectral content of 

the hard-switching boost converter (grey). 

4 “Е+Е”, 1-2/2016



Experimental results 
An experimental prototype of the ZVS boost 

converter has been assembled with the components, 
listed in Table 2 and Table 3 (Fig.8). 

Due to the expected power losses, the power 
components – FET, diode, coils – are mounted on 
large thermal spreading cooper pads, with lot of 
thermal vias added. The bottom side of the prototype 
PCB is attached to a heatsink with the aid of a thermal 
transfer foil. 

 
 

 
Fig.8. Experimental prototype of the resonant ZVS boost 

converter 

In the first experiment, the boost converter is 
evaluated in a hard switching configuration, (i.e. 
inductor Lres shorted, capacitor Cres open). The 
strong ringing on the drain is very noticeable (Fig. 9).    
These high-frequency oscillations (~25MHz, 40V 
overshoot) pose heavy voltage stress on the FET, 
increase the electro-magnetic emissions and power 
losses. Acoustic noises are also perceived due to the 
piezoelectric effect of ceramic capacitors when large 
current ripple is applied on them [7]. 

 
Fig.9. Hard switching of the experimental boost converter. 

Drain voltage ringing (channel 1), boost inductor current   

(channel 4).  

In the second experiment, the boost converter is 
brought into soft-switching operation by adding the 
inductor Lres and capacitor Cres (Fig.10).  

As a result of the ZVS commutation, there is 
almost no ringing on the drain, except for the start and 
stop condition of each pulse train. The converter runs 
in smoothly. 

 

 
Fig.10. Resonant ZVS switching in burst mode. Drain 

voltage (channel 1), boost inductor current (channel 4). 

The zoom reveals the clean drain voltage swing 
and the lossless inductor current commutation 
(Fig.11). The inductor current also decays in a sine 
manner, which further decreases the ringing and stress 
on the components. 

 
Fig.11. Resonant ZVS switching of the experimental boost 

converter; zoom. 

For better comparison, the efficiency of the boost 
converter is captured at a constant output power of 
40W and different supply voltages in hard- and soft 
switching configuration ad summarized in Table 4.  
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Table 4 
Efficiency Comparison  

Supply 
Voltage 

Hard  
Switching 

Resonant 
Switching 

10V 65.3% 81.8% 
13V 68.6% 84.6% 
16V 71.1% 85.3% 
19V 73.0% 86.2% 

 
The efficiency superiority of the ZVS technique 

becomes obvious when comparing the figures in Table 
4. The almost lossless resonant turn-off process of the 
boost FET improves the total efficiency by more than 
15% at nominal operation. Still, a considerable 
amount of total losses – e.g. almost 7.3W at 13V - has 
to be taken into account for the thermal 
characterization and the mechanical design.  

The switching and conduction power losses have 
been estimated based on the experimentally measured 
voltage and current waveforms and the datasheet 
parameters. After averaging the calculated 
instantaneous power losses over one switching period 
according to the equation (5), the power loss 
breakdown is presented in Table 5.  

(5) =
swT

sw

LOSS dttitu
T

P
0

)()(1
, 

Table 5 
Power Loss Breakdown 

Power Loss Component Power Loss, W 
Boost FET turn-on 1.30 
Boost FET conduction 0.52 
Boost FET gate drive 0.11 
Boost Diode 1.74 
Boost Inductor DC loss 0.22 
Resonant Inductor DC loss 0.15 

 
The difference between the measured total power 

loss of 7.3W and the calculated losses of approx. 
4.04W is mostly due to the core and AC losses in the 
inductors, which are hard to predict analytically.  

The inductors used for this prototype evaluation 
are off-the-shell parts. A proper HF inductor design 
with Litz wire windings for skin and proximity effect 
cancelation and a proper inductor core choice is most 
likely to halve the AC- and core losses and raise the 
overall efficiency to at least 88-89%. For instance, 
according to [8], the core losses in the VITROPERM 
ring cores are only about 35mW/kg and thus 
significantly lower than comparable ferrite cores with 
their 80…180mW/kg.  

Conclusion 
The proposed simplified ZVS design procedure 

reduces the learning curve and enables high efficient 
designs in excellent agreement with the calculated and 
simulated parameters. The proposed hysteretic 
constant off-time controller allows for easy tuning of 
the ZVS timings and a stable operation without the 
need for demanding loop compensation. 

Further improvement of the resonant ZVS 
converter can be achieved with the aid of synchronous 
rectification, proper snubber design for the power 
switches and PWM modulation control. 
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