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Abstract: The LLC half-bridge resonant converter has attracted extensive research attention due to its advantages

of achieving high efficiency and high power density. However, the resonant process is more complicated, where the

main difficulty is to precisely calculate resonant parameters. In this paper, the fundamental harmonic approximation

(FHA) method is employed to analyze the resonant process of the converter. In particular, the working mode and the

mathematical model of the LLC half-bridge resonant converter are established, where a new method is proposed to

determine the operating frequency of LLC based on voltage gain and transformer loss. Based on the proposed method,

the converter parameters can be optimized and the drawbacks of manually selecting the frequency can be avoided.

Finally, a 200-W LLC converter laboratory prototype is established and the experimental results verify the effects of

parameter optimization.
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1. Introduction

In recent years, it has become a new requirement and trend to develop high efficiency and high power density in

industrial automation, military, aviation, and other equipment miniaturization [1]. DC-DC converters play an

important role not only in energy transfer but also in electrical isolation. The increase in operating frequency

would decrease the switch power supply and increase the switching losses. In particular, electromagnetic

interference produced by high operating frequencies will affect the average performance of the circuit [2].

In the cases of small and medium power, half-bridge topology is simple with fewer components, which has

become an important research area. An LLC half-bridge resonant converter can achieve zero-voltage switching

(ZVS) and zero-current switching (ZCS) on the primary side of the transformer [3]. It can result in cross losses

of the current and voltage in the switching process, which has the characteristics of natural soft switching.

It should be noted that the LLC resonant converter working process is rather complicated and that it is

often very difficult to establish an accurate model for calculating the resonant parameters. In the fundamental

harmonic approximation (FHA) method, the harmonic current of the resonant circuit is used to approximate the

fundamental Fourier components, where higher harmonics generated by the switch are neglected. By assuming

it to be pure sine waves, resonant converters can be conveniently analyzed with classical AC circuits [4–7].

In the existing literature, LLC resonant converter parameter optimization is in the stage of theoretical

development. The resonant voltage gain and the quality factor are the main issues to be considered. Moreover,

switching loss can also affect the frequency converter dynamic process. In resonant circuit modal analysis,
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the proposed parameter optimization method could establish a voltage gain on the basis of the mathematical

model, which can be configured by the voltage gain of the resonance parameters [8]. In the gain curve of the

LLC resonant converter it is operated in the nonregulated state, where the resonant network could be designed

to calculate the loss of the transformer [9]. The LLC resonant model can be established, where parameters

selection such as leakage inductance, magnetic inductance, and resonant capacitance can be facilitated based on

the efficiency of conversion and the range of load variation. However, this method cannot consider the working

range of the switching frequency in the dynamic process of the circuit [10]. To optimize the LLC resonant

converter, a control strategy can obtain different loads and different input voltage ranges of the soft switch

[11–14].

In this paper, the working mode and the mathematical model of the LLC half-bridge resonant converter

are established based on FHA analysis. Based on the optimal voltage gain range and transformer loss, the

operating frequency range could be determined, and overall parameters of the converter could be optimized. In

this way, the loss of device soft-switching states can be avoided. Finally, the effectiveness of the optimization

method is verified by a 200-W laboratory prototype.

2. LLC half-bridge resonant converter

In Figure 1, the LLC half-bridge resonant converter is shown. The input voltage is Vin , the two half-bridge

MOSFETs are Q1 and Q2 , and the two MOSFET parasitic capacitors arecoss1 and coss2. In addition, Ls and

Lp are the integrated transformer leakage inductance and magnetic inductance, respectively; Cr is the resonant

capacitor; a is the transformer turns ratio; D1 and D2 are the transformer second side rectifier diodes; Cout

is the output capacitor; Vout is the output voltage; and R is the load.

There are two resonant frequencies for the LLC resonant converter. If only the transformer leakage

inductance participates in resonance, the resonant frequency is f1 . If the magnetic inductance participates in

resonance, the resonant frequency becomes f2 . The switching frequency of the resonant converter is fs .

f1 =
1

2π
√
LsCr

(1)

f2 =
1

2π
√

(Ls + Lp)Cr
(2)

Figure 2 presents the LLC resonant converter leakage inductance magnetic inductance current and resonant

capacitor voltage. In Figure 2, it can be seen that there are three main operating modes for the converter.

When the magnetic inductor participates in resonance, the resonant frequency is f2 . The leakage inductor and

magnetic inductor current should be equal, i.e. I(Lp) = I(Ls). At this point, the resonant network has not

transferred any energy and the transformer output should be zero. If only the leakage inductor and resonant

capacitor participate in resonance, the resonant frequency is f1 when I(Lp) > I(Ls). The magnetic inductor

is clamped by voltage V (Lp) = −aVout . The resonant network can transfer energy to the secondary switch. It

was reported in [14] that the resonant converter operating frequency should meet the condition of f2 < fs < f1

to ensure the transformer primary and secondary switches at ZVS and ZCS.

Leakage inductance current can be expressed as:

iLs(t) =
√
2Irms p sin(ωt+ θ) (3)
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Figure 1. LLC half-bridge resonant converter. Figure 2. LLC main working waveform.

Magnetic inductance current can be expressed as:

iLp(t) =
aVout

Lp
· 1

4fs
(4)

Here, V out is output voltage, Lp is magnetic inductance, a is ideal transformer turn ratio, and fs is switch

frequency.

The magnetic inductance current should be equal to the leakage inductance current:iLs(t) = iLp(t)

The output current can be given as:

IO = a
1

T

∫ T
2

0

(iLs(t)− iLp(t))dt (5)

2.1. Circuit model based on FHA

FHA is used for analyzing the LLC resonance, where current and voltage of the resonant network can be

approximated by a sine wave with a classical AC circuit. Therefore, the nonlinear circuit in Figure 1 can be

converted to the AC linear circuit as in Figure 3.

The resonant network is able to convert DC power to the square wave with frequency fs , duty cycle 50%,

and amplitude Vin . The output voltage VS can be obtained by Fourier decomposition:

VS =
Vin

2
+

2

π

∑
n=1,3,5···

1

n
sin(n · 2π · fs · t) (6)

The fundamental value of the fundamental components can be given as:

u =

√
2

π
Vin (7)

The voltage gain of the LLC half-bridge resonant converter ∥M(jω)∥ can be expressed as:

∥M(jω)∥ =
Vout

Vin
(8)

The resonant network AC input voltage can be given as:

VS =
2

π
Vin · sin(2π · fs · t+ φ) (9)

Here, φ is the voltage and current phase difference.
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After conversion to the primary side, the equivalent resistance can be given as:

Re =
8

π2
a2R (10)

Here, R is the load.

Primary side input current is given as:

Iin =
2

π
∥Is∥ cos(φs) = 2

π
∥V s∥Re(

1

Zi
) (11)

Here, Is is the current RMS value.

The current of resonant converter outputs is given as:

Iout =
2

π
a ∥IR∥ (12)

2.2. LLC equivalent circuit

To facilitate the analysis of the resonant converter voltage gain and input impedance, the LLC resonant circuit

given in Figure 1 can be equivalently represented as the circuit shown Figure 4.

LsCr

L Re

ri

p

p

i

±aVout
Vs

Figure 3. LLC converter FHA model. Figure 4. LLC resonant converter equivalent circuit dia-
gram.

Based on Figure 4, the LLC equivalent impedance and voltage gain can be calculated by:

Zin(jω) =
1

jωCr
+ jωLs + jωLp//Re =

Re(ωLp)
2

(ωLp)2 +Re2
+ j(

Re2ωLp

(ωLp)2 +Re2
+ ωLs− 1

ωCr
) (13)

M(jω) =
jωLp//Re

zin(jω)
=

jωLp//Re
Re(ωLp)2

(ωLp)2+Re2 + j(
Re2ωLp

(ωLp)2+Re2 + ωLs− 1
ωCr

)
(14)

The normalization of the operating frequency can be performed by x = fs/f1 .

Definition: x < 1 represents the resonance point below; x > 1 represents the resonance point above.

The ratio of integrated transformer magnetic inductance and leakage inductance is defined as k = Lp/Ls ;

resonant circuit characteristic impedance is defined as ZR =
√
Ls/Cr ; resonant circuit quality factor is defined

as Q = ZR/Re . The quality factor is related to the load. Q = 0 indicates Re = ∞ (load open circuit) and

Q = ∞ indicates Re = 0 (load short circuit). The input impedance and voltage gain of the resonant circuit

can be calculated using the above formula.
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3. Voltage gain input impedance analysis and soft-switching implementation

With the three parameters x , k , and Q , the LLC half-bridge resonant converter input impedance Zin and

voltage gain M can be obtained as follows [10]:

Zin(x, k,Q) = ZR ·
[
Q · x2 · k2

1 + x2 · k2 ·Q2
+ j ·

(
x− 1

x
+

x · k
1 + x2 · k2 ·Q2

)]
(15)

|M(x, k,Q)| = 1

2
· 1√[

1 + 1
k · (1− 1

x2 )
]2

+Q2 · (x− 1
x )

2

(16)

Based on Eqs. (15) and (16), different quality factors can be obtained under the input impedance curve as

shown in Figure 5, and the voltage gain curve as shown in Figure 6.

100 10110
-1

100

101

x

Z
in

 

 

Q=0
Q=0.19
Q=0.38
Q=0.76
Q=gigantic
Q=0.56

f=f1f=f2

ZCS
ZVS

Inductive area
ZVS

Capacitive area
ZCS

100 101
0

0.5

1

1.5

2

x

M
=

a
.V

o
u

t/
V

in

 

 

Q=0

Q=0.19
Q=0.38

Q=0.76

Q=10

boundary
f=f1

f=f2

f=f2
f=f1

k=4

ZCS area ZVS area

ZCS-ZVS boundary

resonant point

Figure 5. Input impedance. Figure 6. The voltage gain.

1) If fs = f2 , x = f2/f1 =
√
1/(1 + k). 2) If fs = f1 , x = 1. With different Q values, all the input

impedance curves touch at point x =
√
2/(2 + k). 3) If the normalized frequency x represents the quality factor

Q , Qm(x) = 2π3f1xLs

8a2R . Below the resonance (
√

1
1+k < x < 1), when the input impedance Zin(jω) depends on

the quality factor Qm(x), if Q < Qm(x), the behavior has inductance characteristics of ZVS. If Q > Qm(x),

the behavior has capacitive ZCS. 4) The dividing line of capacitive characteristics and inductance characteristics

should depend on Im(Zin(jω)) = 0.5), where |Zin(jω)| is proportional to the load if x >
√

2
2+k . A smaller

load often leads to a smaller input current, where |Zin(jω)| is inverse proportional to the load withx <
√

2
2+k

. A smaller load will result in a larger input current.

In Figure 6, the voltage gain curve of the LLC resonant circuit is presented under different quality factors.

Under different quality factors, all the voltage gain curves should be subject to independent resonant points

x = 1, M = 0.5. The output open circuit curve (Q = 0) is above the ZVS–ZCS boundary, M = k
2(1+k) , if

x → ∞ ; when M → ∞ then x =
√

1
1+k . All extreme points are in the region of capacitance characteristics.

Voltage gain is M < 0.5 if the resonance point is above x > 1. In contrast, voltage gain isM > 0.5 if the

resonance point is below x < 1.

In the case of a fixed value (Q = 0.38), the voltage gain curves for the different values are shown in

Figure 7. The value is the ratio of the integrated transformer magnetic inductance and leakage inductance. It
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can be seen from this figure that greater voltage gain k in the vicinity of the frequency x = 1 will lead to a

smaller rate of change. Although higher voltage gain is often more desirable, overly large values will inevitably

cause the feedback system to overshoot. Moreover, difficulties of the transformer design will occur when the

value becomes too large or too small. In the circuit design, the usual value selection range should be 2 < k < 7.

By switching frequency, the LLC half-bridge resonant converter is able to regulate the voltage gain M

to obtain adjustment of output voltage. Its range is fmin < fs < fmax . The form of normalized frequency can

be expressed as xmin < x < xmax . It can be seen from Figure 8 that the resonant converter voltage gain is

step-down, step-up, and 1 when M < 0.5, M > 0.5, and M = 0.5, respectively. If the frequency is in the range

of fs ∼ f2 , the converter is in the region of capacitance characteristics.
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Figure 7. Voltage gain of different k values. Figure 8. Operating area frequency range.

4. Loss analysis

To obtain optimized parameters for improving the efficiency of an LLC resonant converter, accurately calculating

the various parts of the loss is necessary. In particular, the main losses should consist of MOSFET turn-off

loss, integrated transformer losses, rectifier conduction losses, capacitor ESR loss, and wire loss. Due to the

characteristics of the soft switch, the conduction loss of the switch should not be considered any longer. The

analysis of MOSFET turn-off loss and integrated transformer loss will be given as follows.

It is well known that the MOSFET gate-source equivalent capacitance is constant, whereas the values of

gate-drain and the drain-source equivalent capacitance are dynamical, which are related to the voltage in the

MOSFET. A half-bridge circuit has two MOSFETs, where the equivalent capacitance are coss1 and coss2,

where the relationship between the equivalent capacitor and MOSFET voltage is shown in Eq. (17).

coss(VDS1)

coss(VDS2)
≈

√
VDS2

VDS1
(17)

The equivalent capacitance is often provided by the MOSFET manufacturer, which can be calculated under the

conditions of VDS = 25 VGS = 0, as given in Eq. (18).

coss(VDS) = coss25

√
25

VDS
=

5coss25√
VDS

(18)

In general, the equivalent capacitance of the MOSFET plays two different roles in the switching process.

The stored energy from the MOSFET conduction process in the cosswill be dissipated in the MOSFET on-

resistanceRDS , which is the conduction capacitor loss. In contrast, the MOSFET can work in the ZVS in
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the LLC resonant circuit, where capacitance loss can be ignored. In the MOSFET, turning off the process of

equivalent voltage on the capacitor leads to the overlap area of MOSFET current and voltage. This can be

considered as switching loss, which cannot be ignored in the LLC resonant circuit. The MOSFET heat that

causes it is derived from this turn-off loss. Cstray is the stray capacitance in the resonator, where the equivalent

capacitance and stray capacitance of the two MOSFETs are shown in Figure 9. The two MOSFETs are

equivalent to the capacitive capacitance of the stray capacitance Cstray and the half-bridge midpoint equivalent

capacitance CHB , and the equivalent capacitance CHB is much smaller than the resonant capacitor Cr .

0 100 200 300 400

-11
7.510 ×

-10
1.510 ×

-10
2.2510 ×

-10
310×

strayc

coss 1coss2coss

C/F

U/V

Figure 9. The relationship between the equivalent capacitance of the MOSFET and the midpoint voltage of the

half-bridge.

CHB = CStray + 2

√
VDSS

Vin
coss (19)

Since the half-bridge midpoint equivalent capacitance CHB structure is complicated, an equivalent linear

capacitor is used for computational convenience, where the half-bridge midpoint voltage is VHB and flow

through the capacitor current is ICHB . Therefore, the Q2 of loss energy Eoff (Q2) and power Poff (Q2) can

be expressed as:

ICHB
(t) = CHB

dVHB

dt
(20)

VHB(t) =
1

CHB

∫ t

0

ICHB
(t)dt =

1

CHB

∫ t

0

[IR0 − IQ2(t)]dt (21)

Eoff (Q2) =

∫ Tf

0

IQ2(t)VHB(t)dt =
(IR0 · Tf )

2

24CHB
(22)

Poff (Q2) = Eoff (Q2)fsw (23)

The two MOSFETs are symmetrical in the circuit, where the total turn-off loss can be given as:

Poff (MOS) = 2Eoff (Q2)fs =
(IR0 · Tf )

2

12CHB
fs (24)

In Figure 9, the MOSFET equivalent capacitance and half-bridge midpoint voltage relationship is given. It can

be seen from Eq. (24) that in the half-bridge there is two-MOSFET turn-off loss with four parameters.
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5. Experiment results and analysis

In this experiment, the design method of the frequency range of the LLC resonant converter is to be verified

based on the voltage gain and the transformer loss. For this purpose, a test prototype with an input of 380 V

and an output of 120 V and 200 W is designed. In Table 1, the design and selection of the resonant circuit

parameters are shown, and in Table 2, the test device used in the power device is given.

Table 1. LLC resonant converter component parameters.

Parameters Values

Input voltage Vin 380–400 V

Output voltage Vout 120 V

Resonant frequency fs 200 kHz

Minimum switching frequency f2 136 kHz

Resonant capacitor Cr 15 nF

Resonance inductance Ls 25 µH

Magnetic inductance Lp 124 µH

Magnetic inductance and leakage inductance ratio 5

Dead time 330 ns

Transformer turns ratio a 1.5

Table 2. LLC resonant converter component parameters.

Device Model

Integrated transformer PQ35

MOSFET Q1, Q2 2SK3934

Rectifier diode D1, D2 STTH12R06D

Drive chip IR2110

In Figure 10, the LLC resonant half-bridge is shown with the dead zone of the upper and lower duty

cycle of the complementary MOSFET switch waveform. In Figure 10a, the driving signal waveforms of Q1 and

Q2 are shown where the fixed duty cycle is 50% and dead time is 330 ns. In Figure 10b, the drive waveform

and conduction waveform of Q1 are also given. The two figures show that Q1 and Q2 can achieve ZVS on the

primary side.

In Figure 11, the sinusoidal voltage waveforms of resonant capacitor Cr are shown. Resonant capacitors

can not only participate in the resonance of the LLC resonator but can also play an important role in preventing

the magnetic saturation of the integrated transformer. The measured resonant capacitor voltage waveform is

consistent with that of the model, as shown in Figure 2, which can validate the effectiveness of the proposed

method.

In Figure 12, the primary and secondary voltage waveforms of the integrated transformer are presented.

It can be seen from Figure 12a that the resonant point can be observed if the current of leakage inductance

equals the current of magnetic inductance. The experimental results have shown that the proposed method

can determine the optimized operating frequency of the parameter based on the converter voltage gain and

the transformer loss. The converter primary voltage zero conduction can be obtained. In Figure 12b, the
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Figure 10. (a)Q1 , Q2 drive waveform; (b) Q1 drive and conduction waveform.
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Figure 11. Resonant capacitor voltage waveform.

secondary voltage waveform of the integrated transformer with center-tapping can be observed. In particular,

the secondary side rectifier diode turned OFF with ZCS is near the resonance point.
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 resonance point  Sen
U (200V/div)

Figure 12. (a) Primary side waveform; (b) secondary side waveform.
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The LLC resonant converter normal output voltage is shown in Figure 13, where the input voltage is 380

V, the output voltage is 120 V, the full load current is 1.6 A under the conditions of the output voltage waveform,

and the peak of ripple is approximately 300 mV. A reasonable selection of the resonant circuit parameters can

control the ripple of the output voltage.

t(1us/div) 

Voltage ripple (300mV)

Figure 13. The output voltage.

In Figure 14, the measured efficiency curve is shown in terms of the rated output voltage of the resonant

converter. This curve demonstrates that the proposed parameter design method can constrain the resonant

converter more than 70% with a wide output load from 30 W to 200 W, where the highest efficiency can achieve

95%. Figure 15 shows the experimental prototype for the proposed FHA analysis method.
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Figure 14. Measured efficiency curve versus rated output
power.

Figure 15. Photo of the experimental prototype.

6. Conclusion

The LLC converter model can be established by FHA, where the optimal operating frequency of the LLC

converter can be determined. Based on FHA, a new method is proposed to optimize LLC resonant converter

parameters by configuring the optimal voltage gain and integrated transformer loss. In this way, the operating

frequency range can be determined and the converter can operate in its optimum state.
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Three types of working modes of LLC resonant converter are analyzed, where mathematical models

can be established. The input impedance and voltage gain are quantitatively analyzed and soft switching is

implemented in a resonant circuit under different load conditions. Based on the proposed method, a prototype

is built and used for verification. Finally, the effectiveness of the optimization method is verified by a 200-W

laboratory prototype. The experimental results have shown that the proposed method is rather effective.
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