& ICEST

Serbia, Ni§, June 28 - 30, 2017

Design and Realization of a HB LLC Resonant Converter
with Synchronous Rectification

Zoran B. Zivanovic' and Vladimir J. Smiljakovic®

Abstract — In this paper the design of a half-bridge (HB) LL.C
resonant converter is presented. The operating principles are
briefly explained, including the functional block diagram. The
prototype has been built and experimental results are presented
to support the theoretical analysis and to demonstrate the
converter performance.
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I.INTRODUCTION

Growing demand for higher power density, higher
efficiency and lower profile have resulted in increase of the
frequency in switching power supplies. Operation at higher
frequencies significantly reduces the size of magnetic
components, such as transformers and chokes. On the other
hand, switching losses are considerably higher at higher
frequencies. To reduce the switching losses, resonant
converters with zero voltage switching (ZVS) have been
developed. ZVS means that voltage across the switch drops to
zero before switch turns on. Focus was first on resonant
square wave converters (phase shift full bridge) and recently
on fully resonant converters with sinusoidal currents instead
of trapezoidal currents. Fully resonant converters process
power conversion with frequency modulation instead of pulse-
width modulation.

II. LLC CONVERTER BASICS

Simplified schematic of a half-bridge LLC resonant
converter is shown in Fig. 1. This is a type of series resonant
converter that allows operation in a relatively wide input
voltage range and output load range compared to other
resonant topologies. The converter consists of four main
sections: the square wave generator, the resonant circuit, the
rectifier circuit and the feedback loop (not shown in Fig.1).
The square wave generator generates square wave voltage by
driving the power switches Q; and Q, with alternating 50%
duty cycle for each switch. Of course, a small dead time is
always introduced between successive transitions. For all
normal load conditions, the power switches are in zero voltage
switching condition. The resonant circuit consists of the
resonant capacitor C,, resonant inductor L, and transformers
magnetizing inductance L, that acts as a shunt inductor.
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Fig. 1. HB LLC converter

The magnetizing inductance L,, is three to eight times larger
than the inductance of resonant inductor L,. This is usually
accomplished by introducing an air gap in the transformer.
Operation frequency is near the resonant frequency
determined by L; and C,. Because of that, the resonant circuit
filters the higher harmonics of current produced by square
wave voltage. Sinusoidal current lags the applied voltage
which enables the ZVS condition for power switches.
Sometimes it is practical to use the leakage inductance of the
transformer as a resonant inductor, so that only one magnetic
component is used. The resonant capacitor must be of high
voltage type (over 600V). The rectifier circuit produces DC
voltage by rectifying alternating current with diodes and
capacitive output filter. Instead of diodes, for higher
efficiency the synchronous rectifiers are used (power switches
Q; and Qg as shown in Fig. 1). The rectifier circuit is usually
used in center taped configuration with two windings (as
shown in Fig. 1). For lower output currents the bridge
configuration is used. In both cases, rectifier works in zero
current switching condition. Feedback loop is similar to other
topologies and the only difference is that it uses frequency
variation to maintain the output regulation.

III. DESIGN AND ANALYSIS

The goal is to design a half-bridge LLC resonant converter
using CoolMOS MOSFETS for the primary power switches
and OptiMOS MOSFETs for synchronous rectification.
Achieving the efficiency over 90% is the primary objective.
We will choose the switching frequency to be around 100
kHz, which is a compromise between efficiency and size.
Good choice for the transformer and the inductor core are PQ
cores.

We will use a discrete solution for the resonant circuit
because in that case we can use any L, and L, value. This
complicates insulation between primary and secondary
windings, but lowers radiated EMI emission. Besides that,
drawback is assembling of two magnetic components instead
of one.

Design input parameters are given in Table I.



TABLEI

DESIGN INPUT PARAMETERS
Min | Typ | Max
Input voltage Viv | 320 | 360 [ 400 \
Output voltage Vo 28 \
Output power Py 500 \Y
Full load efficiency | 7 92 %
Resonant frequency | 7o 110 kHz

Starting from design input parameters we will now
calculate basic parameters of the resonant circuit (Table II)
using Egs. (1), (2) and (3).
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RESONANT CIRCUIT PARAMETERS
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Now we can calculate resonant circuit components using
the Egs. (4), (5), (6), (7) and (8). The results are given in
Table III.
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TABLE III
RESONANT CIRCUIT COMPONENTS
Typ
Equivalent load resistance | R, 56 Q
Resonant capacitor C. 66 nF
Quality factor 0, 0.383
Resonant inductor L, 32 puH
Magnetizing inductance Ly, 128 pH

Min Typ Max
Transformer turns ratio n 6.43
Min. voltage gain Mg min | 0.92
Max. voltage gain Mg max 1.30

From peak gain curves given in Fig. 2, we will select the
point with M,=1.55, inductance ratio L,=4 and quality factor

Q.=0.4.

Peak Gain

Fig. 2. Peak gain curves

The suitable selection for the transformer is a core PQ35/35
material 3C96 and for inductor we will use core PQ26/25
material N97. Now it is time to calculate the basic parameters
for the transformer (Table IV) and inductor (Table V).

TABLE IV
TRANSFORMER BASIC PARAMETERS
Transformer Typ
Primary inductance Lp 128 pH
Number of prim. turns Np 19
Number of sec. turns Ny 3
— ﬂjg Primary RMS current Ipruss 34 A
Ln=5.0 Resonant RMS current 1. 4.4 A
— tﬁjg Secondary RMS current Lspus 15.49 A
—Ln=80 Core gap s 0.55 mm
—1n=9.0
TABLE V

INDUCTOR BASIC PARAMETERS

Resonant inductor Typ
Inductance L, 32 pH
Number of turns N 11.5

RMS current Truss 4.4 A
Core gap s 0.65 mm
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For the primary winding of the transformer we will use
triple-insulated bundle of 7 twisted wires with 0.3mm
enamelled copper wires and for the secondary 0.2mm thick
copper foil. For the inductor winding we will use simple 7

twisted wires with 0.3mm enamelled copper wires.

IV. REALISATION

The converter was built on two layer FR-4 substrate with
70um copper with footprint 164x86mm. The transformer and

inductor are wounded according to the
For the primary switches we have used
IPPSOR299CP FETs (TO220 case) and for synchronous
rectifiers BSCO77N12NS3 FETs (TDSON-8 case). The output
filter is made of 10 pcs of multilayer ceramic capacitors 10pF,
35V, X7R. Using lab power supply 0-600V/8.5A and L e Ghe 10y

the resonant
calculations.
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electronic load, we have recorded the waveforms at the points

of the interest and measured efficiency at various loads.
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Fig. 3. Drain and gate voltage of low side FET Q,
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Fig. 4. Drain and gate voltage of low side FET Q, (zoomed in)

Fig. 5. Drain and gate voltage of FET Q4
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Fig. 7. Primary current (rectified at current sense)
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Fig. 8. Output voltage load transient response
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Fig. 10. The converter prototype
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Fig. 11. Experimental setup in the lab
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Fig. 12. Efficiency vs. load current

V. CONCLUSION

In this paper the design and analysis of S00W half-bridge
LLC resonant converter are presented. The prototype was
built and tested. The results verified that the efficiency
between 33% and 100% of load is over 94%.
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