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Abstract
As information technology advances, so does the demand for power
management of telecom and computing equipment. High efficiency and high power
density are still the key technology drivers for power management for these
applications. In order to save energy, in 2005, the U.S. Environmental Protection
Agency (EPA) announced the first draft of its proposed revision to its ENERGY
STAR specification for computers. The draft specification separately addresses
efficiency requirements for laptop, desktop, workstation and server computers. The
draft specification also proposes a minimum power supply efficiency of 80% for PCs
and 75% to 83% for desktop derived servers, depending on loading condition and
server type. Furthermore, recently some industry companies came out with a much
higher efficiency target for the whole AC/DC front-end converter over a wide load
range.
Distributed power systems are widely adopted in the telecom and computing
applications for the reason of high performance and high reliability. As one of the
key building blocks in distributed power systems, DC/DC converters in the front-end
converter are also under the pressure of increasing efficiency and power density.
Due to the hold-up time requirement, PWM DC/DC converters cannot achieve high

efficiency for well known reasons when they are designed for wide input voltage
range.
As a promising topology for this application, LLC resonant converters can
achieve both high efficiency and wide input voltage range capability because of its
voltage gain characteristics and small switching loss. However, the efficiency of LLC
resonant converter with diode rectifier still cannot meet the recent efficiency target
from industry. In order to further improve efficiency of LLC resonant converters,
synchronous rectification must be used. The complete solution of synchronous
rectification of LLC resonant converters is discussed in this thesis. The driving of the
synchronous rectifier can be realized by sensing the voltage Vds of the SR. The turnon of the SR can be triggered by the body-diode conduction of the SR. With the Vds
compensation network, the precise voltage drop on Rds_on can be achieved, thus the
SR can be turned off at the right time. Moreover, efficiency optimization at normal
operation over wide load range is discussed. It is revealed that power loss at normal
operation is solely determined by the magnetizing inductance while the magnetizing
inductor is designed according to dead-time td selection. The mathematic equations
for the relationship between power loss and dead-time are developed. For the first
time, the relationship between power loss and dead-time is used as a tool for
efficiency optimization. With this tool, the efficiency optimization of the LLC resonant
converter can be made according to efficiency requirement over a wide load range.
With the expectation to achieve high efficiency at ultra-light load, the green mode
operation of LLC resonant converters is addressed. The rationale of the issue with
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the conventional control algorithm is revealed and a preliminary solution is
proposed.
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Chapter 1 Introduction
1.1 Background and Research Objective
The demands on power supplies for telecom and computer server applications
advance with the advancement of information technology. Power-system design for
these applications has long been dominated by such issues as efficiency, thermal
management, voltage regulation, reliability, power density, and cost. Going forward,
these factors will remain critical. A typical breakdown of electricity use and power
consumption in data center equipment is shown in Figure 1-1 and Figure 1-2. It can
be observed that computer servers consume more than half of the total energy.
Unfortunately, while data centers are booming over the world, the power delivery
efficiency for data centers as shown in Figure 1-3 is only around 50%.

Figure 1.1 Electricity Use in data center equipment
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Figure 1.2 Power consumption breakdown in data center

Figure 1.3 Power delivery in data center

In order to save energy consumption in data centers, high efficiency for power
management, especially in power supplies for servers, is required. In February
2005, the U.S. Environmental Protection Agency (EPA) announced the first draft of
its proposed revision to its ENERGY STAR specification for computers. The draft
specification separately addresses efficiency requirements for laptop, desktop,
workstation and server computers. It includes provisions for maximum allowable
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power consumption in standby mode, sleep mode and idle state. The draft
specification also proposes a minimum power supply efficiency of 80% for PCs and
75% to 83% for desktop derived servers, depending on loading condition and server
type. Furthermore, with the increasing emphasis of saving energy and extending the
battery life, achieving high efficiency, both at full load and light load is required.
Recently some industry companies brought out even higher efficiency requirements
for front-end AC/DC converters in computer servers as shown in Figure 1-4. Full
load is not the only load condition with a high efficiency target any more. High
efficiency over a wide load range is now a requirement.
100%

Vin = 220Vrms

Efficiency

95%

94%

92%
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90%
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70%
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120%
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Figure 1.4 Efficiency target from Industry for Front-end AC/DC converter

In the current power management architecture for servers, distributed power
systems are widely adopted for the reasons of high performance and high reliability
[1.1] [1.2] [1.3]. In a distributed power system, input ac voltage goes through the
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front-end converters, which includes PFC and DC/DC converters, then the
generated 48V or 12V bus voltage from front-end converters is transferred and
converted into voltages by the downstream on-board voltage regulators for final
loads. As one of the key building blocks, the DC/DC converter in the front-end
converter is also under the pressure of increasing efficiency and power density.
Due to the holdup time requirement, as shown in Figure 1-5, bulk capacitors,
also called holdup time capacitors are normally put at the input of DC/DC converter.
The holdup time requirement states that when the input ac line is lost, the DC/DC
converter can keep its regulated output voltage for 20ms. During the holdup time,
the input of DC/DC converter keeps dropping while the output of the DC/DC
converter is regulated until the minimum input voltage is reached. After the holdup
time, the DC/DC converter can be shut down.

Holdup time

V
400V
Vin_min
VO

20mS

t

Figure 1-5. Holdup time requirement for front-end DC/DC converter

The relationship between the allowable minimum input voltage for the DC/DC
converter and the required holdup time capacitor is determined by the following
equation

4

1
2
2
Ch (Vin −Vin_ min ) = PDCTh
2
Here Vin is the nominal input of the DC/DC converter, Vin_min is the allowable
minimum input of the DC/DC converter, Ch is the required holdup time capacitor, PDC
is the power of the DC/DC converter and Th is the holdup time. It can be observed
from this equation that the lower the allowable minimum input voltage, the smaller
the holdup time capacitor required. Therefore, a DC/DC converter with wide input
voltage range capability is preferred.
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Figure 1-6. Efficiency of asymmetrical half-bridge DC/DC converter

PWM DC/DC converters cannot achieve high efficiency and wide input voltage
range at the same time [1-4]. For example, it is desirable for asymmetrical half
bridge to operate with 50% duty cycle because maximum efficiency can be achieved
[1-5]. However, in order to accommodate a wide input voltage range due to the
holdup time requirement, the duty cycle at normal operation has to be less than 50%
to regulate output voltage. Efficiency data of a 200 kHz, 1kW 400V to 48V output
asymmetrical half bridge is shown in Figure 1-6. 95.4% efficiency can be achieved
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when it is optimized only for 400V input. However, when it is designed for 300V to
400V input range, efficiency at 400V drops to only 92.2%.
Great efforts have been spent to achieve both high efficiency and wide input
voltage range for PWM converters [1-6] [1.7]. Although these solutions can result in
good steady-state performance, they are difficult to adopt in industry because of
complex circuit structure and concern on transient performance. As a promising
topology for this application, the LLC resonant converter, shown in Figure 1-7, can
achieve both high efficiency and wide input voltage range capability.
No load
Full load

ZVS

Vin=300V
Vin=400V

ZCS

Figure 1-7. LLC resonant converter for Front-end DC/DC converter

The voltage gain characteristic of the LLC resonant converter makes it a very
good candidate for a front-end DC/DC converter. LLC is designed to operate at
resonant frequency for normal operation. During the holdup time, the output of LLC
resonant converter can be regulated by decreasing its switching frequency to
achieve higher voltage gain as shown in Figure 1-7. Besides the desirable voltage
gain characteristics, small switching loss is another benefit of LLC resonant
converters. For primary switches, ZVS turn-on can be achieved for the whole load
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range with small turn-off current which is the peak magnetizing current. On the
secondary side, rectifiers are turned off with low di/dt, so small switching loss can be
achieved. Due to these well-know merits, the LLC resonant converter can achieve
high efficiency. Figure 1-8 demonstrates this by showing the efficiency comparison
of the LLC resonant converter vs. the asymmetrical half-bridge converter. For the
same input voltage range, 300V to 400V, around 3.5% higher efficiency can be
achieved with the LLC resonant converter with normal operation at 400V input
where the converter is operated most of the time.
Line change vs. Efficiency
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Test condition: Vo=48V Po=1000W
Figure 1-8
Efficiency comparison of LLC resonant cocnverter and asymmetrical half-bridge converter

Because of small switching loss and desirable voltage gain characteristics, high
switching frequency can further increase the power density. Figure 1-9 is one
example of a 1MHz, 1kW, 400V to 48V LLC resonant converter prototype with diode
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rectifier developed by Dr. Lu [1.8]. High power density (76W/in3) and wide input
voltage range (300V to 400V) can be achieved on this prototype.
97.0%

Diode version
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Figure 1-9. 1MHz, 1kW 400V to 48V LLC resonant converter
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Figure 1-10. Loss breakdown of 1kW LLC DC/DC converter w/ diode rectifier

It can be observed that although high power density and wide input voltage
range can be achieved with a high switching frequency LLC resonant converter,
efficiency is not good enough as shown in Figure 1-9. For example, with this
prototype only 92.6% efficiency can be achieved at full load while the target
efficiency for the whole AC/DC converter (PFC+DC/DC) at full load as shown in
Figure 1-4, is 92%. From the full load loss breakdown for this 1MHz LLC resonant

8

converter as shown in Figure 1-10, it is obvious that the secondary conduction loss
is the highest loss part. In order to further improve the efficiency of LLC resonant
converters, synchronous rectification should be applied. Unfortunately, there are few
sources in the literature that address how to drive synchronous rectifiers for LLC
resonant converters. Furthermore, efficiency at half load and light load conditions
also need to be improved when comparing efficiency of this LLC resonant converter
with the target efficiency curve shown in Figure 1-4. There are some papers on how
to design LLC resonant converters; however, few papers address how to design
LLC resonant converters for high efficiency over a wide load range.
This thesis focuses on the above two issues: driving of the synchronous rectifier
in LLC resonant converters, and the design of LLC resonant converter for high
efficiency over a wide load range with dead-time optimization and green mode
operation.

1.2 Thesis Outline
This thesis contains 5 chapters.
Chapter one gives an introduction to Front-end DC/DC converters in Distributed
Power Systems that are widely adopted in telecom and computing equipment. The
challenges and problems with state-of-the-art practice are also discussed. LLC
resonant converters are a promising candidate to solve these challenges.
Chapter two gives a review of the LLC resonant converter. For application of the
LLC resonant converter as Front-end DC/DC converter, it operates at resonant
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frequency in normal operation and operates at switching frequency smaller than the
resonant frequency during holdup time. The performance of LLC resonant
converters in normal operation and holdup time is discussed in this chapter.
In chapter three, the complete solution of synchronous rectification of LLC
resonant converter is discussed. The driving of the synchronous rectifier can be
realized by sensing the voltage Vds of the SR. The turn-on of the SR can be
triggered by the body-diode conduction of the SR. With the Vds compensation
network, the precise voltage drop on Rds_on can be achieved, thus the SR can be
turned off at the right time. Compared with the diode version, more than 3%
efficiency is achieved at full load for LLC resonant converter with synchronous
rectification.
In chapter four, efficiency optimization at normal operation over wide load range
is discussed. It is revealed that power loss at normal operation is solely determined
by magnetizing inductor while magnetizing inductor is designed according to deadtime td selection. The relationship between power loss and dead-time provides a tool
for efficiency optimization. With this tool, efficiency optimization of the LLC resonant
converter can be done according to efficiency requirement for wide load range.
In chapter five, a summary related to this topic is discussed. An approach with
digital control is expected to have perfect turn-on and turn-off timing for the
synchronous rectifier of the LLC resonant converter. In order to meet the high
efficiency requirement at ultra-light load or the minimum power consumption
requirement at no load, green mode operation of the LLC resonant converter is
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discussed. The rationale of the issue with the state-of-the-art control algorithm is
revealed and a preliminary solution is proposed.
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Chapter 2 Review of LLC Resonant Converter
2.1 Principles of Operation
Figure 2-1 shows the half-bridge LLC resonant converter, along with the
definitions for the resonant frequency f0, the quality factor Q and the ratio Ln between
the magnetizing and resonant inductors, Lm and Lr. The gain characteristics of LLC
resonant converter at different loads are shown in Figure 2-2, where the voltage gain
is defined as nVO/(Vin/2) due to the half bridge structure, the normalized frequency fn
is defined as fS/f0.

f0 =

iL r

VA

1
2π Lr Cr

Q = Lr Cr /(n2 RL )
iL m

iD 2

Ln = Lm / Lr

Figure 2-1. LLC resonant converter

It can be seen from Figure 2-2 that the voltage gain is equal to 1 for all load
conditions at the resonant frequency. When the switching frequency is higher than
the resonant frequency, the gain is always less than 1, and the zero voltage
switching (ZVS) for primary switches can be achieved. When the switching
frequency is lower than the resonant frequency, either ZVS or the zero current
switching (ZCS) for the primary switches can be achieved. For MOSFETs, the ZVS
operation is preferred. The gain will be always higher than 1 if the converter works
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with ZVS operation when the switching frequency is lower than the resonant
frequency.

Figure 2-2. Voltage gain characteristics of LLC resonant converter

There are several ZVS operation modes of LLC resonant converter according to
the relationship of switching frequency to resonant frequency. Figure 2-3 shows the
operation principle of LLC resonant converter at the resonant frequency.
VgsQ

1

VgsQ 2
td
VA

0
iLr
0

iLm

t0

t1 t2

td

Figure 2-3. Waveforms with fS=f0
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Between time t0 and t1, primary switch Q1 is conducting. On the secondary side,
the diode D2 is conducting according to the polarity of voltage on transformer
winding. During this period the energy is transferred from the primary side to the
output load. The magnetizing current is linearly increasing with the excitation of the
reflected output voltage. At t1, when the resonant tank current reaches the
magnetizing current, the primary switch Q1 is turned off. During the dead-time in
which both primary drive signals are low, the magnetizing current discharges the
junction capacitor of primary switches so that at the time t2, the primary switch Q2
can be turned on with ZVS. From the time t2, the other half switching period begins.
When LLC resonant converter operates at the resonant frequency, the timing of
turn-off of primary switches is exactly the same as the timing where the resonant
tank current reaches magnetizing current. The turn-off current of primary switches is
the peak magnetizing current which realizes the ZVS of primary switches.
Operation waveforms for cases fS<f0 and fS>f0 are shown in Figure 2-4(a) and 24(b) respectively. For the case fS<f0, the energy is transferred to the output load
during the time period of t0~t1. The resonant tank current reaches magnetizing
current before the turn-off of primary switch. Between time t1 and t2, the magnetizing
inductor participates in resonance. During this time period, the magnetizing inductor
Lm paralleling with the resonant inductor Lr resonates with the resonant capacitor Cr.
The turn-off current of primary switches is the peak magnetizing current for this
operation mode. When LLC resonant converters operate at fS>f0, the resonant tank
current is higher than the magnetizing current when the primary switch is turned off.
The current difference between the resonant tank current and the magnetizing
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current at turn-off of primary switch is determined by the load condition and the
distance of the switching frequency from the resonant frequency. In this operation
mode, at the same load condition, the turn-off current in primary switch is higher
than that in operation modes fS=f0 and fS<f0. The larger turn-off current leads to an
excessive turn-off loss in primary switches. Furthermore, secondary side diodes are
turned off with a larger di/dt which may causes a higher reverse recovery loss and a
higher voltage stress on diodes. Therefore, the operation at fS>f0 is not preferred.
VgsQ

VgsQ
1

1

VgsQ 2

VgsQ 2

td

td

VA

VA

0

0

iLr

iLr
0

0

iLm
t0

t0

t1 t2 t3
(a) fS < f0

iLm
t1 t2
(b) fS > f0

Figure 2-4. Operation waveforms of LLC resonant converter

When LLC resonant converters are designed as DC/DC converters in front-end
converters, the converters can be designed to work at the resonant frequency in
normal operation to achieve a high efficiency while keeping the output voltage
regulated by decreasing switching frequency when the input voltage drops in the
hold-up time.
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2.2 Performance Analysis of LLC Resonant Converter
Since LLC resonant converters operate at the resonant frequency in the normal
operation and operate at fS<f0 during the holdup time, it is necessary to have an
analysis of performance for these two cases. At the resonant frequency, if dead-time
is neglected, the resonant tank current will be sinusoidal and the magnetizing current
is triangular as shown in Figure 2-5.
iLr

iLm

0

TS / 2

TS

Figure 2-5. Resonant tank current and magnetizing current at resonant frequency

The resonant tank current iLr can be expressed as

iLr (t) = 2I RMS_ P sin(ω0t + Φ )
Where IRMS_P is the resonant tank RMS current, ω0 is the angle frequency of the
resonant frequency, and Φ is the initial angle of iLr. At the resonant frequency, the
magnetizing inductor is charged and discharged by the output voltage during half of
the resonant period. The magnetizing inductor can be represented as

iLm(t) = −iLm_ m +
iLm(t) = iLm_ m −

nV0
(t − NTS )
Lm

nV0 ⎡
1 ⎤
−
+
t
(
n
)TS
Lm ⎢⎣
2 ⎥⎦

1⎞
⎛
when NTS ≤ t < ⎜ N + ⎟TS
2⎠
⎝
1⎞
⎛
when⎜ N + ⎟TS ≤ t < (N +1)TS
2⎠
⎝
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Where iLm_m is the peak magnetizing current, n is the transformer turns-ratio, V0 is
the output voltage, Lm is the magnetizing inductance, N is an integer, and TS is the
switching period. The peak magnetizing current is calculated as

iLm_ m =

nV0 TS
⋅
Lm 4

Based on the circuit characteristic of LLC resonant converters, at the beginning
of each switching cycle, the resonant tank current is equal to the magnetizing
current. Therefore, the resonant tank current at the beginning of each cycle is

iLr (t0 ) = 2I RMS_ P sin(Φ ) = −

nV0 TS
⋅
Lm 4

The difference between the resonant tank current iLr and the magnetizing current
iLm is the current that goes through the secondary side. So the following relationship
stands,
TS
2
0

∫

⎡
nV0 TS nV0 ⎤
⋅ −
t⎥ dt
⎢ 2I RMS_ P sin(w0t + Φ) +
L
4
L
V
m
m ⎦
⎣
= 0
TS / 2
nRL

In this equation, RL is the load resistance. The RMS current of resonant tank
thus can be derived as
2

2

1 V0 n4 RL TS
I RMS_ P =
+ 4π 2
2
Lm
4 2 nRL
The resonant tank current continues going through the primary switches, so this
RMS current determines the primary side conduction loss.
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Besides the primary side conduction loss, the secondary side conduction loss
also needs to be investigated especially for low output voltage high output current
applications. It is very desirable to minimize the secondary side RMS current. In
order to achieve a higher efficiency, synchronous rectification is preferred. The
current in synchronous rectifier (SR) is the difference between the resonant tank
current and the magnetizing current, then the RMS current in SR can be calculated
based on the RMS current definition,

I RMS_ S =

TS
2
0

∫ [i

Lr

2

(t) − iLm(t)] dt
TS / 2

The closed-form equation can be expressed as,

3 V0 (5π 2 − 48)n4 RL TS
=
+12π 4
2
24π RL
Lm
2

I RMS_ S

2

From the equations of primary and secondary side RMS current, it can be
observed that both primary side and secondary side RMS currents, thus conduction
loss, are entirely determined by the magnetizing inductor. Since the magnetizing
inductor also determines the turn-off current of primary switches, the turn-off loss
can also be minimized by the design of magnetizing inductor. The design of
magnetizing inductor is the key for minimum power loss in normal operation.
During the 20ms holdup time, input voltage of LLC resonant converter keeps
dropping. In order to regulate output voltage, the switching frequency of LLC
resonant converter is reduced to have a higher voltage gain. For the operation at
fS<f0, the effective duty cycle for energy transferring is smaller compared with that at
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the resonant frequency. So the efficiency during holdup time operation is lower.
However, since this holdup time is only 20ms, the excessive loss will not cause a
thermal issue.
The minimum input voltage determines the required peak gain for LLC resonant
converters as shown in Figure 2-6. It can be seen that the lower allowable minimum
input voltage, the smaller the holdup time capacitor required. Once a minimum input

Required Holdup time cap (uH)

voltage is selected, the required peak gain is determined.

1.2kW

Minimum input voltage (V)

Figure 2-6. Holdup time capacitor vs. minimum input voltage

The voltage gain at resonant frequency is always equal to 1 for any different Ln
and Q combinations. However, the gain curve shape and the achievable peak gain
for different Ln and Q design are different. Some gain curves are shown in Figure 2-7
for different Ln and Q combinations. It can be observed that the frequency for peak
gain is below resonant frequency and it is the boundary of ZCS and ZVS modes.
Moreover, with a larger Ln, the distance between the peak-gain frequency and
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resonant frequency is larger. Each Ln and Q combination gives one peak gain as
shown in Figure 2-7. Therefore, a 3D peak gain surface can be drawn as shown in

Voltage gain

Figure 2-8 by collecting all peak gain values for different Ln and Q combinations.

Voltage gain

fn
(a) Ln=4

fn

Voltage gain

(b) Ln=10

fn
(c) Ln=15

Figure 2-7. Gain curves with different Ln and Q
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Figure 2-8. Peak gain for different Ln and Q
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Ln

Chapter 3 Synchronous Rectification of LLC
Resonant Converter
3.1 Introduction
With the development of power conversion technology, high efficiency is still the
major driver for the front-end DC/DC converter in the computing and telecom
equipments. Although LLC resonant converters have been accepted by the industry
as a promising topology for the front-end DC/DC converters and lots of efforts have
been made to optimize the design of LLC resonant converters [3.1] [3.2] [3.3], very
few literatures address the issues and solutions of LLC resonant converters with
synchronous rectifier (SR).
25

Loss (W)
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primary
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conduction loss

Core loss

Copper loss

Figure 3-1. Loss breakdown of 1kW LLC DC/DC converter w/ diode rectifiers

Figure 3-1 shows the power loss breakdown at the full load of a 1KW 1MHz LLC
resonant DC/DC converter with diode rectifiers. It is easy to observe that the
secondary conduction loss is the highest loss part. In order to further improve the
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efficiency of LLC resonant converter, the reduction of the secondary conduction loss
should be the first target.
In this chapter, firstly, a brief review of SR driving methods for PWM converters is
discussed. Then issues of synchronous rectifier driving for LLC resonant converter
are discussed. After that, one method to drive synchronous rectifier for LLC resonant
converters is developed to achieve high efficiency. Finally, some improvements to
the driving method are proposed and experimentally verified by considering the
inherent propagation delay of commercial IC and discrete MOSFET drivers.

3.2 Methods of Driving Synchronous Rectifier (SR)
3.2.1 Driving of SR for PWM Converters
Efforts to develop and improve SR performance by improving SR driving
schemes never stop since the first day when the synchronous rectification is applied
to power conversion. For PWM converters, the technology of SR driving is quite
mature after dozens of years’ efforts. There are hundreds of papers talking about
how to drive SR in PWM topologies. From the driving mechanism point of view,
those driving methods can be roughly categorized into self-driven method and
externally driven or control-driven method.
For the self-driven method in PWM converters, there are two sub-categories
called voltage self-driven and current self-driven depending on the SR drive signals
derived from voltage or current information. Figure 3-2 shows four general voltage
self-driven schemes for synchronous rectifier [3.4] ~ [3.10]. The simplest one is gate-
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drain cross-coupled connection scheme as shown in Figure 3-2 (a). For the very low
or very high output voltage applications, the voltage on secondary winding of power
transformer is too low or too high for SR driving. An auxiliary drive winding can be
added to drive SR as shown in Figure 3-2 (b). An alternative SR driving way for high
output voltage application is to put a capacitor in series in the drive loop of SR as
shown in Figure 3-2 (c). Instead of directly deriving SR drive signals from secondary
winding of power transformer, the auxiliary drive winding coupled with output filter is
another option as shown in Figure 3-2 (d). In some applications, this scheme has
some merits compared with the other three schemes. For example, in Forward
converter, the drive signal of free-wheeling SR depends on the reset method of the
power transformer if SRs are driven with the first three driving schemes shown in
Figure 3-2. Only with active-clamp forward, good drive signal can be achieved for
the free-wheeling SR. But with the drive scheme in Figure 3-2(d), a good drive signal
for free-wheeling SR can always be achieved.
The advantage of voltage self-driven scheme is the simplicity and low cost. But
this drive method is limited to topologies. For some topologies such as Flyback
(especially in DCM), this drive scheme does not work. Also applicability of voltage
self-driven method is limited by the input voltage range of converters.
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(a)

(b)

(c)

25

(d)
Figure 3-2. Voltage self-driven synchronous rectifier

Instead of deriving SR drive signals from voltage in power stage, the current selfdriven method is to get SR drive signals by sensing the current going through SR
[3.11] [3.12]. One typical current self-driven scheme is shown in Figure 3-3. A
current-sensing transformer is placed in series with SR to monitor SR current [3.6].
The key advantage of this driving method is that it is not limited to topologies.
Theoretically, this method can be applied to any topology because it directly controls
the on and off of SR with current information from SR itself. The other advantage is
that the drive voltage is constant. However, there are some limitations for this driving
method in high switching frequency and high power density applications.

The

inductance in series with the synchronous rectifier, introduced by the current-sensing
transformer, would be detrimental to current commutation in the rectifier.
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Current
transformer

concept

SR

iSR

One implementation example

Figure 3-3. Current self-driven synchronous rectifier

Externally driven scheme is the other big category of driving schemes for the SR
[3.13]~[3.15]. For this driving method, the voltage or current information firstly is
processed by the commercial IC, and then the controlled drive pulse is delivered to
the followed driver which finally drives SRs. The externally driven scheme can be
realized by processing the dual drive signal of primary switch drive signal for some
single-end converters, or directly processing primary drive signals for some doubleend converters and bridge type converters as shown in Figure 3-4(a). Similarly,
another way to realize the external driven scheme is to sense current information of
the SR, and then the sensed current information is processed by commercial IC and
thus controlling the switching of the SR. Two options of externally driven schemes by
sensing SR current are shown in Figure 3-4(b) and (c). The advantage of the
externally driven scheme is the compact size of the drive circuit because of the
advanced integration technology. However, this advantage also leads to the high
cost. The other drawback for the externally driven scheme is that in order to have
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high reliability, a large dead-time is generally inserted between drive signals, which
lead to large SR body-diode conduction loss.
SR2
Tx
LO
CO
SR1
Primary
drive signals

Signal
processing IC
and driver

(a) Externally driven synchronous rectifier method 1

(b) Externally-driven synchronous rectifier method 2
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CO
SR1
Signal processing
IC and driver
(c) Externally-driven synchronous rectifier method 3
Figure 3-4. Externally-driven synchronous rectifier

3.2.2 Driving of SR for Resonant Converters
Generally speaking, power conversion topologies of resonant converters can be
classified into two types based on the circuit configuration as shown in Figure 3-5:
the voltage-fed inductor-loaded configuration and the current-fed capacitor-loaded
configuration [3.19] [3.20]. For a topology with a voltage-fed inductor-loaded
configuration, such as parallel resonant converters and series-parallel resonant
converters, voltage self-driven schemes can be applied for SR driving as shown in
Figure 3-6 [3.21]~[3.23]. However, this driving method is not optimal due to the
sinusoidal voltage waveform on the secondary winding of the power transformer (in
PWM converters, the voltage on the secondary winding of the power transformer is
square wave).
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(a) Voltage-fed inductor-loaded structure

(b) Current-fed capacitor-loaded structure

Figure 3-5 Circuit structure classification

(a) Parallel resonant converter

Q1
Cr1 Lr

Vin
Q

n :1:1

S1
LO

Cr2

2

VO
RL

S2
(b) Series-Parallel resonant converter
Figure 3-6. Examples of resonant converter w/ voltage self-driven SR

However, an LLC resonant converter shown in Figure 3-6 is a kind of converter
with a current-fed capacitor-loaded circuit structure. For this kind of circuit, the
polarity of the voltage on the secondary winding can change only after the
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synchronous rectifier (SR) is turned off. In other words, when the SR is on, the
voltage on the secondary winding is clamped to VO and lacks the freedom to change
polarity before the SR is turned off. So the voltage on the secondary winding cannot
be used to achieve self-driven synchronous rectification [3.24].

(a) LLC resonant converter

(b) Series resonant converter
Figure 3-6. Examples of resonant converter with current-fed capacitor-loaded structure

For a converter with current-fed capacitor-loaded structure like LLC resonant
converter, the secondary currents need to be used to determine the timing of SR
driving signals. One possible SR driving method is the current self-driven scheme as
shown in Figure 3-7. However, there are some limitations for this driving method in
the high switching frequency and high power density application. The inductance in
series with the synchronous rectifier, introduced by the current-sensing transformer,
would be detrimental to current commutation in the rectifier. Moreover, operation
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with sinusoidal current might result in an excessive dead-time between SR
conduction intervals. Furthermore, the large size of the current-sensing transformer
is awkward for the high power density requirement.

Figure 3-7. Example of resonant converter w/ current self-driven SR

Signal processing
IC and driver
SR2

Tx

VO
CO
SR1
Signal processing
IC and driver
Figure 3-8. Externally driven synchronous rectifier

Another possible driving method for resonant converters with current-fed
capacitor-loaded structure is the externally driven scheme by utilizing the drain to
source voltage of the SR to qualify the gate driving signals as shown in Figure 3-8.
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The sensed Vds of the SR is processed by control circuits to determine the turn-on
and turn-off of the SR. The SR can be switched in the close proximity of the zero
current transition. With the advanced IC technology and proper noise immunity
layout, the precise voltage sensing range can be reached to millivolt level. However,
the proper SR drive timing is highly affected by the package of the SR. Due to the
inevitable package inductance, the sensed terminal drain to source voltage of the
SR is actually the sum of the MOSFET resistive voltage drop and package inductive
voltage drop. In Figure 3-9, it is clearly shown that the sensed Vd’s of SR terminal is
far deviated from the real Vds of MOSFET. The SR drive signal is much shorter than
the expected value for this reason. The duty cycle of SR is defined as:

DSR =

Ton _ SR
TS / 2

Here Ton_SR is the conduction period of the SR and TS is the switching period.
The duty cycle of the SR is calculated as the following with the assumption of
sinusoidal current going through the SR:

⎛

π − a tan⎜⎜ 2πf s
⎝

DSR =

LSR
Rds _ on

⎛
⎜
⎜
⎞
− Vth1
⎟ − a sin ⎜
⎟
⎜
LSR
π
⎠
⎜⎜ I o ⋅ ⋅ Rds _ on ⋅ 1 + j ⋅ 2πf s
2
Rds _ on
⎝

π

⎞
⎟
⎟
⎟
⎟
⎟⎟
⎠

Here LSR is the package inductance, Rds_on is the on resistance of SR, fs is the
switching frequency, Vth1 is the turn off threshold voltage and Io is the load current.
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Figure 3-9. Sensing voltage deviation due to SR package inductance

As two examples, Figure 3-10(a) and 3-10(b) show the SR duty cycle at Io=30A
for MOSFET FDP2532 in TO220 package and DirectFET IRF6613 respectively.
Here LSR is 8.7nH for FDP2532 from its datasheet, and LSR is 0.5nH for DirectFET
IRF6613 as claimed by IR [3.27]. It can be observed that for the package with very
small package inductance such as DirectFET, the SR duty cycle loss is still an issue,
especially for high switching frequency applications.
Duty cycle vs. fS

Duty cycle vs. fS
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Figure 3-10 (a). SR DSR vs. fS for FDP2532 (b). SR DSR vs. fS for IRF6613

3.3 One Method to Drive SR for LLC Resonant Converter
To utilize the voltage drop on Rds_on of the SR to generate SR driving signal is a
direct and simple method. The turn-on of the SR can be easily controlled by the
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conduction of the body-diode of the SR. The key is how to get the precise voltage
drop on Rds_on of the SR to set the right turn-off timing. In order to overcome the
issue of phase deviation due to package inductance LSR, the SR driving scheme with
phase compensation is developed [3.28]. A block diagram of the driving circuit is
shown in Figure 3-11. The main sections are the Vds phase compensation network,
the signal processing and gate driver stages for the SR. The input signal to the
driving circuit is the voltage across the physical terminal of the power MOSFET SR.
This input voltage to the driving circuit is actually Vd’s , the sum of MOSFET resistive
voltage drop and package inductive voltage drop, and can not be directly used to
qualify SR driving signals. An active phase compensation network is used to provide
the true resistive voltage of Vds. Thus, the compensated voltage Vds can be used to
exactly determine the turn-off timing of the SR. The phase compensated Vds, as the
output signal of the compensation network, is then transferred into the next stage.
The post signal processing block consists of a set of window comparators which
convert the input signal into control pulses. The driving circuit utilizes these control
pulses to ultimately drive the SR using discrete transistors or integrated circuits
which may be specifically developed for the purpose.

Figure 3-11. Simplified functional diagram for proposed SR driving scheme
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The detailed schematic of the phase compensation network is illustrated in
Figure 3-12. The passive network composed of Rcs and Ccs generates the
compensated voltage Vds. Sa and Sb are small signal switches to reset the passive
phase compensation network in each switching cycle. The operation principle is
shown in Figure 3-13. Firstly, the current goes through the body-diode of the SR.
When the voltage drop on SR body-diode reaches the threshold Vth2, the SR is
triggered to turn on. After the SR is turned on, the passive network operates to
provide emulated true resistive voltage drop on Rds_on of the SR. The compensated
voltage Vds decays with the current going through the SR. Once the pre-set turn-off
threshold is reached, the SR can be properly turned off. The equivalent circuits for
turn on and turn off periods are illustrated in Figure 3-14.

Sb

Rcs

Sa

Vds

Ccs
LSR
V Rds_on

VL + VR
SR
ds_on

Figure 3-12. Schematic of Vds phase compensation network
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Figure 3-13. Operation Principle of SR driving
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Vds
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Sb

Vds

Ccs
LSR

Rds_on

LSR

(a) Equivalent circuit when SR is on

(b) Equivalent circuit when SR is off

Figure 3-14. Equivalent circuits for compensation network

To precisely capture the resistive voltage drop on the SR during turn on period,
the phase compensation network should be properly designed. Assuming the
current goes through SR is iSR(s), the compensated voltage can be expressed as
follows:

vds ( s ) =

If

iSR ( s) ⋅ Rds _ on ⋅ (1 + s ⋅ LSR / Rds _ on )

Rcs ⋅ C cs =

1 + s ⋅ Rcs ⋅ Ccs

LSR
Rds _ on
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And the initial condition v ds (t1 _) = v Rds _ on (t1 _) , then v ds ( s ) = i SR ( s ) ⋅ Rds _ on = v Rds _ on ( s ) .
As a result, the compensation network can precisely represent the voltage of the
power MOSFET on Rds_on. The simulation result is shown in Figure 3-15. The SR is
modeled as an ideal switch in series with Rds_on and LSR. The Vds is the compensated
voltage for the SR driving scheme which is the resistive voltage of SR VRds_on. It can
be seen that Vds follows VRds_on very well. Theoretically, they are identical in phase
and amplitude.

VdsCS
V
VVRds_on
Rds_on
VLsr+Rd_on
+ VR
V
LSR
ds_on

Figure 3-15. Simulation result for VRds_on, compensated Vds represented in Figure 3-8

Figure 3-16. Implementation of SR driving scheme w/ Vds phase compensation
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The implementation of the driving scheme of SR for LLC resonant converter is
illustrated in Figure 3-16. The operating process is described as follows and plotted
in Figure 3-17. [t0-t1]: the SR is off. Vds is the voltage drops on the drain to the
source of SR. Sa is off and Sb is on. Therefore, the compensation capacitor Ccs is
shorted. The voltage is zero on Ccs. [t1-t2]: The primary side devices switch.
Secondary side current begins to go through the body diode of SR. Vds of the SR
drops to negative. Once the Vds touches the threshold voltage Vth2 at t2, the SR can
be turned on. [t2-t3]: During this small period, Sa and Sb remains the status as
previous stage t1-t2. It guarantees the full turn-on of the SR and also eliminates the
adverse effect of the oscillation. [t3-t4]: Sa is turned on and Sb is turned off. The
passive compensation network begins to work. The voltage on Ccs follows the
resistive voltage of the SR. The compensated voltage can be applied to accurately
control the SR conduction time. At t4, the current of the SR reduces close to zero.
The voltage drop Vds touches the threshold voltage Vth1. As a result, the SR can be
turned off. Meanwhile, Sa is turned off. [t4-t5]: The current goes through the bodydiode of SR. The active network takes the Vds of SR. [t5-t6]: The voltage drop on SR
changes from negative to positive potential. The driving circuit is blanked until the
Vds touches the Vth3. Similarly, this short period is to avoid the adverse effect of turn
off ringing. [t6-]: the SR remains off. The passive compensation network remains in
the reset mode until the trigger of the next switching cycle.
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VD_VS

Figure 3-17. Operation modes of SR driving scheme in LLC resonant converter

3.4 Improvements of SR Driving for LLC Resonant
Converter
3.4.1 Compensation with Consideration of Driving Circuit’s
Turn-off Propagation Delay
The design of the phase compensation network for SR Vds sensing in the
previous section is based on the ideal case. In the real scenario, several factors
have effects to the duty cycle loss of the SR, which makes the net SR duty cycle
loss unequal to the calculated result due to the SR package inductance. For
instance, the turn-off propagation delay of the driving circuit has the compensation
effect to the SR duty cycle loss caused by the SR package inductance as shown in
Figure 3-18. For the SR driving implementation scheme in Figure 3-12, though with
state-of-the-art integrated circuits technology the propagation delay of a discrete
driver can be as small as 10~20ns, the propagation delay of the sensed Vds
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processing circuit is still in the range of tens of ns. One reason for the large
propagation delay from the Vds processing circuit is the needed large gain for
window comparators. Other factors affecting the final net SR duty cycle loss include
non-ideal sinusoidal current going through the SR, variation of the Rds_on and the
package inductance of the SR.

Figure 3-18. Compensation effect of turn-off propagation delay

The SR duty cycle loss in the absolute value with the assumption of sinusoidal
current in SR can be calculated as,

⎛
L
a tan⎜ 2πf s SR
⎜
Rds _ on
⎝
tθ =

⎛
⎜
⎜
⎞
− Vth1
⎟ + a sin ⎜
⎟
⎜
LSR
π
⎠
⎜⎜ I o ⋅ 2 ⋅ Rds _ on ⋅ 1 + j ⋅ 2πf s R
ds _ on
⎝

π

⎞
⎟
⎟
⎟
⎟
⎟⎟
⎠ ⋅ TS
2

Here LSR is the package inductance, Rds_on is the SR on resistance, Ts is the
switching period, Vth1 is the turn-off threshold voltage and Io is the load current.
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Figure 3-19 shows the measured waveforms at full load on a 1KW, 1MHz, 400V
to 48V LLC prototype. 150V MOSFET FDP2532 in TO220 package is used as the
SR on the prototype. The calculated SR duty cycle loss at full load is 210ns with
Rds_on at Tj=25C and 8.7nH LSR as indicated in FDP2532 datasheet. However, the
measured SR duty cycle loss in the real circuit is 100ns. There is a discrepancy
between the calculated result and measured value.

Vds_pri (100V/div)
iLr (5A/div)

Vds_SR
(100V/div)
Vgs_SR
(10V/div)

100ns
Figure 3-19. Operation waveforms of SR w/o compensation

The breakdown among those factors for the discrepancy is shown in Table 3-1.
The total turn-off propagation delay from the driving circuit is 87ns. This means that
when considering the compensation effect of the turn-off propagation delay, the SR
duty cycle loss due to SR package inductance is 87ns, which is less than the
calculated value. In the real LLC circuit, the current in the SR is not ideally
sinusoidal. The non-ideal sinusoidal current in the SR gives 5ns less the SR duty
cycle loss than the calculated value. Here, Tj of the SR is estimated at 80oC which
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gives 1.3 times larger Rds_on as that at Tj=25C. The variation of the Rds_on leads to
10ns less the SR duty cycle loss than the calculated value. Among those factors, the
turn-off propagation delay from the driving circuit has the highest weight, which
accounts for 80% of the total discrepancy.
Turn-off propagation delay
Sensed Vds
processing circuit

Discrete driver
MAX5056

65ns

22ns

Non-ideal
sinusoidal iSR

Rds_on variation

Other
factors

5ns

10ns

8ns

Table 3-1. Factors for the discrepancy between calculated tθ and measured tθ

For the design of the phase compensation network in the driving circuit as
described in the previous section, if the turn-off propagation delay of the driving
circuit is not considered, the SR will be turned off after zero current crossing.
Consequently, the reverse current going through the drain to source of SR will be
seen in the SR as shown in Figure 3-20 (When a MOSFET is used as a
synchronous rectifier, the channel current goes through the source to drain in proper
operation). This reverse current will cause higher conduction loss and switching loss
in the SR. Since the SR is not turned off in the vicinity of zero current, the voltage
ring will be seen on the SR when it is turned off, thus a higher voltage stress needs
to be considered for the selection of MOSFET. Furthermore, during the period where
there is a reverse current in the SR due to the delay in turn-off, in the primary side,
the resonant tank current iLr will not follow the magnetizing current iLm but go in the
reverse direction instead. In this case, the current to achieve ZVS operation for
primary switches is smaller than the designed value. For the high switching
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frequency ~MHz application, this may lead to the loss of primary ZVS operation in
LLC resonant converters.

VgsSR

toffd
VdsSR

iSR

Figure 3-20. Simulation waveforms of SR w/ compensation RcsCcs=LSR/Rds_on

In order to overcome the problem caused by the turn-off propagation delay, the
design of Vds phase compensation network Rcs, Ccs need to be adjusted.

A

coefficient k is introduced instead of making the time constant of RcsCcs exactly
equal to the time constant of LSR/Rds_on.

Thus the parameters Rcs, Ccs can be

designed based on:

Rcs ⋅ Ccs =

kLSR
, where k < 1
Rds _ on

The SR duty cycle loss in absolute value without considering the turn-off
propagation delay from the driving circuit is rewritten here:
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The SR duty cycle loss with considering the turn-off propagation delay tθ is:
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Then coefficient k can be expressed as:

π

I o Rds _ on sin(−2πf S tθ + 2πf S toffd ) − Vth1
2
k=
⋅ cos(−2πf S tθ + 2πf S toffd )
[sin(−2πf S tθ + 2πf S toffd ) 2 − 1] ⋅ LSR 2πf S I oπ / 2
Here LSR is the package inductance, Rds_on is the SR on resistance, fs is the
switching frequency, Vth1 is the turn-off threshold voltage, toffd is the total propagation
delay in the driving circuit and Io is the load current. For a given design, all the
parameters in the above equation are achievable.
This compensation scheme is to compensate the adverse effect caused by the
MOSFET package inductance, to apply this scheme into practice, the tolerance of
MOSFET package inductance and variation of Rds_on should be considered.
Here the tolerance coefficient kL of MOSFET package inductance is defined as
the ratio of real LSR over the nominal value LSR,

kL =

LSR
LSR _ N
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Then with the compensation network, the sensed voltage is,

vds ( s) =

iSR ( s) ⋅ Rds _ on ⋅ (1 + s ⋅ k L LSR _ N / Rds _ on )
1 + s ⋅ RCS CCS

The phase mismatch due to the tolerance of the package inductance can be
calculated as,

Phasemismatch

2π ⋅ f S ⋅ k L ⋅ LSR _ N
⎛
⎜1+ j
Rds _ on
⎜
= arg⎜
2π ⋅ f S ⋅ LSR _ N
⎜ 1+ j
⎜
Rds _ on
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎠

To convert this phase mismatch into the SR duty cycle Dmismatch,

Dmismatch

2π ⋅ f S ⋅ k L ⋅ LSR _ N
⎛
⎜1+ j
Rds _ on
⎜
= arg⎜
2π ⋅ f S ⋅ LSR _ N
⎜ 1+ j
⎜
Rds _ on
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎠

π

The physical meaning of Dmismatch is the over-compensation and undercompensation of Vds. The 1KW, 1MHz, 400V to 48V LLC design is taken as an
example to demonstrate the influence of effect of LSR variation. The SR duty cycle
mismatch due to the variation of SR package inductance is plotted in Figure 3-21(a).
With the inductance variation from +20% to -20%, the SR duty cycle mismatch is
less than 2% (less than 10ns) at 1MHz. Following the same derivation procedure,
the effect of Rds_on variation due to the temperature change is plotted in Figure 321(b). Due to the junction temperature derating request in practice, for a 150oC Tjmax
MOSFET, Tj will be limited below 110oC. The SR duty cycle mismatch at Tj up to 110
o

C does not exceed 20ns at 1MHz. This amount of mismatch is tolerable in Vds

46

compensation practice. With 1% tolerance for Rcs, 10% tolerance for Ccs, the SR
duty cycle mismatch due to variations of Rcs and Ccs is negligible. Therefore, the
compensation method discussed herein is applicable in practice. The design of Vds
phase compensation with consideration of turn-off propagation delay provides much

SR duty cycle mismatch

better performance for the SR driving which will be shown in section 3.5.

kL=1.1

kL=1.2

0
kL=1
kL=0.8

fS (MHz)

SR duty cycle mismatch

Figure 3-21.(a) SR duty cycle mismatch due to package inductance variation

kR=0.8, Tj=0oC
kR=1, Tj=25oC
0

kR=1.35, Tj=70oC
kR=1.7, Tj=110oC

fS (MHz)
Figure 3-21.(b) SR duty cycle mismatch due to Rds_on variation
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3.4.2 Compensation of Driving IC’s Turn-on Propagation Delay
For any SR driving circuit, the turn on propagation delay always happens with the
turn off propagation delay. The same story happens with the SR driving scheme
discussed here. For the same reason as mentioned in section 3.4.1, the turn-on
propagation delay in the Vds signal processing circuit is much larger than that comes
from the followed discrete driver. For instance, the total SR duty cycle loss at the
turn-on on a 1KW, 1MHz, LLC prototype due to the turn-on propagation delay in the
driving circuit is 75nS as shown in Figure 3-22. The turn-on propagation delay in the
Vds signal processing circuit is 50nS while the turn-on propagation delay in the
followed discrete driver MAX5056 is only 25nS. According to the aforementioned
discussion, the turn off propagation delay can be compensated and almost ideal SR
turn off timing is achievable. However, the compensation network can hardly affect
the turn on propagation delay as shown in Figure 3-22. As a result, the SR duty
cycle loss due to the turn on propagation delay still exists.
Vds_pri (100V/div)

Vds_pri (100V/div)

iLr (5A/div)

iLr (5A/div)

Vds_SR
(100V/div)
Vgs_SR
(10V/div)

Vds_SR
(100V/div)

75ns

Vgs_SR
(10V/div)

75ns

(a) W/O Vds phase compensation

(b) W/ Vds phase compensation

Figure 3-22. SR turn-on duty cycle loss due to turn-on propagation delay
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Figure 3-23 Turn on propagation delay compensation circuit

Figure 3-24 Turn on propagation delay compensation circuit analysis

A turn-on propagation delay compensation circuit in the dot-line box, shown in
Figure 3-23, is proposed to solve the problem of the duty cycle loss at turn-on
edage. Based on the characteristics of LLC resonant converters, the turn on edge of
primary side switches is in phase with the SR. Therefore, the primary side turn on
signal is utilized to synchronize the SR turn on timing. The detail operation principle
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is illustrated in Figure 3-24. When the primary switch is turned on, a narrow pulse
signal VA is generated and delivered to the input of the discrete driver. At this
moment, due to the turn-on propagation delay of the discrete driver, the SR is not
conducting and the current goes through the body-diode of SR. The conduction of
SR body-diode triggers the turn-on threshold of the signal processing IC. But due to
the propagation delay in this part, VB is still low. The input of the discrete driver
follows VA. As long as VA stays higher than the on-threshold of the discrete driver
until high signal VB comes out, the turn-on propagation delay in the signal
processing circuit can be compensated. In the circuit, D1 and D2 act as an “OR”
logic function. R2 is for the discharge of the input capacitance of the discrete driver
during the off period of the SR.

3.5 Experiment Results and Summary
A 1MHz, 1kW, 400V-48V prototype, shown in Figure 3-25, is built to verify the
improved SR driving scheme for the LLC resonant converter. The magnetizing
inductance Lm is chosen as 13µH. The resonant inductor Lr is 1µH and the resonant
capacitor Cr is chosen as 25nF. The transformer turns ratio is 4. For the primary
switch, APT5024BFLL from APT is selected according to 400V input, 1kW power
level and high switching frequency 1MHz. 150V Trench MOSFET FDP2532 from
Fairchild is selected for the secondary synchronous rectifier for small Rds_on.
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Figure 3-25. 1MHz 1kW 400V-48V LLC resonant converter with SR

Figure 3-26 shows the measured SR operation waveforms with the driving
method discussed aforementioned for different cases. In Figure 3-26 (a), no any Vds
phase compensation is applied, the SR duty cycle loss at the turn-off edge due to
the package inductance is obvious. In Figure 3-26 (b), the Vds phase compensation
network is applied and the parameters Rcs, Ccs are designed based on
RcsCcs=LSR/Rds_on. In this case, it is overcompensated because the turn-off
propagation delay in the driving circuit is not considered in the design of
compensation. The reverse current in the SR can be observed. This reverse current
causes higher conduction loss, switching loss in the SR. Furthermore, it causes
voltage ring on the SR at turn-off. In Figure 3-26 (c), the Vds phase compensation
network is applied and the parameters Rcs, Ccs are designed based on
RcsCcs=kLSR/Rds_on with k=0.25. Much better SR performance can be achieved. In
all the three figures here, the SR drive timing is a little bit deviated from the expected
case, which is caused by the additional introduced inductance in series with SR
while measuring SR current waveform.
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(a) W/O Vds phase compensation
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(b) W/ Vds phase compensation based on design RcsCcs=LSR/Rds_on
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(c) W/ Vds phase compensation based on design RcsCcs=kLSR/Rds_on , k=0.25
Figure 3-26. SR operation waveforms W/O and W/ Vds phase compensation network

The experiment operation waveforms without the SR turn-on compensation
circuit and with the turn-on compensation circuit are shown in Figure 3-27(a) and
Figure 3-27(b) respectively. In both Figure 3-27(a) and Figure 3-27(b), the Vds phase
compensation is applied. Since the Vds phase compensation has no effect to SR
duty cycle loss at the turn-on edge, the 75ns duty cycle loss still exists as shown in
Figure 3-27(a). After the turn-on compensation circuit is applied, the turn-on
propagation delay in the Vds signal processing circuit as shown in Figure 3-27(b) is
compensated. With the turn-on compensation circuit, only the turn-on propagation
delay in the discrete driver will show up in the driving signal of the SR as shown in
Figure 3-27(b), which is almost non-observable.
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(b) W/ turn-on compensation
Figure 3-27. SR operation waveforms W/O and W/ turn-on compensation circuit
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Figure 3-28. Efficiency comparison

In summary, the LLC resonant converter is a promising candidate for the frontend dc/dc converter in computing and telecom equipment. In order to achieve high
efficiency, the synchronous rectifier should be used instead of the diode rectifier.
The driving of SR in LLC resonant converters can be realized by sensing the voltage
drop Vds on the Rds_on of SR. The turn-on of the SR is triggered by the conduction of
SR body-diode, and the turn-off of the SR is triggered when the voltage drop on the
Rds_on of the SR decays to the pre-set turn-off threshold. The Vds compensation
network is designed to overcome the early turn-off issue caused by the unavoidable
parasitic package inductance of the SR. To apply the Vds compensation scheme in
practical applications, the turn-off propagation delay in the driving circuit needs to
considered when designing the compensation network components. By introducing
a coefficient k in the design of compensation network, the SR duty cycle loss due to
SR package inductance can be well limited. Effects of component tolerance and
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temperature variations are discussed. There is also SR duty cycle loss at the turn-on
due to the turn-on propagation delay in the driving circuit. With the proposed turn-on
compensation scheme, the SR duty cycle loss at the turn-on is well limited. It is
demonstrated in a 400V to 48V, 1kW LLC resonant converter hardware that with the
complete solution of SR driving scheme discussed herein, the efficiency at full load
can be improved by more than 3% as shown in Figure 3-28.
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Chapter 4 Dead-time Optimization for High
Efficiency over a Wide Load Range
4.1 Introduction
Compared with PWM topologies, the LLC resonant converter can achieve higher
efficiency because it can have ZVS turn-on and low turn-off loss for primary side
switches over the whole load range which is very important for applications with high
input voltage such as the front-end dc/dc converter, and it can also have ZCS turnoff for secondary side rectifiers. However, this statement is based on the assumption
that a reasonable resonant tank design is made. It is well-known that the circulating
energy, which is not transferred to the output load but adds additional loss in the
circuit, is the nature of any kind of resonant topology. For LLC resonant converters,
the circulating energy is reflected by the magnetizing current as shown in Figure 4-1.
The current in secondary rectifiers is n(iLr-iLm). In other words, only during the shaded
period, the energy is transferred from the input to the output load. The conduction
loss in both primary side and secondary side is determined by current iLr and iLm. The
turn-off loss in primary switches is determined by the current level of iLm at the turnoff of primary switches. Then how to achieve high efficiency at full load in LLC
resonant converter? How to achieve high efficiency over a wide load range in LLC
resonant converters? The key is how to design the three-element resonant tank to
shape iLr and iLm so that the lowest conduction loss and switching loss or the lowest
overall power loss can be achieved. Some tradeoffs may need to be played for high
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efficiency at heavy load and light load.

That is the design optimization of LLC

resonant converters.
In this chapter, one existing design procedure of the LLC resonant converter is
introduced first. Then the dead-time td is considered for the analysis of the design of
LLC resonant converters, which is not studied thoroughly in the mentioned existing
design methodology and is not paid attention in any other literatures on LLC design
either. The dead-time td is defined as a time period in which both primary drive
signals are low as shown in Figure 4-1. The relationship between the dead-time and
the power loss in LLC resonant converters is revealed. Finally the improvement to
the LLC design procedure is made by playing some tradeoffs between the
conduction loss and switching loss for high efficiency over a wide load range.
VgsQ

1

VgsQ 2
td

iLr

iLr
iLm

0

iSR

iLm
T0/2

TS

td

Figure 4-1. LLC resonant converter at resonant frequency

4.2 One Existing Design Procedure of LLC Resonant
Converter
The design goals of LLC resonant converters are to achieve minimal loss in
normal operation and the required maximum voltage gain to regulate output voltage
during the holdup time. According to the analysis by neglecting the dead-time in

58

Chapter 2, the relationships between design parameters Lm, Ln and Q with the
converter performance are revealed. These relationships can be used to develop a
design procedure for LLC resonant converters. The keys for this design procedure
rely on designing a suitable magnetizing inductor Lm and the inductor ratio Ln
(=Lm/Lr).
The design procedure can be explained by a flow chart as shown in Figure 4-2.
The switching frequency is selected based on the desired converter efficiency and
power density requirement.

Generally, a higher switching frequency results in

smaller passive components size but a lower efficiency. As a result, some tradeoffs
are required to be made for the selection of a suitable switching frequency. The
resonant frequency f0 of LLC resonant converters is normally designed as the same
as the selected switching frequency.
As discussed in Chapter 2, the LLC resonant converter can achieve maximum
efficiency when it operates at the resonant frequency. Therefore, the transformer
turns-ratio should be designed so that when the LLC operates with nominal input
voltage, the switching frequency is the resonant frequency, which means the voltage
gain of the converter is equal to one. Based on this, the transformer turns-ratio can
be designed. For a half-bridge LLC resonant converter, the transformer turns-ratio is
calculated as:

n=

Vin
2V0

For a full-bridge LLC resonant converter, the transformer turns-ratio is calculated
as:
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n=

Vin
V0

Figure 4-2. Design procedure for LLC resonant converter

After the design of the transformer turns-ratio, the magnetizing inductor Lm is to
be designed next. As discussed in Chapter 2, in normal operation condition the
conduction loss is purely determined by the magnetizing inductance. A larger
magnetizing inductance results in smaller conduction loss if neglecting the effect of
dead-time td. The equations for the primary side RMS current and secondary side
RMS current are rewritten here:
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2

2

I RMS_ P

1 V0 n4 RL TS
=
+ 4π 2
2
Lm
4 2 nRL

I RMS_ S

3 V0 (5π 2 − 48)n4 RL TS
=
+12π 4
2
24π RL
Lm
2

2

It can be seen that a large value of Lm is required to achieve low conduction
loss. On the other hand, the switching loss also needs to be minimized. The ZVS
turn on condition of the primary switches is determined by the turn-off current of the
primary switches. This soft switching transition happens during the dead-time td. In
normal operation, the switching frequency is at the resonant frequency. During the
dead-time, both the primary switches and secondary switches are off. The
equivalent circuit during the dead-time is illustrated in Figure 4-3.

Figure 4-3. Equivalent circuit during dead-time for LLC resonant converter

The turn-off current of the primary switches is the peak magnetizing current as
shown in Figure 4-1. Because of the high value of Lm, the transformer magnetizing
current during the dead-time can be assumed to be constant. This magnetizing
current must be big enough to discharge the junction capacitors of primary switches
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during the dead time td to ensure the ZVS turn-on. This limitation can be expressed
as

I Lmp >

2VinCj
td

Where Vin is the input voltage of LLC resonant converters, Cj is the equivalent
junction capacitor of primary switch, ILmp is the peak magnetizing current. Cj is based
on the stored charge because of the nonlinearity of the MOSFET junction capacitor.
ILmp can be expressed as

I Lmp =

nVO TS
Lm 4

Where n is the transformer turns-ratio, TS is the switching period. Then to satisfy
the ZVS criteria, Lm should be

Lm ≤

TS ⋅ td
16Cj

To achieve minimum conduction loss, a large Lm is preferred. At the same time,
design of Lm also needs to ensure primary switch ZVS turn-on. Therefore, Lm should
be designed so that the peak magnetizing current is equal to the current required for
ZVS switching. That is,

Lm =

TS ⋅ td
16Cj

For a given dead-time td, Lm can be optimally designed based on the above
equation and the high efficiency at normal operation can be achieved.
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After the goal of high efficiency at the normal operation is achieved by design of
the magnetizing inductor Lm, the next step is to address the 2nd design goal of
having enough maximum voltage gain to regulate output voltage for the holdup time
operation.
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Figure 4-4. Peak gain for different Ln and Q combinations

As analyzed in Chapter 2, the required maximum gain is determined by the
selection of the minimum operation voltage for LLC resonant converters. Once the
minimum input voltage is selected, the other resonant components can be designed
accordingly. With simulation tool Simplis, peak gain for different Ln and Q
combinations have been shown in Chapter 2. This peak gain information is redrawn
into contour curves here in Figure 4-4 which can be used to locate other design
parameters of LLC resonant converters. For example, the nominal input is 400V and
the minimum input voltage is selected as 200V. Then the required maximum gain is
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2. For this case, any point in Figure 4-5, that is one combination of Ln and Q, on line
with mark 2 and below it can satisfy the required peak gain.
In order to narrow the design parameters, Lm is considered. Once Lm is designed
for high efficiency in the normal operation, the relationship between Lm and LnQ is
fixed as:

Lm = f (LnQ) = LnQ ⋅

n2 RL
2πf 0
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Figure 4-5. One design example of LLC resonant converter

For instance, 1MHz switching frequency and 100ns dead-time are selected for a
1KW LLC resonant converter, the magnetizing inductor is designed as 13uH based
on the equivalent junction capacitance (APT5024BFLL is selected as the primary
switch). Then with the above equation, Lm can be drawn as shown in Figure 4-5. All
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the Ln and Q combinations on this Lm line give the same conduction loss and
switching loss in the normal operation. So combining the required maximum gain
and Lm line together, Ln needs to be on the Lm line with Ln larger than 14.
After going through these steps, the choice of Ln and Q is narrowed to a portion
of Lm line in Figure 4-5. But still infinite choices are there. In order to go further to
find a suitable Ln and Q design, the impacts of Ln and Q combination on circuit
performance and even components size need to be evaluated. After the Lm is
designed, different Ln and Q designs will not influence the efficiency in normal
operation. Different Ln and Q combinations could lead to different power loss for the
operation during the holdup time. But the time duration for holdup is less than 20ms.
So higher power loss during the holdup time will not cause thermal issue. Figure 4-6
shows the voltage stress on the resonant capacitor Cr for different Ln. The x-axis is
the voltage gain instead of switching frequency because with same voltage gain
different Ln designs that have the same input voltage will give same output, which
means a fair comparison. Here the normalized base for the y-axis is the converter
output voltage. It can be observed that a larger Ln lead to smaller voltage stress on
Cr. On the other hand, a larger Ln means a smaller resonant inductor Lr for a
designed Lm, thus a larger Cr value. The voltage rating together with capacitance
value determines the capacitor size. So tradeoff needs to be made for Ln design
based on state-of-the-art capacitor technology to have a small resonant capacitor
size. After Ln is selected, then the Lr is determined. Q and Cr are determined
accordingly.
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Voltage stress on Cr
Figure 4-6. Impact of Ln on voltage stress on Cr

To summarize this existing design procedure as follows: According to the input
voltage and output voltage for normal operation, the transformer turns-ratio can be
designed. By choosing certain switching frequency and dead-time, the magnetizing
inductor can be designed for small conduction loss and soft switching. With the
required minimum input voltage for the converter, the maximum voltage gain can be
checked for the designed Lm.

If the required maximum voltage gain cannot be

satisfied, Lm can be reduced to meet the gain requirement. After that, Ln can be
designed based on the tradeoff of voltage stress and value of resonant capacitor.
Finally, Q can be selected accordingly.

4.3 Effect of Dead-time
In the existing design procedure, high efficiency at normal operation and the
capability of achieving enough voltage gain to regulate output voltage during the
holdup time are the two design goals. It is revealed that the key to achieve high
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efficiency is to design a suitable magnetizing inductor Lm. For certain switching
frequency and MOSFET junction capacitor of primary switches, the magnetizing
inductor is designed based on the equation:

Lm =

TS ⋅ td
16Cj

It is obvious that for a given dead-time td, this equation leads to an optimal
magnetizing inductor based on the aforementioned design procedure. However, if
the dead-time is changed, the magnetizing inductor should be changed accordingly.
Now the question is for a given dead-time, the optimal magnetizing inductor can be
designed, but the aforementioned design procedure cannot tell what dead-time is
the optimal dead-time.
With a larger dead-time, a larger magnetizing inductor can be used while still
having ZVS operation. In this case, the magnetizing current is smaller, so turn-off
loss in primary switches is smaller. But it is difficult to tell whether the conduction
loss is larger or smaller when the dead-time changes from a small value to a large
one. In order to keep the converter running at the resonant frequency when
changing dead-time, the resonant period should be kept same as shown in Figure 47. So with a larger dead-time, the switching period TS, that equals T0+2td, gets
larger. Since the energy is transferred to the load only in the shaded area, the
effective duty cycle T0/TS for energy transferring is smaller for the larger dead-time
case. Therefore, the current difference iLr-iLm has to be increased higher to
compensate the duty cycle loss caused by the larger dead-time. The RMS current in
both primary side and secondary side are determined by the resonant tank current iLr
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together with the magnetizing current iLm over the whole switching period. Now iLm is
smaller but the current difference iLr-iLm is larger during the resonant period. So it is
difficult to tell whether the conduction loss is higher or smaller with a larger deadtime before the mathematical equations are derived.
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Figure 4-7. Operation waveforms w/ different dead-time td (td1< td2)

When the dead-time is changed from a large value to a small value, the
magnetizing inductor is smaller. The turn-off current of primary switch is larger, thus
larger turn-off loss. For the conduction loss, the magnetizing current iLm is higher, but
the current difference iLr-iLm during the resonant period is smaller. It is still difficult to
tell whether the conduction loss is larger or smaller without equations because both
primary side and secondary side RMS current is determined by iLr together with iLm.
In order to find out what dead-time is optimal for the design LLC resonant
converters at normal operation, the equations of RMS current by counting in deadtime for both primary side and secondary side need to be derived. If the dead-time is
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not neglected for quantitative analysis, the switching period is equal to T0+2td. The
ZVS operation condition for primary switches is

I Lmp >

2VinCj
td

Where Vin is the input voltage of LLC resonant converters, Cj is the equivalent
junction capacitor of the primary switch, ILmp is the peak magnetizing current. Cj is
based on the stored charge because of the nonlinearity of MOSFET junction
capacitor. Assume the magnetizing current is constant during the dead-time, ILmp
can be expressed as

I Lmp =

nVO T0
Lm 4

Where n is the transformer turns-ratio, T0 is the resonant period. Then to satisfy
the ZVS criteria, Lm should be

Lm ≤

T0 ⋅ td
16Cj

To achieve minimum conduction loss, a large Lm is preferred. At the same time,
the design of Lm also needs to ensure primary switch ZVS turn-on. Therefore, Lm
should be designed so the peak magnetizing current is equal to the current required
for ZVS switching. That is,

Lm =

T0 ⋅ td
16Cj

This conclusion is same as that in the existing design procedure.
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4.3.1 Effect of Dead-time on Conduction Loss
The waveforms with dead-time td at the resonant frequency are shown in Figure
4-8. In half of the resonant period the resonant tank current iLr is a piece of
sinusoidal wave, and the magnetizing current iLm keeps linearly increasing or
decreasing. In the dead-time, the resonant tank current iLr attaches to the
magnetizing current iLm to discharge junction capacitors of primary switches.
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Figure 4-8. Operation waveforms at resonant frequency w/ dead-time td

The resonant tank current iLr during T0/2 can be expressed as

iLr (t) = 2I RMS_ P sin(ω0t + Φ )
Where IRMS_P is the resonant tank RMS current, ω0 is the angle frequency of
resonant frequency, and Φ is the initial angle of iLr. At the resonant frequency, the
magnetizing inductor is charged and discharged by output voltage during half of the
resonant period. The magnetizing current can be represented as
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2⎠
2⎠
⎝
⎝

nV0
(t − NT0 )
Lm

iLm(t) = iLm_ m

iLm(t) = iLm_ m −

nV0 ⎡ ⎛
1⎞ ⎤
t − ⎜ N + ⎟T0 ⎥
⎢
2⎠ ⎦
Lm ⎣ ⎝

1⎞
⎛
when ⎜ N + ⎟TS ≤ t < (N +1)T0
2⎠
⎝
when (N +1)T0 ≤ t < (N +1)TS

iLm(t) = −iLm_ m

Where iLm_m is the peak magnetizing current, n is the transformer turns-ratio, V0 is
the output voltage, Lm is the magnetizing inductance, N is an integer, T0 is the
resonant period, and TS is the switching period. The peak magnetizing current is
calculated as

iLm_ m =

nV0 T0
⋅
Lm 4

Based on the circuit characteristic of LLC resonant converters, at the beginning
of each switching cycle, the resonant tank current is equal to the magnetizing
current. Therefore, the resonant tank current at the beginning of each cycle is

iLr (t0 ) = 2I RMS_ P sin(Φ ) = −

nV0 T0
⋅
Lm 4

The difference between the resonant tank current iLr and magnetizing current iLm
is the current that goes through secondary side. So the following relationship stands,
T0
2
0

∫

⎡
nV0 T0 nV0 ⎤
+
Φ
+
⋅ −
I
w
t
2
sin(
)
t⎥ dt
0
⎢ RMS_ P
L
4
L
m
m
⎣
⎦ = V0
TS / 2
nRL
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In this equation, RL is the load resistance. The RMS current of the resonant tank
thus can be derived as
2
1 V0 n4 RL TS
2 16π (T0td + td )
π
=
+
4
+
2
2
Lm
T0
4 2 nRL
2

I RMS_ P

2

2

The resonant tank current continues going through the primary switches, so this
RMS current determines the primary side conduction loss. Compared this equation
with the resonant tank RMS current without considering dead-time, it can be
observed that there is an additional term related to the dead-time. To substitute Lm
with Lm =

T0 ⋅ td
, the resonant tank RMS current can be expressed as
16Cj
4
2
2
1 V0 256Cj n RL
2 16π (T0td + td )
=
+ 4π +
2
2
td
T0
4 2 nRL
2

I RMS_ P

2

Where V0 is the output voltage, n is the transformer turns-ratio, RL is the load
resistance, Cj is the junction capacitance of primary switches, T0 is the resonant
period, and td is the dead-time. For any specific load, the resonant tank RMS current
is only determined by the magnetizing inductance or the dead-time td because all
other parameters such as transformer turns-ratio and output voltage are
predetermined according to the converter specifications. For example, for a 1MHz,
1kW, 400V to 48V LLC resonant converter, if APT5024BFLL from APT is selected
as primary switches, n is designed as 4, the relationship between the resonant tank
RMS current and the dead-time td at full load and 50%Iomax is shown in Figure 4-9.
Since one dead-time corresponds to one magnetizing inductance, Lm is put in Figure
4-9 as the 2nd x-axis. The resonant tank RMS current is a U-shape curve as a
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function of the dead-time. It means that there is an optimal magnetizing inductor
determined by an optimal dead-time, which leads to the minimum resonant tank
RMS current. Also it can be seen the optimal dead-time for different load is different.
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Figure 4-9. Resonant tank RMS current vs. dead-time td

Besides the primary side conduction loss, the secondary side conduction loss
also needs to be investigated especially for low output voltage and high output
current applications. It is very desirable to minimize the secondary side RMS current.
In order to achieve higher efficiency, the synchronous rectifier is preferred. The
current in the synchronous rectifier is the difference between the resonant tank
current and the magnetizing current, then the RMS current in the SR can be
calculated based on the RMS current definition,

73

I RMS_ S =

T0
2
0

∫ [i

Lr

2

(t) − iLm(t)] dt
TS / 2

The closed-form equation can be expressed as,

3 V0 (5π 2 − 48)n4 RL T0 12π 4T0 48π 4 (T0td + td )
+
+
=
2
24π RL
T0 + 2td
T0 (T0 + 2td )
Lm (T0 + 2td )
2

I RMS_ S

3

2

To substitute Lm in this equation, the secondary side RMS current is,
2
4
2
3 V0 256⋅ Cj (5π − 48)n RL T0 12π 4T0 48π 4 (T0td + td )
=
+
+
2
24π RL
T0 + 2td
T0 (T0 + 2td )
td (T0 + 2td )
2

I RMS_ S

2

The secondary side RMS current is also entirely determined by dead-time
design. For instance, for a f0=1MHz, 1kW, 400V to 48V LLC resonant converter, the
relationship between the SR RMS current and the dead-time td at full load and
50%Iomax is shown in Figure 4-10. For the same reason, Lm is put in Figure 4-10 as
the 2nd x-axis. The SR RMS current is also a U-shape curve as a function of the
dead-time. It means there is an optimal magnetizing inductance determined by an
optimal dead-time, which leads to the minimum RMS current in the SR at a specific
load condition. The optimal dead-time for different load is different, either.
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Figure 4-10. SR RMS current vs. dead-time td

Through the above analysis, both the primary side and secondary side RMS
current is only determined by the magnetizing inductor that is determined by the
dead-time design when LLC resonant converters operate at the resonant frequency.
Thus both the primary-side and secondary side conduction loss is determined by the
dead-time design. It is not true as the conventional wisdom states that the smaller
dead-time, the better efficiency. The fact in LLC resonant converters is that
conduction loss vs. dead-time curve is a U-shape curve. There is an optimal deadtime that gives minimum conduction loss at a specific load. For different load, the
optimal dead-time is different.
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4.3.2 Effect of Dead-time on Switching Loss
Because ZVS turn-on can be achieved for primary switches, there is no turn-on
loss for primary switches in LLC resonant converters. The switching loss in LLC
resonant converters at the resonant frequency is the turn-off loss of primary
switches. The turn-off loss is determined by the turn-off current and the length of
turn-off transition time. The turn-off current is the peak magnetizing current that is
determined by the magnetizing inductor. As discussed aforementioned, one
magnetizing inductor corresponds to one dead-time. So it is the dead-time that
determines the switching loss in LLC resonant converters.
According to the operation characteristic of LLC resonant converters at the
resonant frequency, the turn-off current of primary switches are same over the whole
load range. So the switching loss over the whole load range is same. In order to
investigate the switching loss, a loss model is needed. Quite lot efforts are spent on
developing loss models in the past years. Basically, the loss models can be
classified into three types. One is physics-based loss model. The physical
parameters of the device, such as geometry, doping density etc., are input into
simulation software, e.g. Medici and ISE, to do finite element analysis (FEA).
Simulation results are close to reality with this method. However, it takes a long time
for simulation. For example, it normally takes one to two days to simulate only two
switching cycles of a simple buck converter. The second method is to use device
behavior model which has some key parameters to describe the device. Almost
every device vendor provides behavior model for its device. The behavior model of
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device is put into some simulation software, e.g. Saber, to achieve the switching
loss. This method has good tradeoff between accuracy and simulation time. The
third one is called analytical loss model or mathematical model. For this method,
mathematical equations are derived based on some equivalent circuits. Then the
switching loss can be calculated based on the derived equations.
For LLC resonant converters, not like conduction loss which is not same for any
different load condition, the switching loss is same over the whole load range, thus
the switching loss investigation with both behavior model and analytical model is
acceptable from time consumption point of view. The switching loss for a 1MHz,
1kW, 400V to 48V LLC resonant converter at different dead-time is shown in Figure
4-11. For the same reason, the magnetizing inductance is shown as the 2nd x-axis.
These data are based on Saber simulation with device model.
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Figure 4-11. Switching loss vs. dead-time td
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It can be seen that the switching loss keeps decreasing with the increasing of the
dead-time. However, the effectiveness of increasing dead-time is limited when it is
larger than 200ns for this example. This phenomenon somehow can be explained as
the high voltage in the primary side. When the dead-time is larger, the turn-off
current of primary switches is smaller. However, the turn-off transition time is longer.
Although the current during the turn-off transition period is smaller, the switching loss
is not much reduced due to the longer time period of overlapping of switch current
and high voltage.

4.4 Dead-time Optimization for High Efficiency
Through the above analysis, both the conduction loss and switching loss for LLC
resonant converters operating at the normal condition is only determined by the
magnetizing inductance that is determined by the dead-time design. So in order to
achieve high efficiency at the normal operation condition, it is to design an optimal
dead-time that gives the optimal magnetizing inductance. As shown in the previous
two sections, for the conduction loss, the optimal dead-time at different load
conditions is different for both primary side and secondary side; for the switching
loss, it is same over the whole load range at a specific dead-time. Furthermore, at a
specific load condition, the optimal dead-time for primary side conduction loss and
secondary side conduction loss is also different. Thus the dead-time optimization
should be made based on the total loss of conduction loss and switching loss.
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Figure 4-12 shows the relationship between the total power loss and dead-time
at the full load on the 1MHz, 1kW LLC resonant converter. APT5024BFLL from APT
is selected as primary switch. Lm is designed based on the junction capacitance of
APT5024BFLL and different dead-time. Dead-time td=100ns is the optimal point for
minimum loss at full load.
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Figure 4-12. Total loss vs. dead-time td

However, nowadays the full load is not the only load condition for the high
efficiency requirement. In the real world, 70%~80%Iomax load condition stands more
time than the full load. Furthermore, in order to comply with those energy saving
regulations initiated by some international official organizations, industry has raised
the efficiency requirement for 50% load, even down to 20% load. High efficiency
over a wide load range is the requirement in the real world.
The analysis of dead-time optimization makes high efficiency optimization over a
wide load range achievable. Based on the analysis in the previous sections, the
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optimal dead-time for a specific load condition can be found. With this method, the
total loss over a wide load range at one dead-time can be easily plotted. Then a
bunch of total loss curves with different dead-time can be plotted. At what load
range, what dead-time can give higher efficiency is obvious on the curves. As an
example, Figure 4-13 shows the total loss over 20% load to the full load at several
different dead-times for the aforementioned 1MHz, 1kW LLC resonant converter.
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Figure 4-13. Total loss over wide load range w/ different dead-time td

It can be observed from Figure 4-13 that the 100ns dead-time can give the best
efficiency at the full load while 300ns dead-time can give better performance at less
than 50% load conditions. Among these power loss curves, the dead-time 150ns
makes a better tradeoff between the heavy load and the light load.
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4.5 Experiment Results and Summary
A 1MHz, 1kW, 400V-48V prototype, shown in Figure 4-14, is built to verify the
dead-time optimization for the LLC resonant converter at normal operation condition.
Synchronous rectification with the driving scheme developed in Chapter 3 is applied.
The magnetizing inductance Lm is chosen based on different dead-time. The
resonant inductor Lr is kept the same as 1µH and the resonant capacitor Cr is kept
the same as 25nF for different Lm which corresponds to different td designs. The
transformer turns ratio is 4. For the primary switch, APT5024BFLL from APT is
selected according to 400V input, 1kW power level and high switching frequency
1MHz. 150V Trench MOSFET FDP2532 from Fairchild is selected for the secondary
synchronous rectifier for small Rds_on.

Figure 4-14. 1MHz 1kW 400V-48V LLC resonant converter with SR

The measured efficiency with different dead-time design is shown in Figure 4-15.
The measured results match the previous dead-time optimization analysis quite well.
The best efficiency at full load is achieved with the design of td=100ns. When the
load is below 20%Iomax, the design with a larger dead-time gives a better
performance. Considering the efficiency over a wide load range 20%Iomax to full load,
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the design with 150ns dead-time can achieve a better overall performance. Because
the efficiency of design with td=150ns is close to that with td=100ns at heavy load
while it can achieve 1.5% higher efficiency at 20%Iomax and 3% higher efficiency at
around 10%Iomax. However, it is not to say the design of td=150ns is always the best.
Actually, which efficiency curve is better depends on the specific efficiency
requirement for the wide load range.
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Figure 4-15. Measured efficiency w/ different dead-time design

82

Converter
Specifications
Switching
frequency

Transformer
turns-ratio

MOSFET

Dead-time
Optimization

Lm

N

Maximum gain
requirement
Y
LnQ
Ln
Q, Cr

Figure 4-16. Design procedure of LLC resonant converter

This chapter focuses on the design procedure of LLC resonant converters. One
existing design procedure is introduced first, and then some improvements to the
design procedure on optimization at normal operation are developed. Through the
analysis, the performance at normal operation is only determined by the magnetizing
inductor design which is determined by the design of dead-time. After mathematical
equations derivation for both primary side and secondary side RMS current with
consideration of dead-time, it is revealed that both primary side and secondary side
RMS current have a U-shape curve vs. dead-time. There is an optimal dead-time
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that can achieve the minimum power loss for a specific load. By plotting the total
loss over the wide load range with a bunch of different dead-time designs, it is
achievable to find the dead-time which can have a better overall performance over a
wide load range instead of optimization only at the full load condition. The flowchart
representing the whole design procedure of LLC resonant converters is shown in
Figure 4-16.
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Chapter 5 Summary and Future Work
5.1

Summary
With the development of information technology, the market for power

management of telecom and computing equipment keeps increasing. Distributed
power systems are widely adopted in the telecom and computing applications for the
reason of high performance and high reliability. As one of the key building block in
distributed power systems, DC/DC converters in the front-end converters are still
under the pressure of increasing efficiency and power density. Furthermore, recently
industry brought out aggressively high efficiency requirements for a wide load range
for power management in telecom and computing equipment. High efficiency over a
wide load range is now a requirement. Due to the hold-up time requirement, bulk
capacitors are normally put at the input of DC/DC converters. In order to achieve
high power density, DC/DC converters with wide input voltage range capability are
preferred. PWM DC/DC converters cannot achieve high efficiency for well known
reasons when they are designed for wide input voltage range. As a promising
topology for this application, LLC resonant converters can achieve both high
efficiency and wide input voltage range capability because of the voltage gain
characteristics.
This thesis focuses on how to improve the efficiency of LLC resonant converters.
In chapter 3, the complete solution of synchronous rectification of LLC resonant
converters is discussed. The driving of synchronous rectifier can be realized by
sensing the voltage Vds of the SR. The turn-on of the SR can be triggered by the
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body-diode conduction of the SR. With the Vds compensation network, the precise
voltage drop on the Rds_on can be achieved, thus the SR can be turned off at the right
time. Compared with the diode version, more than 3% higher efficiency is achieved
at the full load on a 1MHz, 1KW LLC resonant converter with synchronous
rectification.
In chapter 4, the efficiency optimization at normal operation over a wide load
range is discussed. It is revealed that the power loss at normal operation is solely
determined by the magnetizing inductor while the magnetizing inductor is designed
according to the design of dead-time td. The relationship between the power loss
and the dead-time provides a tool for the efficiency optimization. With this tool, the
efficiency optimization of LLC resonant converters can be done according to
efficiency requirement over a wide load range.

5.2 Future Work
5.2.1 Digital Control of SR Driving
The complete solution of the SR driving for LLC resonant converters is realized
with discrete analog components as discussed in chapter 3. Although the idea for
the SR driving is simple, the implementation in the analog way is not simple.
Furthermore, due to the parameters variation from component to component, some
design margin needs to be left when the analog approach is adopted in production.
However, with digital technology, improvements in both above two aspects are
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expected. Figure 5-1 shows the drawing of analog approach and the concept
drawing of digital approach. With the digital approach, the Vds compensation network
is still there, which provides the proper voltage on Rds_on while the SR is on. All
calculation and control functions can be left for the digital control. A perfect SR
driving is expected with the powerful calculation and self-learning capability of the
digital approach.
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Digital Solution

Rcs
Sa
Ccs Sb

Controlled
by Digital
IC

Figure 5-1. Digital solution of SR driving in LLC resonant converter

5.2.2 Green Mode Operation of LLC Resonant Converter
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With the pressure of energy saving regulations, high efficiency at very light load,
even power consumption at no load will be requirements for power converters in
next a few of years. For the LLC resonant converter, this kind of requirements
cannot be satisfied if it always operates in the continuous operation mode. The
reason is that the switching related loss and core loss of the power transformer are
almost same for the whole load range.
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Figure 5-2. Measured efficiency on 1MHz, 1kW LLC converter (SR version)
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Figure 5-3. Loss breakdown of LLC resonant converter at 5%Pomax

The measured efficiency on a 1kW, 400V to 48V LLC resonant converter is
shown in Figure 5-2. The efficiency at light load drops very quickly. From the loss
breakdown at 5%Pomax shown in Figure 5-3, it can be seen that the highest two loss
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parts are the core loss of power transformer and switching loss. The primary drive
loss and secondary SR drive loss are also switching related loss. This lossbreakdown tells that in order to achieve high efficiency at light load, the approach is
to reduce the switching related loss.
VOH

VO

VOL

t
Vgs_pri
t
Figure 5-4. Concept of green mode operation

Green mode operation is one effective way to reduce the switching related loss.
The concept of the green mode operation is shown in Figure 5-4 in which Vgs_pri is
drive signal of the primary switch of LLC resonant converters. When the pre-set light
load condition is reached, the converter enters the green-mode operation. During the
green mode operation, there is a pre-set window for the output voltage. The LLC
resonant converter is turned off when its output voltage reaches the up-threshold
VOH of the pre-set voltage window. After the converter is turned off, bulk output
capacitors of the converter provides energy to the load. The output voltage
decreases gradually with the decay of energy stored in the output capacitors. When
the output voltage touches the bottom-threshold VOL of the pre-set voltage window,
the converter is turned on again.
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When the LLC resonant converter operates in the green mode, it operates for
some time, and then rests for some time. All switching related loss will be reduced in
this operation mode. Core loss will be reduced, too. High efficiency can be expected.
However, there are some challenges with the green mode operation of LLC
resonant converters. For PWM converters, during the green mode operation, when
converters are turned on when the bottom output voltage threshold VOL is reached,
the current in switches can be well limited by the error signal of the closed feedback
loop. In other words, it is a kind of soft-start procedure. For LLC resonant converters,
the case is quite different. Figure 5-5 shows one control algorithm for LLC resonant
converters in the green mode operation [5.3]~[5.7]. When the load changes from the
heavy load to the light load, the feedback loop regulates the Vo by increasing the
switching frequency. If the pre-set light load condition for the green mode is reached,
the converter enters the green mode. The frequency at the pre-set load for the start
of the green mode is set as fsmax. The converter operates at fsmax during the on
period in the green mode operation. The design of the 1MHz, 1kW, 400V to 48V LLC
resonant converter is again taken as an example to demonstrate the operation of the
green mode operation with this kind of conventional control algorithm. The simulated
waveforms at 5%Iomax in the green mode with this control algorithm are shown in
Figure 5-6. It can be seen that there is a high surge current in the circuit, which is
even higher than that at the full load in the continuous operation mode as shown in
Figure 5-7.
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Figure 5-5. One control algorithm of green mode operation in LLC converter
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Figure 5-6. Simulation waveforms of green mode operation in LLC converter

There are two reasons for this high surge current. The first reason is the voltage
gain mismatch as shown in Figure 5-8. According to the control algorithm, when the
load reaches the pre-set load condition for the green mode operation, the converter
is turned off to enter in the green mode. This pre-set load condition for the start of
the green mode corresponds to the switching frequency fsmax as shown in Figure 5-8.
Then the output voltage of the converter begins to drop. When the output of the
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converter touches the pre-set bottom threshold VOL which corresponds to fSVOL in
Figure 5-8, the LLC resonant converter is turned on with fsmax. The input and output
of the resonant tank has a gain mismatch at the turn on as shown in Figure 5-8. This
gain mismatch can cause high surge current in the resonant tank.
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Figure 5-7. Simulation waveforms at full load in continuous operation mode
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Figure 5-8. Gain mismatch of green mode operation in LLC converter

The other reason for high surge current in the green mode is shown in Figure 59. Figure 5-9(a) shows the operation waveforms at 5%Iomax in the green mode and
Figure 5-9(b) shows the operation waveforms at 5%Iomax in the continuous operation
mode. It can be observed that in the continuous operation mode, the magnetizing
current is always at the peak value at the turn-on edge of primary switches and
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crosses 0A at TS/4. However, when the LLC resonant converter is turned on in the
green mode as shown in Figure 5-9(a) the magnetizing current starts from 0A, but
reaches twice of peak value as that in the steady state. Also the voltage on the
resonant capacitor is not same as that in the steady state. The incorrect initial
conditions for resonant components cause high surge current in the circuit.
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Figure 5-9. Simulation waveforms comparison

With the expectation to reduce the high surge current in the green mode
operation of LLC resonant converters, a new control algorithm is proposed in Figure
5-10. Since there will be high switching loss when the LLC resonant converter works
at the switching frequency higher than the resonant frequency, the converter is
designed with switching frequency a little bit smaller than the resonant frequency.
Compared with the conventional control algorithm, this control algorithm makes LLC
resonant converters work in a totally different way. The regulated Vo is set as the
bottom threshold VOL of the output voltage window and the up-threshold VOH of
output voltage window is set higher than the regulated Vo. When the load gets
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lighter, the converter regulates its output by increasing the switching frequency.
When the pre-set load condition for the green mode operation is reached, the
switching frequency corresponding to this load condition is remembered as fSVOL as
shown in Figure 5-10. Then the voltage gain of the converter is raised up by
decreasing the switching frequency so the up-threshold VOH can be reached. The
converter is turned off at the time when the up-threshold is touched. Then the output
bulk capacitors support the output load. When the bottom threshold VOL is reached
after some time, the converter is turned on with the remembered switching
frequency fSVOL. In this way, there is no gain mismatch when the converter is turned
on. In other words, when the converter is turned on, the resonant tank current iLr
should be the same as the magnetizing current if all resonant components are with
correct initial conditions. There is no energy transferring to the output. Then the
voltage gain of the converter is raised up by decreasing its switching frequency to
touch VOH to repeat the burst cycle. Another novelty of the proposed control
algorithm is that the primary top switch is turned on with ¼ of the switching period for
the first switching cycle as shown in Figure 5-10. In this way, the magnetizing current
will match well with that in the steady state. With this control algorithm, there is no
gain mismatch at the turn-on of the LLC resonant converter in the green mode. The
magnetizing inductor and the resonant inductor are with correct initial condition at
the turn-on of the converter.
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Figure 5-10. Proposed control algorithm for green mode operation of LLC resonant
converter

The simulated waveforms at 5%Iomax with the proposed control algorithm for the
green mode operation of LLC resonant converters is shown in Figure 5-11. It can be
clearly seen from the zoomed-in waveforms that the magnetizing inductor is excited
from 0A and reaches peak value after ¼ of the switching period in the first switching
cycle at the turn-on. However, the resonant tank current is not same as magnetizing
current as expected. This is caused by the incorrect initial voltage on the resonant
capacitor at the turn-on as shown in Figure 5-11(b). But with this proposed control
algorithm, the surge current at turn-on in the green mode can be greatly reduced,
which makes the green mode operation of LLC resonant converters possible.
In order to have good performance of LLC resonant converters in the green
mode operation, there are a lot of work remained. How to achieve the right initial
voltage on the resonant capacitor for the first switching cycle in the green mode is
very critical to improve the performance. To implement the control algorithm with the
digital control is another interesting aspect of this research topic for future work.
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