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Designing an LLC Resonant

Half-Bridge Power Converter
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ABSTRACT

While half-bridge power stages have commonly been used for isolated, medium-power applications,
converters with high-voltage inputs are often designed with resonant switching to achieve higher efficiency,
an improvement that comes with added complexity but that nevertheless offers several performance
benefits. This topic provides detailed information on designing a resonant half-bridge converter that uses
two inductors (LL) and a capacitor (C), known as an LLC configuration. This topic also introduces a
unique analysis tool called first harmonic approximation (FHA) for controlling frequency modulation.
FHA is used to define circuit parameters and predict performance, which is then verified through

comprehensive laboratory measurements.

INTRODUCTION

Higher efficiency, higher power density, and
higher component density have become common
in power-supply designs and their applications.
Resonant power converters—especially those with
an LLC half-bridge configuration—are receiving
renewed interest because of this trend and the
potential of these converters to achieve both higher
switching frequencies and lower switching losses.
However, designing such converters presents many
challenges, among them the fact that the LLC
resonant half-bridge converter performs power
conversion with frequency modulation instead of
pulse-width modulation, requiring a different
design approach.

This topic presents a design procedure for the
LLC resonant half-bridge converter, beginning
with a brief review of basic resonant-converter
operation and a description of the energy-transfer
function as an essential requirement for the design
process. This energy-transfer function, presented
as a voltage ratio or voltage-gain function, is used
along with resonant-circuit parameters to describe
the relationship between input voltage and output
voltage. Next, a method for determining parameter
values is explained. To demonstrate how a design
is created, a step-by-step example is then presented
for a converter with 300 W of output power, a 390-
VDC input, and a 12-VDC output. The topic
concludes with the results of bench-tested per-
formance measurements.

A. Brief Review of Resonant Converters

There are many resonant-converter topologies,
and they all operate in essentially the same way: A
square pulse of voltage or current generated by the
power switches is applied to a resonant circuit.
Energy circulates in the resonant circuit, and some
or all of it is then tapped off to supply the output.
More detailed descriptions and discussions can be
found in this topic’s references.

Among resonant converters, two basic types
are the series resonant converter (SRC), shown in
Fig. 1a, and the parallel resonant converter (PRC),
shown in Fig. 1b. Both of these converters regulate
their output voltage by changing the frequency of
the driving voltage such that the impedance of the
resonant circuit changes. The input voltage is split
between this impedance and the load. Since the
SRC works as a voltage divider between the input
and the load, the DC gain of an SRC is always
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b. Parallel resonant
converler.

a. Series resonant
converter.

Fig. 1. Basic resonant-converter configurations.
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lower than 1. Under light-load conditions, the
impedance of the load is very large compared to
the impedance of the resonant circuit; so it becomes
difficult to regulate the output, since this requires
the frequency to approach infinity as the load
approaches zero. Even at nominal loads, wide
frequency variation is required to regulate the
output when there is a large input-voltage range.

In the PRC shown in Fig. 1b, the load is
connected in parallel with the resonant circuit,
inevitability requiring large amounts of circulating
current. This makes it difficult to apply parallel
resonant topologies in applications with high
power density or large load variations.

B. LCC and LLC Resonant Converters

To solve these limitations, a converter
combining the series and parallel configurations,
called a series-parallel resonant converter (SPRC),
has been proposed. One version of this structure
uses one inductor and two capacitors, or an LCC
configuration, as shown in Fig. 2a. Although this
combination overcomes the drawbacks of a simple
SRC or PRC by embedding more resonant fre-
quencies, it requires two independent physical
capacitors that are both large and expensive
because of the high AC currents. To get similar
characteristics without changing the physical com-
ponent count, the SPRC can be altered to use two
inductors and one capacitor, forming an LL.C reso-
nant converter (Fig. 2b). An advantage of the LLC
over the LCC topology is that the two physical
inductors can often be integrated into one physical
component, including both the series resonant

a. LCC configuration. ~ b. LLC configuration.

Fig. 2. Two types of SPRC.

inductance, L,, and the transformer’s magnetizing
inductance, L.

The LLC resonant converter has many addi-
tional benefits over conventional resonant con-
verters. For example, it can regulate the output
over wide line and load variations with a relatively
small variation of switching frequency, while main-
taining excellent efficiency. It can also achieve zero-
voltage switching (ZVS) over the entire operating
range. Using the LLC resonant configuration in
an isolated half-bridge topology will be described
next, followed by the procedure for designing
this topology.

II. LLC RESONANT
HALF-BRIDGE CONVERTER

This section describes a typical isolated LLC
resonant half-bridge converter; its operation; its
circuit modeling with simplifications; and the
relationship between the input and output voltages,
called the voltage-gain function. This voltage-gain
function forms the basis for the design procedure
described in this topic.
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Operation at Resonance (Fig. 4a)

In this mode the switching frequency is the
same as the series resonant frequency. When
switch Q1 turns off, the resonant current falls to
the value of the magnetizing current, and there is
no further transfer of power to the secondary side.
By delaying the turn-on time of switch Q2, the
circuit achieves primary-side ZVS and obtains a
soft commutation of the rectifier diodes on the
secondary side. The design conditions for achieving
7 VS will be discussed later. However, it is obvious
that operation at series resonance produces only a
single point of operation. To cover both input and
output variations, the switching frequency will
have to be adjusted away from resonance.

Operation Below Resonance (Fig. 4b)

Here the resonant current has fallen to the
value of the magnetizing current before the end of
the driving pulse width, causing the power transfer
to cease even though the magnetizing current
continues. Operation below the series resonant
frequency can still achieve primary ZVS and
obtain the soft commutation of the rectifier diodes
on the secondary side. The secondary-side diodes
are in discontinuous current mode and require
more circulating current in the resonant circuit to
deliver the same amount of energy to the load.
This additional current results in higher conduction
losses in both the primary and the secondary sides.
However, one characteristic that should be noted
is that the primary ZVS may be lost if the switching
frequency becomes too low. This will result in
high switching losses and several associated issues.
This will be explained further later.

Operation Above Resonance (Fig. 4c)

In this mode the primary side presents a smaller
circulating current in the resonant circuit. This
reduces conduction loss because the resonant
circuit’s current is in continuous-current mode,
resulting in less RMS current for the same amount
of load. The rectifier diodes are not softly
commutated and reverse recovery losses exist, but
operation above the resonant frequency can still
achieve primary ZVS. Operation above the reso-
nant frequency may cause significant frequency
increases under light-load conditions.

The foregoing discussion has shown that the
converter can be designed by using either fg,, > f;
or i, < fy, or by varying f,, on either side around
fy. Further discussion will show that the best
operation exists in the vicinity of the series resonant
frequency, where the benefits of the LLC converter
are maximized. This will be the design goal.

C. Modeling an LLC Half-Bridge Converter

To design a converter for variable-energy
transfer and output-voltage regulation, a voltage-
transfer function is a must. This transfer function,
which in this topic is also called the input-to-
output voltage gain, is the mathematical relation-
ship between the input and output voltages.
This section will show how the gain formula is
developed and what the characteristics of the
gain are. Later the gain formula obtained will be
used to describe the design procedure for the LLC
resonant half-bridge converter.
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so the conditions of Equation (26) cannot be met.
Output-voltage regulation is then lost. When this
happens, a design modification will be needed,
such as adjusting L., or the switching-frequency
limits to reshape the gain curve.

Since Q. is associated with the load current, it
is appropriate to extend this discussion to include
the possibility of overload and short-circuit
conditions.

Overload Current

In the example, the recommended design area
in Fig. 7 includes an overload because Q. ax Was
defined to include a value for it. As stated earlier,
any further increase in load causes Curve 2 to
move towards Curve 3 or beyond, which places
the design outside of the design area and towards
the condition of a short circuit.

Load Short Circuit

Since a load short circuit causes a potentially
excessive amount of current in the converter
circuit, it is necessary to examine the gain plot of a
load short circuit to know what happens and how
to deal with it. The corresponding gain plot is
shown by Curve 4 in Fig. 7a. f o will become f
when L, is bypassed by a load short circuit, and
this defines Curve 4 as the gain shape with a
shorted output.

Curve 4 provides insight into possible solutions
for protecting the LL.C converter. One possibility
is to increase the switching frequency to reduce
the gain. Based on Figs. 6 and 7, if the switching
frequency is increased to more than two times the
series resonant frequency (fj). the gain will be
reduced to below 10%. If the frequency can be
pulled up to ten times fj, the gain becomes
practically zero. From Equation (25) it can be seen

that a zero gain transfers a zero percentage of
input voltage to the load short circuit. In this way,
the converter can be protected from a load short-
circuit fault.

However, it is worth noting that the effec-
tiveness of such a protection method depends on
how quickly the short-circuit signal can be sent to
the controller to activate the frequency increase. In
the recommended design area, the gain will
inevitably be forced to the left side of the resonant
peak for some time until it eventually reaches
Curve 4. This could cause several severe issues,
including the possibility of a polarity reversal of
the feedback control. Considering this, an inde-
pendent overcurrent shutdown may be a preferable
solution. However, if a frequency increase is still
preferred, two other possible solutions are recom-
mended. Either (1) add a separate high-speed
control loop to rapidly initiate the frequency shift,
or (2) shift the recommended design area to where
the minimum switching frequency (f;, yin) 1S never
less than the series resonant frequency (fy)—i.e.,
to where f,, ;> 1.

Zero-Voltage Switching (ZV'S)

A major benefit of the LL.C converter topology
is its potential for significantly reduced switching
losses, primarily achieved through primary-side
ZVS; however, as stated earlier, it is ZVS consid-
erations that drive the recommended design area
to be only on the right side of the resonant gain
curves in Fig. 7. This section discusses how ZVS
is achieved and why it affects the design area.

Achieving ZVS

To achieve ZVS, a MOSFET is turned on only
after its source voltage, Vy,, has been reduced to
zero by external means. One way of ensuring this
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From a plot of gain curves, for example from
Fig. 6b, which is partially copied to the lower half
of Fig. 12b, one attainable peak-gain value, M, 4,
= 1.2, can be located at the curve with (L, Q) =
(5, 0.5). This point can be plotted to Fig. 12a at
(Mg 4p, Qo) = (1.2, 0.5). (Note that L, = 5 at this
point.) Because all curves in Fig. 6b have a fixed
L, =35, that figure can be used to repeat the process
with different Q. values. Then a peak-gain curve
can be formed as a function of Q, with a fixed L,
=35, shown in Fig. 12a. The process can be repeated
for different L, values of interest, producing the
results in Fig. 12a.

How Are My, Curves Used in a Design?

With My already determined for a partic-
ular design from Equation (28), My m,, can be
plotted as a horizontal line on Fig. 12a. Any M, ,,
values above this line are greater than My a4, S0
the designed converter should operate in the
inductive region. For example, for My pq = 1.2, any
values of M, 4, can be selected that are greater
than 1.2, as shown in Fig. 12a. Then the selected
value meets the maximum-gain requirement.
From the selected M, ,, value, L and Q. values
can then be selected. For example, selecting a
value from the curve of L, = 5 provides the L,
value right away. Since a gain value greater than
M, max needs to be selected, Q. would have to be
less than 0.5, based on Fig. 12a. Similarly, a
smaller L, provides more gain and L, can be
selected by interpolating as shown in Fig. 12a. For
example, if a value of 0.45 is selected for Q., the
corresponding My ,, value with L, = 3.5 would be
1.56 > My a0 = 1.2, which satisfies the design
requirements.

What L,, and O, Values Are Best if They Are All
Greater than Mg 4?7

Different applications may require the selection
of unique values for L, and Q. to achieve an

optimal design. However, LLC converters have
some things in common that can be used to guide
the selection:
e A smaller L, can make the peak gain higher for a
fixed Q., keeping the design’s operation out of
the capacitive region. Since L, is a ratio of the
magnetizing inductance (L) to the series reso-
nant inductance (L,), a smaller L, usually results
from a smaller L,,,, and vice versa. Equation (13)
indicates that a smaller L, will introduce higher
magnetizing current. This can help ZVS but will
increase conduction losses.
A smaller Q. makes the peak gain higher while
associated gain curves have a larger frequency
variation for a given gain adjustment. A large Q.
results in a very low peak gain, which may not
meet the design requirements.
With these considerations in mind and from
design practice, a good start is to select a value
for L, around 5 and for Q. around 0.5 so that the
corresponding gain curves will be neither too
flat nor too steep.
e Reiteration is usually needed after an initial
selection.

D. Peak-Gain Curves from a Bench Test

The attainable peak-gain curves shown in Fig.
12a were made from the gain function described
by Equation (23), but Equation (23) was developed
with approximations. These approximations allow
errors in the peak-gain curves, causing accuracy
concerns. To test the accuracy, a comparison was
made between the gain function of Equation (23)
and a bench test with a 135-kHz series resonant
frequency. The peak-gain values were found to
differ from those shown in Fig. 12a and from the
gain curves shown in Fig. 6.
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