
Cfilt Vout

+
S7

S8

Lfilt

S1

S2

 

n:1
S3

S6

S4

S5
Lr

Cr Lm Cout

-

Batt

(a)

(b)

(c)

S1

S2

 

n:1

S3

S6

S4

S5

Lr

Cr Lm Cout Vout

+

-

Batt

S1

S2

 
n:1

S3

S6

S4

S5
Lr

Cr Cout Vout

+

-

Batt

iLr

iLr

iLm

iLm

is

is+ -
vCr

+ -
vCr

iLr
+ -

vCr

iLm

is

 
Fig. 1.  High step-down ratio isolated dc/dc converters for PEV 
applications: (a) LLC-Buck (b) LLC(c) DTC-SRC. 
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Abstract—In plug-in electric vehicles (PEVs), an isolated dc/dc 

converter with high step-down ratio is required to supply power 
to the onboard appliances. The wide battery pack voltage range 
on the input side brings significant challenges to the design and 
optimization of this dc/dc converter. This study comprehensively 
compares LLC resonant topology, series-resonant topology with 
delay-time control (DTC-SRC), and LLC cascaded with buck 
topology (LLC-Buck) in terms of the power density, system 
efficiency and control complexity. It is found that the LLC-Buck 
topology maintains the best overall conversion efficiency 
performance. A 400 W LLC-Buck converter prototype is designed 
and tested to verify the proof of concept. 

Keywords—Delay-time control; high step-down; LLC; LLC-
Buck; PEV; SRC; zero voltage switching (ZVS) 

I. INTRODUCTION 
With the benefits of low carbon emission and reduced 

urban air pollution, PEVs have gained their worldwide 
popularity [1]–[3]. PEV is typically equipped with a high 
voltage battery pack and a low voltage battery providing power 
to the traction motor and the onboard appliances, respectively 
[4]. A high step down ratio isolated dc/dc converter is required 
to convert the high voltage from the propulsion battery pack to 
a low voltage defined by the auxiliary battery (12V/14V). For 
safety reasons, galvanic isolation is required for this application. 
The output voltage of the high voltage battery pack varies in a 
wide range (e.g. 250V-420V) with the change of battery State-
of-Charge (SOC) [5], [6]. Thus, this dc/dc converter must be 
adapted to the wide output voltage range of the propulsion 
battery pack. 

Pulse frequency modulated (PFM) resonant topologies are 
good candidates to achieve this dc/dc conversion. This is 
mainly due to their attractive features, such as ZVS, high 
conversion efficiency, high power density and low 
electromagnetic interference (EMI) [7], [8]. However, the wide 
input voltage range is mapped to a wide voltage conversion 
ratio range. This conversion ratio range is mirrored to a wide 
frequency variation range in the gain-frequency map of 
resonant topologies. When the switching frequency of resonant 
circuits increases beyond the resonant frequency, driving losses, 
switching losses and core losses of magnetic components will 
increase[9], [10]. When the switching frequency of resonant 
circuits decreases below the resonant frequency, the size of 
magnetic cores, current stresses, conduction losses will 

increase. Therefore, reducing the switching frequency range of 
resonant converters with a wide input-voltage range brings 
significant benefits. Recently, many studies have been done to 
address this issue [11]–[14]. In [11], Reduction in the switching 
frequency range is achieved by controlling the output voltage 
with a combination of variable-frequency feedback control and 
open-loop delay-time control. In [12], switching frequency 
reduction is implemented with a two-phase interleaved boost 
converter and a full-bridge LLC resonant converter. In [13], a 
switch-controlled capacitor modulated LLC converter is 
presented to solve the load-sharing problem with constant 
switching frequency. in [14], one leg of the full-bridge diode 
rectifier is replaced with synchronous rectifier (SR) switches. 
When the input voltage of the converter decreases, the SR 
switches are controlled using phase shifted switching signals to 
obtain a higher gain without decreasing the switching 
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Fig. 2.  Theoretical waveforms of the LLC converter working below 
resonant frequency. 

frequency. However, these proposed studies achieve reduced 
switching frequency range at the cost of large components 
count or complicated control method. Hence, a study of 
applicable topologies and a comprehensive comparison 
regarding to power density, system efficiency and control 
complexity is necessary. 

This paper lists three applicable promising topologies for 
this specific application. They are LLC-Buck, LLC [15], [16], 
and DTC-SRC [11] respectively. The schematics of those three 
converters are plotted in Fig. 1. It should be noted that in order 
to facilitate the comparison and to realize the open-loop delay-
time control of DTC-SRC topology, half bridge inverter and 
full bridge synchronous rectifier are uniformly adopted in the 
secondary side of those three circuits.  

In this paper, a mathematic model is proposed to analyze 
and to compare those three converters. The effectiveness of the 
switching frequency reduction of resonant converters is 
evaluated. The applicable occasions for those three converters 
are discussed. The power density, system conversion efficiency 
performances and control complexity are compared using 
theoretical analysis and experimental results. 

II. CONVERTER OPERATING PRINCIPLES 
The normalized voltage gain of LLC converter is either 

higher or lower than unity, depending on the relationship 
between its switching frequency and the resonant frequency of 
Lr and Cr. If properly designed, this topology can achieve ZVS 
of the primary switches and zero-current-switching (ZCS) of 
secondary rectifier. 

DTC-SRC topology has the same circuit configuration as 
the conventional SRC converter. However, the control 
technique is different. The voltage regulation is achieved by the 
combination of variable-frequency feedback control and open-
loop delay-time control. When the input voltage decreases to 
be lower than the threshold, open-loop delay-time control is 
activated. During the delay-time interval, the secondary side of 
the transformer is shorted and sees a zero voltage. Therefore, 
this control technique introduces boost feature to the circuit, 
which contributes to a boosted output voltage. Meanwhile, 
combined with the frequency variation feedback control, this 
converter can also achieve a wide voltage gain range with 
reduced frequency window. 

LLC-Buck topology is a two stage converter. In the first 
stage, constant frequency half bridge LLC topology is adopted 
to provide unity normalized gain and galvanic isolation. In the 
second stage, a buck topology is introduced to provide the 
voltage regulation performance. Moreover, this bidirectional 
buck converter is able to achieve power flow from the 12 V 
onboard low voltage battery to pre-charge the intermediate dc 
bus capacitor. Accordingly, the surge current problem of LLC 
converter in the startup stage can be mitigated. 

III. COMPARATIVE ANALYSIS OF THREE CONVERTERS 

A. Critical Circuit Parameters Analysis 
The input voltage of this step-down isolated dc/dc converter 

varies with the SOC of high voltage battery pack. In this study, 

the input voltage range is set as 250 V to 420 V and the output 
voltage is set as 14 V. Comparative analyses of three 
converters at full load (400 W) are based on the losses 
breakdown, conversion efficiency, power density and control 
complexity.  

To estimate the power losses and efficiency of the 
converters, an accurate steady state analysis is necessary. In 
LLC-Buck topology, since the switching frequency is matched 
with the resonant frequency (fr1) between Lr and Cr, the steady 
state current expression can be easily derived [16]. The 
resonant tank current, iLr, is a sinusoidal wave as defined,  
 ( ) ( ), 12 sin 2Lr rms p ri t I fπ φ= +  (1) 

where, Irms,p is the RMS current, and φ is the initial phase angle. 
The equivalent resistance of buck stage is RL/D2 (D is the duty 
cycle of S7). The RMS current value can be represented by the 
equation,  

 
4 2 2

2
, 2 4

21= 8
8

O L
rms p

L m

DV n R T
I

nR L D
π+  (2) 

where, n is the transformer turns ratio, Vo is the output voltage, 
RL is the load resistance, T is the switching cycle and Lm is 
magnetizing inductance. The magnetizing inductor current 
changes linearly and its peak value can be represented as,  

 
4

o
pk

m

nV TI
DL

=  (3) 

φ can be derived from, 

 ( ),2 sin
4

o
rms p

m

nV TI
DL

φ =  (4) 

The formulas for both the resonant tank current and 
magnetizing inductor current are obtained. Thus, the secondary 
side current can be easily derived. Besides, in LLC-Buck 
topology, the dc gain is, 
 

2
DGain
n

=  (5) 

 In LLC converter, when the switching frequency deviates 
from the resonant frequency, the circuit characteristics are 
complicated to analyze. Usually, first harmonics approximation 
(FHA) is applied to give an approximate description of the 
voltage gain. However, a more accurate dc gain and current 
stresses model is required to calculate the conversion efficiency. 
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Fig. 3.  Theoretical waveforms of the DTC-SRC converter. 

Taking advantage of numerical calculation stool, a more 
precise analysis method is proposed in [17]. According to the 
relationship between circuit parameters, equation set can be 
constructed and solved by mathematic software. Taking the 
LLC topology [as seen in Fig. 1 (b)] as an example. Its 
theoretical waveforms with switching frequency (fs) below fr1 
are plotted in Fig. 2. There are two operation modes in half 
switching cycle. The first mode is denoted as x. x begins at t = 
0 and circuit works like a SRC with Lr resonating with Cr. The 
second mode is denoted as y. y begins at t = t1 and secondary 
side of transformer is equivalent to an open circuit. The 
resonant tank contains Lm + Lr and Cr. The resonant inductor 
current, magnetizing inductor current and resonant capacitor 
voltage in both modes are shown as, 

 ( ), 0
O

Lm x Lm
m

nV
i t I t

L
= +  (6) 

 ( ) ( ), 0 1sin 2Lr x Lr ri t I f tπ α= +  (7) 

 ( ) ( ) ( ), , 1 2sin 2Lm y Lr y Lr ri t i t I f tπ β= = +  (8) 

 ( ) ( )'
, ,Cr x in Lr x r ov t V i t L nV= − −  (9) 

 ( ) ( ) ( )'
, ,Cr y in Lr y r mv t V i t L L= − +  (10) 

where, ILr0 is the initial value of resonant inductor current, ILm0 
is the initial value of magnetizing inductance current, fr2 is the 
resonant frequency between Lr + Lm and Cr, α is the initial 
phase angel of iLr, x (t), β  is the initial phase angel of iLr, y (t). 

 The difference between resonant tank current and 
magnetizing inductor current is the current transferred to the 
load. Moreover, according to mutual relationships among 
equations (6-10), a new group of equations are derived as 
follows, 

 ( ) ( ), ,0 0Lm x Lr xi i=  (11) 

 ( ) ( ), 1 , 1Lm x Lr xi t i t=  (12) 

 ( ) ( ), 1 , 1Lm x Lr yi t i t=  (13) 

 , ,2 2Lr y Lm x
T Ti i⎛ ⎞ ⎛ ⎞= −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (14) 

 ( ) ( ), 1 , 1Cr x Cr yv t v t=  (15) 

 ( ), , 0
2 2

in
Cr y Cr x

VTv v⎛ ⎞ + =⎜ ⎟
⎝ ⎠

 (16) 

 ( ) ( )( )
1

, ,
0 2

t
O

Lr x Lm x
L

V Tn i t i t
R

− =∫  (17) 

This equation group can be solved and the accurate current 
stresses and dc gain can be calculated accordingly. 

 The theoretical waveforms of DTC-SRC topology under 
delay time control mode are plotted in Fig. 3. The expressions 
for dc gain and current stresses are also unavailable. Similar 

method can be used to establish the equation group to calculate 
the current stresses and dc gain.  

B. Efficiency Analysis 
 Power loss models representing switching losses, driving 
losses, conduction losses, and magnetic core losses, are 
presented and evaluated for each converter.  

1) Switching losses 
 The turn-on and turn-off transitions of semiconductor 
devices take tens of nanoseconds to microseconds. The overlap 
of MOSFET current and voltage during the switching transient 
results in switching losses which are proportional to switching 
frequency. While in an appropriately designed LLC converter, 
ZVS of the primary switches and ZCS of secondary rectifier 
can be achieved. For the turn-off transitions of primary side 
MOSFETs, the channel is turned off sufficiently fast while the 
output capacitance (Coss) is slowly charged from zero to Vin. 
Thus, the overlap between channel current and drain source 
voltage is negligible. The energy loss during turning off 
transition can be neglected.  

 In LLC-Buck topology, the switching losses of S7 and S8 in 
buck stage should be considered. One can approximate that the 
MOSFET voltage V(t) and current I(t) are both piecewise-
linear. Hence, the extra switching losses can be expressed as,  

 ( )1
2sw ds ds on off sP V I t t f= +  (18) 

where, Ids is the peak value of I(t), Vds is the peak value of V(t). 
While practically, the switching frequency of buck stage is 
typically much lower than that of the LLC stage. Meanwhile, 
because the voltage stress of S7 and S8 is low, the turn on time 
and turn off time can be several nanoseconds, the switching 
losses of buck stage can be ignored.  

 In DTC-SRC topology, Lr and Cr are in series to form a 
series resonant tank. While this resonant tank is in series with 
the load. Switching frequency is higher than fr1 to facilitate 
ZVS. Therefore, the switching losses of DTC-SRC can also be 
neglected. 

2) Driving losses 
A gate charge Qg is required to turn on the MOSFET. 

When the MOSFET is turned off, Qg is released to the ground 
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Fig. 4. The calculated power loss distribution of three converters (Po = 
400 W). 

and the stored energy is lost. Thus, the driving losses is 
approximated as, 
 dri s gs gP f V Q=  (19) 

According to Eq. (19), Pdri is associated with the 
semiconductor selection and switching frequency. 

In LLC topology, a wide fs range is required. When fs is 
increased to achieve a lower voltage gain, the driving losses 
would increase and vice versa. In LLC-Buck topology, fs is 
fixed, so the driving loss is also fixed. In DTC-SRC topology, 
by changing the frequency, the impedance of resonant tank 
changes accordingly. According to the principle of voltage 
divider, voltage divided by the load changes. If Vin increases, fs 
increases and the driving losses increase. 

3) Conduction losses 
The conduction losses are the dominant loss in low voltage, 

high current applications. The main contributors to the 
conduction losses are the ON-state resistances of switches, and 
the magnetic component copper losses. The conduction losses 
are proportional to the square of component root-mean-square 

(RMS) current (IRMS
2). The conduction losses can be described 

as, 
 2 2

, ,
sec

con rms p on rms s on
pri

P I R I R= +∑ ∑  (20) 

It should be noted that the RMS currents on both sides of those 
three converters can be calculated based on the circuit analysis 
described in Section III-A.  

4)  Core Losses 
Core losses, or iron losses, are caused by the alternating 

magnetic field in the magnetic core. This magnetic field 
variation generates hysteresis losses, eddy current losses and 
residual losses. The core loss for a given material is a function 
of operating frequency (f) and total flux swing (ΔB) as, 
 x y

feP kf B= Δ  (21) 

where, k, x, and y are all the coefficients. The calculation of 
core losses is usually empirical. Curve fitting is typically used 
to determine the coefficients. Practically, this curve can be 
obtained from the datasheet. In those three topologies, the 
voltage on the primary side of transformer is a square wave. 
ΔB can be expressed as, 

 =
2

i n

e

E T
B

nA
Δ  (22) 

where Ei is the amplitude of applied voltage, Tn is the half of 
the switching period, n is the coil number on the primary side, 
and Ae is the effective cross-sectional area. Tn is determined by 
the operating points. In LLC and DTC-SRC topologies, Ei 
equals nVo. In LLC-Buck topology, Ei equals Vin/2 
approximately. 

5) System efficiency 
Switching losses, driving losses, conduction losses, core 

losses are all taken into consideration to calculate the system 
efficiency. The system efficiency can be depressed as,  

 = in sw dri con feo

in in

P P P P PP
P P

η
− − − −

=  (23) 
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Fig.5. Calculated efficiency of three converters for varying input voltage 
(Po = 400 W).
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TABLE I 

DESIGN PARAMETERS OF THE THREE CONVERTERS 

Quantity Symbol LLC-Buck LLC DTC-SRC

Input voltage Vin 
250V-
420V 

250V-
420V 

250V-
420V 

Output voltage Vout 14V 14V 14V

Rated power Pmax 400W 400W 400W

Resonant inductor Lr 30μH 30μH 30μH 

Magnetizing 
inductor Lm 120μH 120μH  

Resonant capacitor Cr 20nF 20nF 20nF

Output capacitor  Cout 470μF 470μF 470μF 

Primary switching 
frequency fs 200 kHz 200kHz 200kHz 

Transformer turns 
ratio n 8 12 12 

Filter inductor Lfilt 50μH  

Filter capacitor Cfilt 470μF  

Switching 
frequency of buck fbuck 20kHz   

 

Three operation points: a) Vin = 250 V, Vo = 14 V, Po = 400 
W; b) Vin = 336 V, Vo = 14 V, Po = 400 W; and c) Vin = 420 V, 
Vo = 14 V, Po = 400 W are defined as the benchmark points to 
make the comparison. The calculated various power loss 
distributions in those three points of those three converters are 
demonstrated in Fig. 4. It is obvious that conduction losses in 
both sides are the dominant power losses. When the input 
voltage increases, the RMS current decreases. Thus, the 
conduction losses decrease. The extra conduction losses of 
buck stage of LLC-Buck topology is a fixed value and is 
determined by the output voltage and current. 

Fig. 5 summarizes the calculated efficiency of three 
converters versus input voltage. In LLC topology, the 
maximum efficiency point is located around fr1. In LLC-Buck 
topology, the system efficiency increase with the increase of 
input voltage. Because of the step-down feature of the buck 
stage, a transformer with reduced turns ratio can be used. This 
brings the benefits of reduced RMS current and increased 
efficiency. In comparison with LLC topology, there is no 
magnetic inductor circulating current in the DTC-SRC 
topology. Thus, the circulating losses associated with Lm is zero. 
DTC-SRC topology demonstrates higher efficiency than LLC 
topology.   

 According to the analysis, LLC-Buck topology is the most 
efficient topology in comparison to LLC topology and DTC-
SRC topology in most conditions. The design parameters are 
provided in Table I. 

C. Power density 
The system volume is evaluated based on the actual 

hardware design at the rated power. The sizes of power 

MOSFETs, transformer, capacitors, inductors, auxiliary power 
supply, and the heat sink are considered as the main 
contributors to the system volume. It should be noted that the 
two extra MOSFETs, one filter capacitor and one filter 
inductor in the buck stage of LLC-BUCK topology degrade its 
power density.  

The voltage and current stresses and conduction losses 
should be considered to evaluate the sizes of the power 
MOSFETs and the heat sink. The size of magnetic component 
is constrained by the flux saturation. Since the transformer 
primary side sees a square wave, this design equation should be 
satisfied, 

 s e i nB nA E T>  (24) 

To avoid the magnetic saturation, the inductor should be 
designed based on, 
 s e pB nA LI>  (25) 
where, Ip is the peak current value through the inductor. As 
shown in Fig. 6, LLC-Buck topology has a larger volume than 
the others. 

D. Control Complexity  
The LLC-Buck topology comes with two additional 

MOSFETs and their driving pulses. However, its operating 
frequency is fixed as a constant no matter how the input 
voltage value changes. It is easier to generate fixed-frequency 
pluses than variable-frequency pluses. Another difference 
between the control methods of those three converters is the 
synchronous rectification realization on the secondary side. In 
LLC-Buck topology, the secondary side current is 
synchronized with square wave on the primary side. Thus, the 
secondary side current zero-crossing detection is unnecessary 
to realize the synchronous rectification. In LLC topology, when 
fs is lower than fr1, phase commutation of the secondary current 
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Fig. 6. The total volume of three converters (Po = 400W). 

 
 

Fig. 7. Photo of the LLC-Buck converter.  
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occurs in the dead band. The secondary side current zero-

crossing detection is also unnecessary. 

However, when fs is higher than fr1, since there exists a 
phase shift between the square wave and the secondary side 
current, the secondary side current zero-crossing detection 
becomes necessary. In DTC-SRC topology, to realize the delay 
time control, zero-crossing detection is also required. From the 
perspective of zero-crossing detection, the LLC-Buck topology 
is easier to be implemented than the others.  

IV. EXPERIMENTAL RESULTS 
According to the efficiency analysis, LLC-Buck topology 

has the best overall efficiency performance in comparison to 
LLC and DTC-SRC topologies. A 400 W, 250 V-420 V to 14 
V LLC-Buck converter prototype has been designed as the 
proof of concept, as shown in Fig. 7.  

Calculated and experimental efficiency curves of LLC-
Buck topology for varying input voltage are plotted in Fig. 8. 
Experimental steady-state waveforms of LLC-Buck topology 
in three benchmark points are demonstrated in Fig. 9. As can            
be seen from efficiency curves, the experimental efficiency 
data is worse than the calculated data. This is because of the 
difference between the actual environment and theoretical data. 
With the increase of the input voltage, the conversion 
efficiency increases. This trend agrees well with the theatrical 
predication. This efficiency increase is due to the RMS current 
decrease. Therefore, the dominate power losses are the 
conduction losses.  

V. CONCLUSION 
In this paper, LLC, LLC-Buck, and DTC-SRC topologies 

are compared in terms of power density, conversion efficiency, 
and control complexity in the PEV auxiliary power supply 
applications. LLC topology have good power density. However, 
it suffers from wide switching frequency range. When fs 
deviates from fr, the conversion efficiency degrades fast.  Also 
PFM is more complicated than PWM. DTC-SRC topology 
utilizes advanced delay time control to reduce the switching 
frequency range and to boost the conversion efficiency. 
However, this control brings drawbacks of higher control 
complexity. LLC-Buck demonstrates the best overall 
conversion efficiency and lowest control complexity with a 
little sacrifice on the converter power density.  
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