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Abstract— This paper proposes a circuit design
methodology for an LLC converter capable of a wide input and
output voltage range. By utilizing the full-bridge and the half-
bridge switching configurations, the proposed converter
achieves a 19% reduction in transformer volume and a 65%
reduction in resonance inductor volume compared to a
conventional full-bridge LLC converter. The converter
maintains zero-voltage switching under all operation voltages
and load conditions, using the proposed design methodology.
Finally, the FB/HB LLC converter demonstrated a maximum
efficiency of 94.2%.
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I. INTRODUCTION

Recently, Inductor-Inductor-Capacitor (LLC) resonant
converters have been widely applied in battery chargers due
to their high efficiency, compact size, and low noise
characteristics [1]. To accommodate the varying battery
voltage that depends on the state of charge (SOC), the
associated DC-DC converter must operate over a wide
voltage range. However, applying LLC converters under such
wide voltage conditions presents challenges, including
increased component volume and reduced efficiency [2].

To address these issues, various circuit reconfiguration
techniques have been proposed to improve conversion
efficiency over a wide voltage range [3]-[6]. Two-stage [3],
multilevel [4], interleaved [5], and auxiliary circuit [6]
technologies have been demonstrated to improve the
performance. However, these circuit reconfiguration
technologies inevitably increase the number of components,
leading to reduced power density and increased cost.

Control strategies have also been investigated to improve
efficiency across a broad operating range [7][8]. For example,
phase-shift control [7] extends the operation range by
adjusting the phase angle between the inverter legs. However,
excessive phase-shift angle cannot compromise zero voltage
switching (ZVS) due to the reduction in magnetizing current.
Furthermore, a time domain analysis (TDA) model is
required because the inverter voltage in phase-shift control
deviates significantly from a sinusoidal wave. This increases
the complexity of both the design and optimization process.
Burst mode control, which adjusts the burst duty ratio to
extend the buck gain [8], requires large capacitors to suppress
low-frequency ripple voltage.
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Recently, full-bridge and half-bridge (FB/HB) mode
switching control techniques have been proposed to expand
the voltage gain range by more than two times [9][10][11]. In
[9], an on-the-fly control strategy is introduced to avoid
output-voltage fluctuations during the mode transition
between FB and HB modes. However, DC offset and
asymmetric transformer current may cause higher peak
current and lead to saturation. In other words, the transformer
should be designed to avoid saturation during mode
transitions which may result in an oversized transformer. In
[10], the DC component of the transformer is eliminated by
employing a symmetric-duty control during mode transition.

As another mode-transition method, [11] proposed state
plane-based topology morphing control (SPTMC). In SPTMS
the frequency variation at the mode transition is predicted in
advance and feedforward to the controller to optimize the
dynamic response. Thus, several studies have focused on
mode-transition techniques.

However, the parameter-design methodologies in these
studies follow the conventional LLC converter design process.
In other words, these articles cannot be regarded as design
methods developed for FB and HB operation. In practice, one
operating range is set to fully include the other. The mode-
transition point is specified at the point where the maximum
voltage in FB mode equals the minimum voltage in HB mode.

This paper proposes a practical design methodology for a
wide-range LLC converter utilizing FB/HB switching control.
The objective is to ensure ZVS across the entire operating
range while minimizing the volume of magnetic components.

The key new contribution of this paper is to provide a
simple design methodology based on the first harmonic
approximation (FHA) model [12]. This model enables the
designer to predetermine the magnetic materials and
switching devices by limiting the switching frequency within
specific bounds. Furthermore, the transition between FB and
HB mode is determined by taking into account both the
voltage and the load conditions. Consequently, the operating
voltage range for the design process of the FB mode is
minimized. The effectiveness of the proposed methodology is
demonstrated through downsizing analysis of both the
transformer and the resonant inductor, and experimental
validation using a 1.5-kW prototype.



II. CIRCUIT CONFIGURATION AND CONTROL STRATEGY

Fig. 1 shows the circuit configuration of the FB/HB LLC
converter, consisting of a full-bridge inverter, a resonant tank,
and a diode rectifier. The appropriate operating mode, either
full-bridge or half-bridge, is selected depending on the input
voltage and load conditions to ensure optimal performance.

Fig. 2 shows the steady-state waveforms of each operation
mode. In Fig. 2(a), the primary inverter generates a square
waveform of £V}, with all switching devices operating at a
50% duty ratio. In Fig. 2(b), the primary inverter generates a
square waveform from 0 V to V;, by operating Si and S at a
50% duty ratio, turning off S3, and keeping S4 continuously
turned on. The resonant capacitor blocks the DC offset in the
inverter output.

III. PARAMETER DESIGN STEPS AND VOLUME EVALUATION

The design methodology for the LLC converter is based
on the FHA model. ZVS is achieved across the entire
operating range. The minimum and the maximum switching
frequencies are defined as initial design parameters.

A. FHA Model

Fig. 3 shows the equivalent circuit of the LLC converter,
which is converted to the primary side. The equivalent output
resistance is expressed as
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Where Ny is the transformer turns ratio and Ro is the load
resistance, varying with the output voltage and power.

From Fig. 3, the voltage gain of the conventional FHA
model is expressed as a function of the quality factor, the
inductance ratio, and the normalized frequency as
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where A(L./Ln) is the inductance ratio, f, (fs/f;) is the
normalized switching frequency, and Q is the quality factor.

Fig. 4 shows the voltage gain characteristics of the LLC
converter based on the FHA model. The LLC converter
operates as an inductive region when the normalized
frequency is higher than 1.0, which corresponds to the
resonant frequency determined by C, and L,. In contrast, the
LLC converter operates with inductive or -capacitive
characteristics depending on the load condition when the
normalized frequency is less than 1.0. In the capacitive region,
the LLC converter operates with zero current switching
(ZCS). The LLC converter operates with ZVS in the inductive
region, which is generally designed to operate with ZVS. The
boundary condition between the inductive and capacitive
regions is expressed as
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(3) defines the boundary condition, in which the operating
point (specified by the load condition and voltage gain)
operates to ZVS operation when voltage gain is above Mzys,
whereas ZCS operation occurs when voltage gain is below

Mzys.
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Fig. 1. Circuit configuration of the FB/HB LLC converter. The LLC
converter consists of a full-bridge inverter, a resonant tank, and a full-
bridge rectifier.
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Fig. 2. Operation waveform of each operation mode. In FB mode, puls-
minus input voltage, £V}, is applied to the resonant tank. On the other
hand, in the HB mode, the full-bridge inverter outputs a voltage from
zero to +Vi,.
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Fig. 3. Equivalent circuit of the LLC converter, which is converted to
the primary side. Also, the square waveform of the inverter output
voltage is approximated by a sine wave, which is the dundamental
waveform.
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Fig. 4. The voltage gain characteristics of the LLC converter based on
the FHA model. If the normalized frequency, f, is higher than 1.0, the
LLC converter operates in ZVS. If the f, is less than 1.0, the LLC
converter operates ZVS or ZVS, depending on the voltage gain and load
conditions.

B. Parameter Design Steps

Fig. 5 shows the design steps of the wide-range LLC
converter. In this design steps, the following parameters need
to be given as initial parameters.

- Min./Max. input voltage: Viumin, Vinmax

- Min./Max. output voltage: Vomin, Vomax

- Min./Max. switching frequency: fsmin, fsmas
- Rated power: Puax

- Transformer turns ratio: Nz



- Max. input voltage of the FB mode: Viursmax
- Dead time: #4
- Output capacitance of the MOSFET: C,s

Step 1. Max./min. voltage gain: The max. and the min.
voltage gain of the LLC converter is defined as
N
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The voltage gain is calculated by referring to the primary
side. Thus, the output voltage is multiplied by the
transformer turns ratio, M.

Step 2. Determination of resonant frequency: The LLC
converter achieves ZVS at both the minimum gain with
maximum frequency and the maximum gain with minimum
frequency. The inductance ratio required to achieve the

minimum gain at the maximum frequency is derived by
substituting O = 0 into (2).
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where fumq 1s the maximum normalized frequency.
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From (3) and (5), the resonant frequency is calculated as
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By setting the inductance ratio, A and the resonant
frequency, f: according to (5) and (6), ZVS is ensured at the
maximum load and maximum gain. In addition, under the no-
load and minimum gain conditions, the LLC converter
operates at the maximum switching frequency.

Step 3. Normalized frequency definition: The maximum
and minimum normalized frequency are expressed as

fS max (min)
7

where fumin 1s the minimum normalized frequency.
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Step 4. Inductance ratio: The inductance ratio of the LLC
converter is calculated from (5).

Step 5. Min. characteristic impedance: The boundary
condition of the characteristic impedance to obtain the
required voltage gain is expressed as
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Fig. 6 shows the boundary condition of the characteristic
impedance to obtain the required voltage gain at the
maximum power and the relationship between the normalized
max. voltage gain and the output voltage. The characteristic
impedance of the LLC converter should be selected lower
than the min. boundary condition to satisfy the voltage gain
all output voltage ranges. Note that the min. the boundary
condition is not defined at the min. output voltage.

System Specification
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Step 1 Calculate Max/Min. voltage gain

M (min, max) = N TrVn(mm, max) / Vm(max. min)

Step 2 Calculate resonant frequency

Equation (6)

Step 3 Calculate normalized frequency

fn(mm max) fs(m.n. max)/f;'
v

Calculate inductance ratio

Step 4

Equation (5)

Step 5 Calculate minimum characteristic impedance

Zo (V:; ) = min(QZVSRm )
v

Confirm ZVS condition

Equation (10)
12

Step 6
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Fig. 5. Parameter design procedure for wide range LLC converter.
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operation range of the LLC converter is guaranteed by designing the LC
tank using the lowest characteristic impedance.

Fig. 6(b) shows the relationship between the normalized
max. voltage gain and the output voltage. If the resonant tank
is designed using characteristic impedance of zpwin, the
voltage gain of the LLC converter satisfies the system
specification at all output voltage ranges. On the other hand,
if the resonant tank is selected using the characteristic
impedance of 66 Q, the voltage gain is satisfied at 22 V and
30 V. However, the voltage gain is not enough at around 24
V. Therefore, the characteristic impedance of the resonant
tank is calculated as

Z, =min(z,(R,))x0.95 ),
where 0.95 is the safety margin of the design.

Step 6. Verification of the ZVS condition considering
parasitic capacitance: The ZVS condition considering
parasitic capacitance [12] is expressed as

< z /1/[/1 max2 [d

o ”(ﬂ'—i_l)f;lmaxz_ﬂa (10)’



where Czys is the sum of the output capacitance of the upper
and lower switching devices and the parasitic capacitance
between GND and the resonant tank.

Step 7. Resonant tank parameters: Finally, using the
calculated characteristic impedance, the resonant tank
parameters are calculated as

1
= 11
r Zﬂ'leO ( )7
4
L=—" 12
" onf (12),
L
L == 13),
= (13)

where C, is the resonant capacitance, L, is the resonant
inductance, L,, is the magnetizing inductance.

C. Evaluation of the magnetic component volume.

The transformer volume and the resonant inductor volume
are evaluated based on the area product (AP) method [13].
The AP is calculated based on the electrical constraints
(voltage-time product, root mean square (RMS) current, and
peak current), maximum flux density, current density of the
winding, and winding factor. Additionally, the AP does not
depend on the number of turns in the magnetic components.

Using Faraday's law and the relationship between RMS
current and current density, the AP is calculated as

kw NrVo Ir+]<cc Nr
A})TrzACTrAWTr:IBTf { J / Tj
max/ eq
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where Acr is the core cross-section area of the transformer,
Awr is the winding cross-section area of the transformer, £,
is the winding factor, By is the max. flux density, fo, is the
equivalent frequency, /. is the RMS current of the resonant
tank, /s is the RMS current of the secondary side, and Jyay is
the max. current density of the winding.

(14,

Fig. 7 shows the relationship between transformer voltage
and flux density. The transformer voltage waveform is
approximated as shown in Fig. 7(a) in the boost region (fs<f;.).
In contrast, the transformer voltage waveform is shown in Fig.
7(b) in the buck region (fs>f:) of the LLC converter. Therefore,
the equivalent frequency in (14) is expressed as

P
= (15).
C <]
Similarly, the AP of the resonant inductor is calculated as
LI,I
AP, = A, Ay, =k, =2 16
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where Acy, is the core cross-section area of the resonant
inductor and Ay, is the winding cross-section area of the
resonant inductor.

Also, the relationship between the AP and the magnetic
components volume is expressed as

3
(4c4y ) (17),
where kgeom 1s the geometrical factor which varies depending
on the core materials and the core shape.
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Fig. 7. Relationship between transformer voltage and flux density. If
the switching frequency, fs is smaller than the resonant frequency, f;, the
transformer voltage is approximated as a three-level waveform.
Therefore, the voltage-time product is calculated using the resonant
frequency at the fs < f; condition.
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Fig. 8. Design image for each control strategy. The FB mode at input
voltage, Vi, and the HB mode at two times V;, have the same operating
characteristics because the amplitude applied to the resonant tank is
completely the same.

TABLE L SPECIFICATION OF LLC CONVERTER
Element Symbol ALLFB  FB/HB
Input voltage [V] £ 300- 800
Output voltage [V] Vour 22 -30
Max. input voltage of FB mode [V] Vink Bimin 800 450
Max. output power [kW] P L5
Switching frequency [kHz] fs 200 - 600
Transformer turns ratio [-] Ny, 16
Dead time [ns] ty 150
Output capacitance [pF] Coss 65
Max. current density [A/cmz] T 400
Max. ma[g&;ctt)l/zli];jx density B,. 1L5x10°
Winding factor k., 3

In practice, kgeom 1s therefore extremely difficult to
determine its exact value. For this reason, this paper does not
refer to specific value of kgeom, but instead performs only a
relative evaluation between the ALL-FB LLC converter and
the FB/HB LLC converter.

D. Parameter design of the LLC converter

Fig. 8 shows the design image of the ALL FB LLC
converter and FB/HB LLC converter. The ALL FB converter
operates in FB mode only across all voltage ranges. In
contrast the equivalent input voltage range of the FB/HB LLC
converter is narrowed using the HB mode.

Table I shows the specifications of the LLC converters.
The ALL FB LLC converter operates with the input voltage
from 300 V to 800 V in FB mode only. The FB/HB LLC



converter operates with the input voltage range from 300 V to
450V in the FB mode, from 600 V to 800 V in the HB mode,
and from 450 V to 600 V by switching operation between the
FB and the HB modes depending on the load conditions.

Fig. 9 shows the voltage gain characteristics of the LLC
converter. Fig. 9(a) shows the voltage gain characteristics of
the ALL FB LLC converter, which obtains the required gain
at the rated power condition. Also, the min. voltage gain at
the no-load condition is obtained at the max. switching
frequency. Fig. 9(b) shows the voltage gain characteristic of
the FB/HB LLC converter, which similarly obtains the
required voltage gain using the FB and the HB modes.

Table II shows the designed parameters of the ALL FB
LLC converter and the FB/HB LLC converter. Using the HB
mode, the AP of the transformer is reduced by 25% from 1.57
cm* to 1.18 ¢cm®*. From the (17), the transformer volume is
reduced by 19%. Similarly, the resonant inductor AP is
reduced by 75% from 1.73 cm* to 0.431 cm*. The volume of
the resonant inductor is reduced by 65%.

IV. EXPERIMENTAL VERIFICATION

The prototype consists of the primary inverter, the
resonant tank, and the secondary diode rectifier. The
switching device of the primary side is SiC MOSFETs
(C3MO0160120J, Wolfspeed). The secondary diode is Trench
MOS Barrier Schottky (V60D60C, Vishay), which uses two
in parallel on each arm.

A. Experimental waveforms

Fig. 10 shows the operation waveforms of the FB/HB
LLC converter. Fig. 10(a) shows the operating waveform of
the FB mode, which is the input voltage of 300 V, the output
voltage of 30 V, and the output power of 1.5 kW. The primary
inverter outputs a square waveform of +Vj,. Also, the
converter operates at a switching frequency of 223 kHz,
which closely matches the 215 kHz predicted by the FHA
model, with a deviation of only 3.6%. Although the use of the
FHA model introduces some approximation error in the
proposed design methodology, the error remains sufficiently
small. Furthermore, the switching frequency observed in the
experiment is higher than the calculated value by the FHA
model, which remains within the specified frequency range,
resulting in no practical issues.

Fig. 10(b) shows the HB mode, which is the input voltage
of 600 V, the output voltage of 30 V, and the output power of
1.5 kW. The primary inverter outputs a square waveform of 0
to +Vi.. The transformer does not apply a DC component
because the DC offset in the HB mode is blocked by the
resonant capacitor. Additionally, the ZVS of the LLC
converter is achieved at the rated power.

Fig. 11 shows the operation waveforms of the no-load
condition at the input voltage of 450 V, the output voltage of
22 V, and the switching frequency of 600 kHz. The proposed
parameter design methodology is designed to achieve ZVS
under no-load conditions, which is confirmed by the
experimental waveform.

B. Efficiency characteristics

Fig. 12(a) shows the efficiency characteristics of the FB
and HB modes. In the FB mode, the experimental conditions
are an input voltage of 300 V and an output voltage of 30 V,
which corresponds to the maximum voltage-gain condition.

No-load and Min. gain 1

Voltage Gain M [-]

0 0.5 1 15 2 25 3
Normalized Frequency f, [-]
(a) ALL FB LLC converter
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Fig. 9. Gain characteristics of each control strategy. Both gain
characteristics are designed to achieve maximum and minimum voltage
gain.
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TABLE II. DESIGNED PARAMETER OF THE LLC CONVERTER
Element Symbol ALLFB  FB/HB
Resonant inductance [ uH] L, 107 258
Magnetizing inductance [uH] L, 71.0 66.3
Resonant capacitance [nF] C, 4.21 9.56
Transformer area product [cm4] APy, 1.57 1.18
Inductor area product [cm®] APy, 1.73 0.431

In the HB mode, the converter operates with an input voltage
0f 600 V and an output voltage of 30 V. Under these HB mode
conditions, the equivalent voltage is the same as that of the
300 V input condition in the FB mode. The maximum
efficiency is 93.6% at an output power of 900W in HB mode.
In both FB and HB operating modes, the LLC converter
demonstrated similar efficiency characteristics.

Fig. 12(b) shows the efficiency characteristics of the input
voltage. The LLC converter operates in FB mode from 300 V
to 600 V, and in HB mode from 600 V to 800 V. At the rated
power condition, the maximum efficiency of 94.2% is
obtained at an input voltage of 450 V.

V. CONCLUSION

This paper discusses the parameter design methodology
for the wide range LLC converter using the FB and the HB
modes. The result of the comparison with the ALL FB LLC
converter is that the volume of the FB/HB LLC converter is
reduced by 19% for the transformer and 65% for the resonant
inductance. Furthermore, the validity of the design
methodology is demonstrated by confirming the ZVS at the
rated power and no-load conditions.
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