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A High Efficiency LLC Resonant Converter-based Li-ion Battery
Charger with Adaptive Turn Ratio Variable Scheme

Yeong-Jun Choi*, Hyeong-Gu Han*, See-Young Choi*, Sang-Il Kim* and Rae-Young Kim'

Abstract — This paper proposes an LLC resonant converter based battery charger which utilizes an
adaptive turn ratio scheme to achieve a wide output voltage range and high efficiency. The high
frequency transformer of the LLC converter of the proposed strategy has an adaptively changed turn
ratio through the auxiliary control circuit. As a result, an optimized converter design with high
magnetizing inductance is possible, while minimizing conduction and turn-off losses and providing a
regulated voltage gain to properly charge the lithium ion battery. For a step-by-step explanation,
operational principle and optimal design considerations of the proposed converter are illustrated in
detail. Finally, the effectiveness of the proposed strategy is verified through various experimental
results and efficiency analysis based on prototype 300W Li-ion battery charger and battery pack.
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1. Introduction

Recently, various green transportations such as xEVs,
E-bike, and E-scooter using batteries as a main power
source, have expeditiously developed and penetrated the
commercial marketplace. Generally, lithium-ion batteries
are primarily used in such applications due to diverse
reasons such as high energy densities, no memory effects
and low self-discharge rates [1].

Meanwhile, the importance of the Li-ion battery charging
system has also been increased to ensure safe and powerful
use of the battery. Most charging systems employ a constant
current-constant voltage (CC-CV) charging profile as
displayed in Fig. 1 to prevent overcurrent and overcharge
of the battery where the dashed line stands for a battery
voltage V., and the solid line stands for the battery
charging current /,,, [2]. As can be seen from the figure,
the terminal voltage of the battery is widely varied from
the cut-off voltage to the maximum charging voltage
during the entire charging process; hence, Li-ion battery
chargers should cover a wide output voltage range.

LLC resonant converter is a promising high-efficiency
battery charger candidate possessing several advantages
[3-5]. The converter inherently achieves zero voltage
switching (ZVS) of the primary side switches and soft
commutation capability of semiconductor devices over
the whole operational range. Therefore, the turn-on loss is
small and the reverse recovery loss of the diode is reduced,
so that a high switching frequency operation is possible

and the power density of the entire system can be increased.
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Additionally the magnetic elements of the resonant tank
can be integrated into a single transformer core, which is
advantageous in terms of cost.

However, the LLC resonant converter also possesses a
handicap as a battery charger: There is a trade-off in the
design methodology to achieving high efficiency and
meeting wide output voltage variations to cover wide
variations in battery terminal voltage. To achieve a wide
output voltage range, the LLC resonant converter need to
operate at a frequency lower than the resonant frequency.
However, such operation decreases efficiency due to the
presence of a large circulating current. Moreover, a small
magnetizing inductance of the resonant tank is usually
required; therefore, efficiency became worse due to an
excessive turn-off loss and magnetizing current. Hence,
the optimal design of an LLC resonant is realized to be a
delicate process [6].

To overcome this problem, several studies have been
performed [7-15]. One solution is to develop a design
method for resonant tanks to meet a given battery voltage
and efficiency specification. [7-12]. However, these studies
only reveal the inherent trade-off relationship limitation
that cannot naturally be overcome. In the literature, a
strategy of using auxiliary windings was proposed to
realize a wide output voltage [13]. However, since this
method was proposed for hold-up compensation, so there
is no focus on maintaining the ZVS condition, and it is
difficult to apply it to a battery charger. Some other
researches discussed solutions for high power applications
such as 3.3kW or 6.6kW [14, 15]. The main concept of
these studies is to integrate the many advantages of two
or more DC-DC converters with topology modification.
However, it is impossible to apply results of these
researches directly for low power applications below S00W.
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Fig. 1. CC-CV charging profile

This paper proposes a high efficiency 300W Li-ion
battery charger based on LLC resonant converter that
uses an adaptive winding ratio scheme to guarantee a wide
output voltage range. The proposed converter adopts a
half-bridge converter for the step-down capability on the
primary side and a center tap rectifier for the low forward
voltage drop on the secondary side. The adaptive winding
ratio method, which is controlled via the auxiliary circuit,
enables high efficiency to be achieved under widely
varied output voltages. By adopting adaptive winding ratio
method, the magnetization inductance of the resonance tank
can be designed to a large value. Therefore, the conduction
and the switching off losses at the primary side are
decreased, which means the total efficiency is improved.

The rest of this paper is organized as follows. In Section
II, the proposed converter and operating mode analysis
are described. In Section III, a design example is presented
for a “given condition”. In Section IV, experimental results
which include waveforms and efficiency and analysis based
on the results are presented to verify the effectiveness of
the proposed method.

2. Proposed Battery Charger with an Adaptive
Turn Ratio

2.1 Circuit description

The proposed battery charger can is displayed in Fig. 2.
The first stage of the proposed charger is the same as an
conventional half-bridge LLC resonant converter where V;,
denotes the input voltage, S;, S, denote the main switches,
Ly, and Ly, denote the leakage inductance of the primary
side and the secondary side of the integrated transformer,
i, denotes the resonant current, L,, denotes the magnetizing
inductance, i, denotes the magnetizing current and C, is
the resonant capacitor. N, denotes the number of the
primary winding of the transformer. The secondary
structure of the proposed charger is similar to conventional
center tap rectifier. On the basis of the conventional
structure, the transformer winding structure of secondary
side is modified by adding additional windings and its
auxiliary driving circuit, where Ny, N, denote the number
of turns with regard to the secondary and auxiliary
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Fig. 2. Proposed LLC resonant converter

windings, S,;, S, denote the auxiliary switches, and D,
D,, D,;, D4, denote the rectifier and auxiliary diodes.
These modified structures allowed the turn ratio of the
transformer to be varied adjustably. For example, if Sy,
and S, are turned on, the effective number of secondary
winding is increased to the sum of Ng and N,, that is
defined as “high gain mode” in this paper. When Sy;, S,
are turned off, the proposed charger operated with Ny turns,
which is defined as “normal mode”. The iy, V,, V},, and iy,
stand rectified current, output voltage, battery voltage and
the battery charging current respectably. In this paper, V,
and 7, are assumed to be the same.

2.2 Operational principle

Fig. 3 displays the output voltage or voltage gain curve
of the LLC resonant converter with respect to the switching
frequency. As can be seen from the graph, when the
operating frequency is changed, the output voltage is
adjusted accordingly. Supposing that the Li-ion battery
possesses a terminal voltage range between 25V and 42V
as seen in Fig. 3, the LLC resonant converter satisfies this
voltage range to realize the CC-CV charging profile.
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Consequently, the converter has to be designed to cover
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Fig. 4. Voltage gain curve of the proposed LLC resonant
converter

the wide output voltage range capabilities.

Referring to (1), the voltage gain, M should be increased
in order to obtain a wide range output voltage. Eq. (1) is
expressed in detail in (2) where k is the ratio between L,
and Ly,, Q denotes the quality factor, @, and ®, denote
the resonant angular frequencies, » denotes the turn ratio,
R, denotes the equivalent load resistance, L, and L, are the
equivalent inductance that the secondary winding is open
circuited or short-circuited respectively. [5, 16]. As can be
seen from (2), Designing a small L,, is a simple solution to
have a wide output voltage range. The smaller L,, becomes
the smaller & as well, and resultantly, M increases However,
this solution leads a deterioration of the overall efficiency
of the converter due to the increased conduction and switch
turn-off losses.

Fig. 4 displays the output voltage or voltage gain curve
of the proposed LLC resonant converter. The converter
with the proposed adaptive winding ratio technique has
two different voltage gain curves: one is normal mode
operation (indicated by a solid line) and the other is high
gain operation (indicated by a dashed line). Under normal
mode, the converter is not designed to achieve wide output
voltage range. As a result, a large L, that minimizes
conduction losses and switch turn-off losses is used. On the
other hand, when a high output voltage is necessary, high
gain mode is operational. In this mode, the auxiliary
switches S,; and S, are turned on and the turn ratio of the
transformer 7 increased from N,/Ngto N,/(Ns+ N,).
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Eq. (1) can be rearranged to generate (3). From (1) and
(3), it is easily seen that a smaller n generates a higher
voltage gain peak at the below resonant frequency, as
displayed in Fig. 4; the required high output voltage is
generated. On the other hand, a smaller M indicates that
the switching frequency variation with regard to output
voltage regulation during charging is decreased. Hence, the
proposed scheme enables the battery charger to generate a
higher voltage gain with a larger magnetizing inductance
under a narrow switching frequency variation. Therefore,
the RMS value of the resonant current, turn-off loss and
circulating current period at the primary side are reduced.

2.3 Operating modes of the proposed LLC resonant
converter

Fig. 5 displays the circuit diagram of two modes of
operation of the proposed converter. When the threshold
output voltage at which the operation mode is changed is
expressed as 7y, and the minimum and maximum output
voltages are denoted as V,,, and V,,., respectively the
following analysis can be yield:

1) Normal mode [ V,,;, < Viyaw < Vi ] : seen from Fig. 5(a),
Sy, Sy are turned off and D,;, D, are forward biased.
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The current flows through D; and D, like the
conventional center-tap rectifier. The effective number
of turns in the secondary side windings becomes Ng; as a
result, the normal voltage gain is generated.

2) High gain mode [ V,, < Vi < Viae | @ seen from Fig.
5(b), Sy, Sy, are turned on simultaneously and the
secondary side current does not continue to flow through
the D; and D,. The effective number of turns in the
secondary side windings becomes (Ng + N,). As a result,
n is decreased to n,; the turn ratio including auxiliary
windings shown in (4). Consequently, a high output
voltage is obtained by applying a reduced turn ratio.
The increased output voltage can be confirmed by
substituting 7, for n in (3).

Np
n, =t “4)
N;+N,

2.4 Overshoot-less mode transition technique

If the auxiliary circuit on the secondary side is switched
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Fig. 6. The overshoot elimination algorithm: (a) the
switching frequency trajectory; (b) A flow chart

Table 1. Design parameters

Item (Designator) Conventional Proposed
& LLC converter [5] LLC converter
Resonant Frequency (f;) 130 kHz 130 kHz
Transformer Turn Ratio
46 :7 46:7:2
(N P:NS:N ,4)
Magnetizing Inductance 350 ull 470 ull
L)

Resonant Inductor (L,) 33 uH 33 uH
Resonant Capacitor (C,) 23 nF 23 nF
Control Sampling Period 1 usec 1 usec

Mode Change Voltage ) 33V

V)

on during charging, an overshoot occurs in the primary side
resonance current and the secondary side charging current.
These transients cause stress and damage to the switch
network or battery pack and require resolution. Therefore,
this paper adopts an overshoot elimination algorithm
depicted in Fig. 6(a). This algorithm temporarily increases
the switching frequency first and then turns on the switch
for the mode change to prevent overshooting as can be
seen in Fig. 6(b).

3. Design Example

In order to explain the above sections briefly, a design
example is presented based on Table 1. The electrical
specifications of the converter in the design example are
as follows: the nominal input voltage, V;, as 311V, the cut-
off voltage of the battery, Vy.y i 18 25V, the maximum
charging voltage is 42V, and k is 10 with margin
consideration. The charging current is determined to be 7A;
the output power is 300W and the turn ratio of the normal
mode is 6.5 where the converter operates at a resonant
frequency f, with a cut-off voltage of 25V.

3.1 Selection of turn ratio of transformer

The turn ratio of the transformer, n, needs to be suitably
selected to maximize efficiency and provide DC gain
appropriate from the maximum charging voltage to the
cut-off voltage of the battery at the resonant frequency f,.
Considering the forward voltage drop of the secondary
side diodes to be Vp, n is given to (5) where the DC gain
at f, is given as M, =(k+1)/k [5 16]. Assuming V=
0.5V and substituting the given electrical specifications
into (5) yields n = 6.5. The maximum voltage gain, M,,,,, is
required to be 1.8 times larger than M,,, in order to regulate
output voltage according to the given specifications. The
quality factor Q is selected to be 0.25 in order to generate a
high DC gain under normal mode.

N .
nz_”zL.Mw (5)
N, 2V, +7.) ‘

bat _min
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3.2 Magnetizing inductance and the threshold voltage
selection

The magnetizing inductance L, is selected in
consideration of the ZVS condition. To satisfy the ZVS
condition, peak magnetizing inductor current, i,, .. of (6)

should be able to discharge the parasitic output capacitance.

This relationship can be expressed as (7) where C,, is the
parasitic output capacitance of the MOSFET, T, is
switching period, #,,,, is dead time of the MOSFET. The
large L, is preferred in order to achieve the minimum
conduction losses within the range satisfying (7) [17].

. nv, I,
L, peak :ZX (6)
7; .t ed
"l6C. @

However, an increase in L,, leads to an increase in k in
(1), which leads to a decrease in the peak voltage gain.
Hence, as shown in Fig. 7, under the range satisfying (4),
the L,, is designed to be possible to generating the Mode
Change Voltage V,, within the operating frequency of the
converter (78 kHz~130 kHz). ¥V, is designed to be a median
value of 33 V in consideration of the maximum charging
voltage of the battery pack and the cut-off voltage.
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Fig. 7. Optimal magnetizing inductance (L,,) selection.
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3.3 Determining the number of auxiliary windings

The number of the auxiliary winding turns, N, is
optimized through the voltage gain curve as displayed in

Fig. 8. By increasing N,, M is increased due to the effect
of the decreased 7, that is confirmed by substituting 7, for
n in Eq. (2). The increased N, and decreased n, also affect
the current flowing in the primary side; i, ,.., RMS values
of magnetizing current 7,,,,, and resonant current i,,,, as
can be seen in (8), (9) and (10) [17]. As can be seen from
these relationships, each value is proportional to the turn
ratio of the transformer. Therefore, by applying the reduced
Moy L peak@nas Im rms@na> brrms@na Which are applied value of
n,, becomes smaller than i,, ,.ok@ns bm rms@n> Lsrms@n Which are
applied value of n and it leads an efficiency improvement.

In this paper, the N, is selected to generate the same
output voltage as V,, around the resonant frequency f,
(point 1), under consideration of satisfying a maximum
charging

: nv, I, . nV, I,
lm,peak @n =L_: > lm,peak @n, = L : (8)

, L(nh, T 1 (nV, T ©
l . = l = -
wewer 3L, 4) e B, 4

1V, [2n*R’T?

i = +87° >
rrms@n 8 }’IRO Lmz
1 V. [2n'*R’T> (10
lr rms@n, =37 2 a—;S-‘rSﬂ-
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Fig. 10. Experimental setup of the prototype

voltage of 42V (point 2). In this example, with regard to
selecting the optimal high gain mode case, choosing this
mode satisfies the maximum voltage gain as well as the
smallest increase in the number of secondary windings. As
aresult, NV, is selected to be 2 turns as seen in Fig. 7.

Figs. 9 (a) and (b) display the structure and design
results of the integrated transformer using the EER 3542
magnetic core. As displayed in the Fig. 8(a), the number of
the primary windings, Np, secondary windings, Ny, and
auxiliary windings, N, are seclected as 46, 7, and 2,
respectively.

4. Performance Verification

In order to verify the effectiveness of the proposed
converter, experiments based on the experimental set seen
in Fig. 10 are performed based on the detailed parameters
listed in Table 1. In the experiment, Cortex M-3 is used for
digital control, and for the LLC resonant converter
implementation, FSFR2100 and STPS20M100S are used.
Figs. 11(a) and (b) display the steady-state waveforms of
the conventional LLC resonant converter battery charger
under 10% and 80% load conditions, respectively where
V.1 represents the drain source voltage of the S; and iy,
represents the current flowing to §;.

Figs. 12 (a) and (b) display the same waveforms for the
proposed LLC resonant converter battery charger. As can
be seen from the waveforms, the peak value of
magnetization current is decreased from 1.28A to 0.77A
under heavy condition; the turn-off current is decreased
from 2A to 1.8A under light load conditions and from 1.1A
to 0.8A under heavy load conditions. The measured
resonant current RMS value is decreased from 1.55A to
1.48A under a light load and is decreased from 1.95A to
1.91A under a heavy load. Additionally, the circulating
current period is also decreased from 7.77us to 7.09us and
decreased from 6.84us to 4.91 ps under light and heavy
load condition respectively.

The reason for this numerical reduction can be attributed
to a large L, due to application of the proposed LLC
resonant converter. Reduction of these factors reduces
conduction and switching losses, leading to an improved
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Fig. 12. Experimental result of the proposed LLC resonant
converter: (a) at 10% load and (b) 80% load

efficiency shown in Fig. 13.
From the efficiency comparison result between the
conventional LLC resonant converter and the proposed
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Fig. 13. Efficiency comparison result between the conven-
tional LLC resonant converter and the proposed
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Fig. 14. Experiment waveforms during the CC-CV charging
process

LLC resonant converter, the proposed one is superior to
the conventional one over the entire operating range. The
maximum efficiency of the CC charging process is 94.1%,
which is 0.1% to 0.4% higher than that of the conventional
one. The maximum efficiency of the CV charging process
is 94.5%, which is 0.1% ~ 6% higher than the conventional
one.

Fig. 14 displays the experimental waveform of CC-CV
charging by applying the proposed converter. As can be
seen from the figure, the CC-CV charging profile is
appropriately implemented without any failures or unstable
/ unusable operation, despite the fact that a mode change
occurred where the current reference of CCmode, /,,,is 7A,
the voltage reference of the CV mode, V,,, is 42V, the
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Fig. 15. Experiment waveforms under mode conversion:
(a) without the overshoot-less algorithm and (b)
with the overshoot-less algorithm

initial voltage of battery pack Vi, is 26V, Vi, is a
voltage value output by DAC converter to show the
tendency of the switching frequency variation.

Fig. 15 displays waveforms related to when the over-
shoot elimination algorithm is and is not applied. As can be
seen from the waveforms, when the overshoot elimination
algorithm is not used, overshooting occurs in the resonance
and output current. On the other hand, when the overshoot
elimination algorithm is applied, mode conversion occurs
without overshooting in either waveform. Therefore, it
would be said that both the proposed converter with the
adaptive turn ratio scheme operates well.

5. Conclusion

This paper proposes a high efficiency LLC resonant
converter with a wide output voltage range using an adaptive
turn ratio scheme for a 300W low power Li-ion battery
charger. For a sequential description of the proposed
method, this paper illustrates the operating principles and
optimal design considerations of the proposed converter
with topology analysis in detail. Finally, to verify the
effectiveness of the proposed LLC resonant converter-based
battery charger, experiments were conducted. Experimental
results show that the proposed method operates reliably
over a wide range of output voltages and achieves up to 6%
more efficiently than conventional converter.
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