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Abstract: In this paper, a steady-state model of an LLC resonant half-bridge converter with internal
loss resistance is proposed, in order to maximize power conversion efficiency, and steady-state
characteristic equations of DC voltage gain and input impedance are derived for the optimal design
of the converter. First, to confirm the validity of the steady-state characteristic equation and the
optimal design process, a prototype converter with a maximum output of 2 kW was designed.
Through comparison of simulation, calculation, and experimental results obtained from the prototype
test, it is shown that the calculation results proposed in this paper were closer to the experimental
results than the calculation results obtained under the lossless condition. In addition, the relationship
between the switching frequency and the load current of the prototype was compared, in order to
determine the operating range of the switching frequency, which is important in the converter design
stage. In this case, it was confirmed that the calculated value reflecting the internal loss showed a
close result. In conclusion, we confirm the usefulness of the analysis results reflecting the internal
loss resistance proposed in this paper and the optimal design process.

Keywords: LLC resonant converter; steady-state analysis; internal power losses; AC equivalent
circuit; internal resistance; DC voltage gain

1. Introduction

The climate crisis has been steadily emerging, where the biggest cause of climate
change is known to be greenhouse gas and carbon emissions. There is an urgent need for
low-loss power conversion technology that can reduce carbon emissions in the process of
generating, distributing, and consuming power energy. Therefore, the technical demand
for a high-efficiency power conversion device for the efficient use of limited electric energy
is increasing. A switching power supply with AC input can be divided into an AC-DC
rectifier and a DC-DC converter. In particular, the DC-DC converter uses various types of
circuit methods, based on the position of the power semiconductor switch and the structure
of the transformer. Among the insulated circuit methods using transformers, the LLC
resonant converter, which is suitable for medium- to high-capacity scenarios, is a circuit
method that has attracted attention in various industrial fields, due to its advantages such
as low loss, high efficiency, and small number of parts needed [1-3]. The LLC resonant
converter has low switching loss as well as low voltage and current surges, as both the
main switch and the rectification switch operate in a soft-switching condition. In addition,
it is known that the effective current value of the device is small, such that the conduction
loss is small and, thus, high-efficiency power conversion is achievable [4,5].

Figure 1 shows the basic circuit structure of a half-bridge LLC resonant converter.
In the figure, the main switches of the converter are S1 and S2, and the two switches are
controlled with a fixed duty of 50% and a variable switching frequency. On the primary
side of the transformer, there are three resonant components: The resonant capacitor Cg,
resonant inductor Lg, and magnetizing inductor Ly;. Meanwhile, the rectifying diode,
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output capacitor, and load resistor are shown on the secondary side. Figure 2 shows the
operation waveform of the LLC resonant converter operating in steady-state. As can be
seen from the figure, the primary side voltage v, of the transformer switches its polarity
with the same area size due to the secondary side output voltage V, of the transformer,
while the current i 5; of the magnetizing inductor, which is configured in parallel, operates
as a triangular waveform with a constant slope [6-8]. As the current resonates with the
two resonant components Cg and Lg, the main switch and the diode show zero current
switching (ZCS) characteristics and so the LLC resonant converter has low switching loss
and high-efficiency power conversion characteristics. Meanwhile, due to the resonance
waveform having the same sized area, the magnetic flux density of the core uses both
positive and negative polarities for the primary current of the transformer. Therefore, the
core size and core loss may be reduced by increasing the core utilization [9-11].

Figure 1. Basic circuit structure of half-bridge LLC resonant converter.
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Figure 2. Operating waveform of LLC resonant converter in steady-state.

In general, the steady-state characteristic design formula used in the circuit design
process of LLC resonant converters is based on an ideal equivalent model that does not
reflect internal power loss. For this reason, it is well-known that there exists a difference
between the design result of an LLC resonant converter and the operating characteristics of
the actual circuit. In particular, errors occur in the operating switching frequency range,
which is an important criterion when designing a converter [12,13]. In addition, these errors
are the biggest obstacle to the optimal design of important devices, such as transformers
and inductors, whose basic characteristics change depending on the operating frequency.

In this paper, an AC equivalent circuit model considering the internal loss resistance
of the LLC resonant converter is proposed. From the proposed AC equivalent circuit,
important steady-state characteristic equations necessary for converter design, such as



Energies 2022, 15, 8144 30f 19

DC voltage gain and input impedance, are derived. In order to verify the validity of the
results of the equivalent circuit and the steady-state characteristic equation, the calculation
result of the steady-state characteristic, as well as those of the simulation and experimental
circuit, were compared and confirmed [14-17]. In particular, the steady-state characteristic
equation was applied to the optimal design process of the LLC resonant converter, in order
to determine the main element values, and the results were used in an experimental circuit
with a resonant frequency of 125 kHz and a maximum output of 2 kW.

2. Steady-State Analysis of LLC Resonant Converter
2.1. AC Equivalent Circuit

Figure 3 shows the equivalent circuit expressing the series parasitic resistances of each
element in the LLC resonant converter of Figure 1. In the figure, the main switch is an ideal
switch, the output capacitor and the load resistance are equivalent to a constant voltage,
and the internal parasitic resistance is shown in series with the important components. In
particular, the equivalent circuit in Figure 3 is divided into two equivalent circuits for each
state, according to the operating state of switches S1 and S2 when operating in steady-state,
as shown in Figure 4. In general, a non-switching linear equivalent circuit is required
to derive the steady-state characteristic expression reflecting the internal loss resistance.
In a previous study, the fundamental harmonic approximation (FHA) approximation
method [18,19], which could approximate a square wave by a sine wave, has been used.
In this paper, the internal power loss resistance is reflected in the circuit, and the input
and output voltages are converted using an FHA approximation method to propose an
equivalent circuit with loss resistance, as shown in Figure 5. At this time, existing parasitic
resistors in each major element in Figure 3 could be simplified to three series resistors rq, 72,
and r3, as shown in the equivalent circuit of Figure 5. The load resistance Ry, is expressed
as the AC equivalent resistance R 4¢ converted to the primary side of the transformer, as in
Equation (1):

Rac=—75 R @

is1 N:1:1

(b)

Figure 4. Equivalent circuit for each state of the LLC resonant converter in steady-state: (a) When
switch S1 is turned on; and (b) when switch S2 is turned on.
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Figure 5. AC equivalent circuit of LLC resonant converter with internal loss resistance.

2.2. DC Conversion Ratio

First, Equations (2)—(6) are defined to derive the steady-state characteristic expression:

_Lm
KL - ar (2)
_ [Lr
ZO - CR/ (3)
Wy = 4)
0 LR CR/
w
wn =1, )
[
Q=g ©)

where

Z, denotes the characteristic impedance;

Ly denotes the magnetizing inductance;

Lg denotes the resonant inductance;

K} denotes the inductance ratio;

Cg denotes the resonant capacitor;

w, denotes the resonant angular frequency;
wy, denotes the angular normalized frequency;
wy denotes the angular switching frequency.

In order to obtain the DC voltage gain in the steady-state for the AC equivalent
circuit of Figure 5, the voltage gain M is defined as in Equation (7). At this time, the ratio
between the input voltage vs(t) and the output voltage v ¢ (t) can be calculated through
the impedance ratio of the equivalent circuit, and the result is shown as Equation (8), where
the internal resistance rx used in the equation is given in Equation (9).

et
M=% @)

(2—2) + jewn Ky

M = (8)
- n + e
KL(Z§§<L +1—w%)Q+]wn[(%+1) + (%H)KL— E(%—klﬂ
rk = riro +rar3 +r3ry +r11Rac +r2Rac, )

In order to calculate only the magnitude of the input and output voltage gain M in
Equation (8), the absolute values of both sides need to be obtained, and the result is shown
in Equation (10). Meanwhile, it is expected that the products of the parasitic resistances 172,
ror3, and r3r; among the internal resistances of Equation (9) are very small; if the values
of the products of the parasitic resistances are assumed to be zero, then Equation (11) can
be derived. Assuming that each parasitic resistance is equal to the same resistance 7, as in
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M| =

Equation (12), it is arranged as Equation (13). At this time, the ratio between the internal
parasitic resistance r and the characteristic impedance Z, is defined as the internal loss
equivalent resistance Rk, expressed as in Equation (14).

2
(2—2) + wZK?

. = (10)

Jie Gt r1-) e vl (2 1) + (32 + - (52 +1)]
rg ~ (r1 +12)Rac (11)
MR RI3RT (12)

413 ri+r3  ri+n 2r (r)
~ = ~ =20| = | =20Rk (13)
Rac Rac Rac Rac Zo

Rk = = (14)

Nz

From the above assumptions and approximations, the DC input and output voltage
ratio M of Equation (10) can be arranged as Equations (15) and (16). If the internal loss
equivalent resistance Rk is 0, it becomes Equation (17). Equation (17) is the same as
the DC input and output voltage gain equation obtained from the existing lossless AC
equivalent circuit. Therefore, Equation (16) can be used as the steady-state DC voltage
gain characteristic expression of the LLC resonant converter reflecting the internal loss
resistance depicted in Figure 3.

M= VIN (15)
R 2
M 1—0—<wy,§2<L) . (16)
om0 g (1) (el )
M= = (17)

2.3. Frequency Characteristics of Voltage Gain

The frequency characteristics of the DC voltage gain in Equation (15) for the LLC
resonant converter reflecting the internal loss resistance were analyzed. Table 1 shows each
convergence value for the normalized angular velocity w, in Equation (15). First, when
Q =0, the load current is 0 from Equations (1) and (6) and in this case, the LLC resonant
converter is in a no-load state. When the normalized angular velocity w; approaches 0,
the voltage gain is 0; when the normalized angular velocity w; approaches infinity, the
voltage gain converges to a constant value %, expressed in terms of the inductance
ratio K; . In addition, when the normalized angular velocity is 1, it is expressed as a value
reflecting the internal loss equivalent resistance Rg; it can be seen that the voltage gain
infinitely increases when the normalized angular velocity is a specific value \/ﬁ When
the Q value is large, the voltage gain is 0 at a low normalized angular velocity; when the
normalized angular velocity wy, is 1, it can be seen that the voltage gain is expressed as a
value reflecting the value of the internal loss resistance. In particular, when the normalized
angular velocity is 1 and the internal loss resistance value is 0 in both cases, the voltage gain
becomes 1. This result is the same as the frequency response characteristic of the existing
voltage gain [20-22].
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Table 1. DC voltage gain M of converter according to each normalized frequency w;,.

Conditions Q=0 Q=0
wy =0 M=0 M=0
a}n:# M = o0 -
vKp+1
2
2 Re
wp =1 M — (&) 41 M — 1+<KL)
Ky 20Rx +1
Kr
wy = 0 = M=0
" M K +1

Figure 6 shows the frequency characteristics of the voltage gain when the inductance
ratio K, is 4. Figure 6a shows when Q is 0, and Figure 6b shows when Q is 3. Figure 6a
shows the frequency characteristics of the LLC resonant converter voltage gain under
the no-load condition. As can be seen from the figure, as for the conventional voltage

gain, when the normalized angular velocity is —~—, the voltage gain increases infinitely;

VKL +TY
meanwhile, when the normalized angular velocity increases, the voltage gain converges to
%. However, when wy, is 1, M has a value greater than 1, due to internal loss. When Q
is 3, unlike the existing frequency characteristics, when w;, is 1, the voltage gain is not 1
but, instead, a peak value smaller than 1 reflecting the internal loss resistance [23,24]. The

frequency characteristic in Figure 6 is the same as the convergence value in Table 1.

2.0 2.0
Ry =0.03 K, =4 Ry = 0.03 K, =4
Q=0
2

0=3

0.5 05
M=0 M=0
M:O\ l\

0.0

01 1 10 100 00
w, = o, 0.1 10 100
K +1 Wn
(a) (b)

Figure 6. DC voltage gain M of LLC resonant converter according to each normalized frequency w;:
(a) When Q is 0; and (b) when Q is large.

Figure 7 shows the voltage gain frequency characteristics for several Q values. Figure 7a
shows a characteristic graph when the internal loss resistance Ry is 0, and Figure 7b shows
a characteristic graph when the internal loss resistance Ry is 0.03. As can be seen from
Figure 7b, when w;, is 1, if there is an internal loss resistance, the voltage gain does not
reach 1, and it can be seen that the peak value decreases as Q increases. Figure 8 shows the
voltage gain obtained by comparing the calculated value and the experimental value when
the inductance ratio K; is 1.4, the transformer turn ratio N is 1.05, and the characteristic
impedance Z, is 61.24. In the figure, Q is set as 0.69, 1.37, or 6.85, and when w;, is 1, it can
be seen that the voltage gain does not reach 1 and the peak value decreases as Q increases.
This result is consistent with the above description, and the fact that the experimental value
and the calculated value were consistent (within a certain range) supports the validity of
the steady-state characteristic expression of Equation (15).
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Figure 7. Frequency characteristics of DC voltage gain M for LLC resonant converter according to
internal loss resistance Rg: (a) When the internal loss resistance Rx is 0; and (b) when Ry is 0.03.
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Figure 8. Frequency characteristics of the DC voltage gain M.

2.4. Input Impedance Characteristics

Figure 9 shows the equivalent circuits used to analyze the input impedance charac-
teristics of the AC equivalent circuit with internal loss resistance. Figure 9a is the circuit
used to find the input impedance for the AC equivalent circuit of Figure 5, and Figure 9b
is the equivalent circuit in which the components in each branch are expressed by their
respective impedances. Equation (18) was used to derive the normalized input impedance
Zy from Figure 9a. In this case, the normalized input impedance Zy is the ratio of the
input impedance Zy and the characteristic impedance Z,. If Equation (18) is divided into
real and imaginary terms and the absolute value is taken, Equation (19) is obtained [25,26].
If the internal resistance is set to 0 in Equation (19), Equation (20) is obtained, and it can be
seen that this is the same as the existing lossless input impedance characteristic equation.
In order to analyze the frequency characteristics of the normalized input impedance Zy;,
Equations (21) and (22) were obtained by substituting zero and infinity for Q, respectively.
Table 2 summarizes the convergence results of the normalized input impedance Zy;, ac-
cording to the normalized angular velocity w;,. It was found that the normalized angular
velocity wy, which becomes the lowest value of the normalized input impedance Zy;, differs
depending on the Q value; in particular, each lowest value corresponds to about twice the
internal equivalent resistance Rg. The junction of the two conditions can be derived from
the conditional expression of Equation (23), and the normalized angular velocity w, and
the normalized input impedance Zy at this time are expressed by Equations (24) and (25),



Energies 2022, 15, 8144 8 of 19

respectively. Figure 10 shows the frequency characteristic graph of Equation (19), and the
results of Table 2 are reflected in the graph [27].

Z ) .1 R jcwn (R 1K
Zy = 2N — <RK+]wn—]w>+< xt jen(ReQ + 1) L) (18)
n

Z, 1+ 2RxQ + jwnQK;
2 2
Rk + w2(R 1)QK? K
1Zn| = 1| | R+ X+ il I§Q+ )Q Ll 4 wn——+ O L . (19)
(1+2RkQ)* + w2 Q2K? | wn (14 2RkQ)” + w2Q?K}
2 2
zZiv| w2K2Q 1 wnKp
7= 5= (HMQ oo raee) @
n™N L n no L
1 2
|ZN|Q:0 = 4R%< + (wn o + wnKL> (21)
|Zn] R+ kKL 2 - ( : >2 (22)
I Wy — —
NiQ=ee AR 1 w2K2 " w
1ZNlg=0 = 1ZNlg=c (23)
2
- 24
“n =K 12 @4)
KZ
— 2 L
|ZN| = ([4R% + K, 14 (25)
ry Z; IR Ip Z3
o—W—>—| AN > > A
ILR .
Y iiw +
Zin z, :: Vac 2 Rac
O

(b)

Figure 9. The input impedance Zy of the AC equivalent circuits: (a) Equivalent circuit of input
impedance Zy; and (b) simplified equivalent circuit of input impedance Zy.

1
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Figure 10. The frequency characteristic of the normalized input impedance |Zy|: (a) At Q =0 and
infinity; and (b) for various values of Q.
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ZN

Table 2. Normalized input impedance Zy of the converter, according to each normalized fre-

quenCywn.
Conditions Q=0 Q=00
wn =0 [ZN| = o0 |ZN| = oo
= KT ol 2k 23] = \[Re+
wn =1 |ZN| = \/4R% + K} |Zn| = 2Rk
Wy = 0 [ZN| = o0 |ZN| = o0

3. Optimal Design of LLC Resonant Converter
3.1. Optimal Design Process

The design process of an LLC resonant converter with internal loss, using the steady-
state analysis results mentioned in the previous section, is detailed here. First of all, it is
necessary to determine the maximum Q value in the DC voltage gain range required for
design, as in the previous research. The peak value of M appearing at a specific Q value
occurs at the lowest point of the normalized input impedance of Equation (26) and, in this
case, it can be obtained under the condition that the imaginary term is 0, as in Equation (27).
Equation (28), which summarizes Equation (27), is the normalized angular velocity wy max
at which M becomes maximum for a specific Q value [28].

Re+@i(ReQ+1DQKE] L - 1 WKy (26)
(1+20Re i@k | | e 20k 4 B0
1 Wn maxK
Wn max — + 712”11136 ; 2 0 @7)
Wnmax (14 2QRg)" + w% muxQZKL
1
2
e (i8] o

Ky +B 1

=, B=(1+2R 2
2Q%naxK% 2 ( KQmax)

Substituting the result of Equation (28) into Equation (29) for DC voltage gain, an
expression satisfying Equation (30) is obtained, where Q is proportional to the load current
as in Equation (31). Figure 11 is a graph of the results obtained from Equations (27) and (30).
Figure 11a is the graph from Equation (30) for each K} value, and Figure 11b is the graph
from Equation (27) for each K value. Figure 11c is a Q-M graph according to the internal
equivalent resistance, from which it can be seen that the peak value of M is relatively low
when there is an internal equivalent resistance in the figure [29,30]. Figure 11d shows the
peak value of M at a specific value of Q. In general, this graph serves as a criterion for
finding an important Q value in the design process of an LLC resonant converter under a
given DC voltage gain.

R 2
Mpeak = = (wn I%L ) (29)

2 2
@Qmmt VP[4 (1= )]+ (i + =) O
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20Rk+ 1)1+ —(1- = - 20— \wnKi)
(QK+){+KL< w%):|+(anKL+Wn wn>Q e 0 (30)

(31)

(a) (b)

Figure 11. Characteristic graph of peak DC voltage gain M: (a) Peak DC voltage gain M vs. normalized
frequency wy; (b) Q vs. Normalized frequency wy; (¢) DC voltage gain M in accordance with internal
loss resistance Rg; and (d) DC voltage gain M in accordance with inductance ratio K.

Figure 12 below shows the operation range of the LLC resonant converter, partially
enlarged in the DC voltage gain characteristic graph of Figure 7. In the figure, M takes
the maximum and minimum values of the normalized angular velocity w;,, according to
the input voltage range, and the operation area is formed as a closed loop connecting the
points A, B, C, and D. At this time, within a specific Q value range proportional to the load
current, the peak value of M can be determined as in Equation (27). In order to design a
stable control system in the LLC resonant converter, it is necessary to ensure that the peak
value of M is on the outer left side of the operating range, as shown in the figure [31].

Table 3 shows the design specifications of the LLC resonant converter designed in
this paper. The input voltage range is 360—400 V, the maximum output is about 2 kW,
the output voltage is 54 V, the resonance frequency is 125 kHz, and the inductance ratio
is 8. At the normal input voltage of 390 V in Table 3, the transformer turn ratio is given
as in Equation (32). Although the maximum output is 2 kW when the maximum output
including the margin is 2.250 kW, the AC resistance R 4¢ is as given in Equation (33). The
maximum and minimum voltage gain, with respect to the input voltage, are shown in
Equations (34) and (35), respectively. If the peak value of M for Q is obtained from Equation
(30), it can be obtained from two points, as shown in Figure 13. Point A is the case with
internal equivalent resistance, and point B is the lossless case [32]. From the figure, it can
be seen that Q is about 0.44 at point A, and about 0.52 at B. In general, the difference in
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Q value affects the operating switching frequency range. The characteristic impedance is
expressed in Equation (37), and the resonant components that play an important role in the
operation of the converter are expressed in Equations (38)—(40).

VIN(nom) . 380

N = = =35 32
2V, 2 x 54 (32)
8N2V?2 8 x 3.5% x 54
Ric = 0o — =129Q 33
A 2Py 72 % 2250 (33)
2NV, 2% 3.5 x 54
M, = 0 _£XO9 X% 95 (34)
Vin (max) 400
2NV, 2x35x54
max VIN(min) 360 ( )
Qmax = 0.44 (36)
Zo = QR4c =570 (37)
1
Cr = = 226 nF 38
R= 2707, n (38)
Zy
Lgr = =73 uH 39
R=5nf H 39)
Mmax
M
Mmin
Wn max ]’ﬂ ’ ’ ]’Csmax
fO wn fo
Figure 12. Operating range of LLC converter.
Table 3. Design Conditions for LLC Resonant Converters.
Parameter Symbol Value Unit
Input voltage range Vin 360-400 \Y
Nominal input voltage VIN (nom) 380 Vv
Output voltage Vo 54 v
Maximum output power Py max 2.0 kW
Maximum output current Iy max 36 A
Resonant frequency fo 125 kHz
Inductance ratio K;, 8 -

3.2. Circuit Simulation Results and Comparison

To verify the LLC resonant converter design result in the previous section, a circuit
simulation was performed in this paper. We used the simulation software PSIM 11.0, and
the circuit diagram is shown in Figure 14. In the figure, the internal resistances of the
converter reflect the internal losses. A photocoupler was applied to isolate the control
signal, and a frequency-limited voltage-controlled oscillator (VCO) circuit was used to
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stabilize the output voltage. Figure 15 shows the steady-state result waveform of the PSIM
simulation obtained under two load conditions. In Figure 15a, the load current is about 4 A,
while in Figure 15b the load current is about 36 A—the maximum output. At a typical input
voltage of 390 V, the switching frequency was close to the resonance frequency, and both
the magnetization current and the resonance current showed stable waveforms. This result
is considered to indirectly confirm that the previously designed main resonant components
were designed relatively appropriately [33-35].

1.20
\\RK:OQ KL=8
1.15

1.05
1.00

Ry = 0.035Q
0.95 : : : :

0.30 0.35 0.40 0.45 0.50 0.55

Q

Figure 13. Internal loss resistance and change in Q value.

& {
{75 MOS1 ) R3
R4
A AMA—— T_32
R R2 LR
" M
: 3l =C3 -
R5 ‘
L Mos2
o lRE
AD21 /D22
vees vees
opr1 =R > R8
ANDT COoMmP2 T [
COMP1 RESETH HEY cas
*t o R45 o ‘
Nrarl L
THE<T Lt ] s
A J . ‘ 1 LiM4 ]
AND2 DFF1 T T wvoc2 o
| voes 1 caa S Raz TL43NM

~R7

Figure 14. PSIM simulation schematic of a half-bridge LLC resonant converter.
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Figure 15. Steady-state waveform result of half-bridge LLC resonant converter with PSIM simulation:
(a) At low load power; and (b) at full load power.

4. Experimental Results

In order to verify the design result of the LLC resonant converter in the previous
section, an experimental circuit was constructed and its characteristics were analyzed.
Table 4 shows the models and electrical specifications of the main components used in
the experimental circuit. In Figure 16, Vishay’s 650 V class MOSFET was used for the
main switch and the gate on-resistance was 39 m(). Six resonant capacitors were used
in parallel to increase the current rating, and a ferrite core (PQ3552 model) was used for
the transformer. The rectifying diode on the secondary side of the transformer applied
a synchronous rectifier circuit to reduce the rectification loss, and the on-resistance of
the rectifier switch was 5.1 mQ). Figure 17 provides a photograph of the experimental
configuration, which shows the experimental circuit and measuring instruments used for
the test. The power supply used in the experiment was a 61,505 from Chroma (Foothill
Ranch, CA, USA), the electronic load was a PLA5K-600-300 from Amrel (San Diego, CA,
USA), the power analyzer was a WT1802E from YOKOGAWA (Tokyo, Japan), and the
oscilloscope was a 44MXS-B from LeCroy (Chestnut Ridge, NY, USA). Figure 18 shows
the steady-state operation waveform of the experimental circuit. Figure 18a,b shows the
results when the input voltage was 390 V whereas Figure 18c,d shows the results when the
input voltage was 400 V. Figure 18a,c shows when the load current was at 4 A whereas
Figure 18b,d shows when the load current was at 36 A. In the figure, the waveforms
represent the resonance current i; g, magnetizing current iy s, the transformer primary
current iy, and the transformer primary voltage vy, from the top. In the figure, each
current and voltage waveform maintained a stable state, with respect to load change and
input voltage change, and was controlled at an appropriate switching frequency state. In
particular, when the input voltage was 390 V, the waveforms of the experimental result and
the PSIM simulation result were similar.

Table 4. Main components and electrical ratings used in the experimental circuit.

Parameter Symbol Value Specifications
Main switch S12 SiHG73N60E 650V,73 A, 39 mQ)
Resonant capacitor Cr 234 nF 39nF x 6
Resonant inductor Lr 7 uH PQ3535
Resonant inductor Ly 58 uH PQ3535
Transformer turns ratio N 35:10:10 PQ3552
Rectifier switch D1 IPPO51N15N5 150V, 120 A, 5.1 mQ

Output capacitor Co 960 pF 120 uF x 8
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Figure 17. Experimental circuit and experimental configuration.

Figure 19 shows the relationship between the DC voltage gain and frequency measured
in the experimental circuit. Figure 19a shows the comparison of experimental values,
calculated values, and simulation results of input voltage and switching frequency when
the load current was maintained at 4 A. Figure 19b shows the results for the voltage gain
M versus the normalized angular velocity w,. When the load was small, the difference
between the case with and without the internal equivalent resistance was not large. The
difference between the experimental value and the calculated value in the figure is thought
to be due to the fundamental harmonic approximation (FHA) approximation method,
which increases the error at no load, being used for the voltage gain equation derived from
the AC equivalent circuit. Figure 20 shows the measured voltage gain characteristics when
the load current was 36 A. Figure 20a shows the results for the input voltage versus the
switching frequency, while Figure 20b shows the results for the voltage gain M versus the
normalized angular velocity w;. As can be seen from the figure, as the load power increases,
the calculated, simulation, and experimental values showed similar trends; however,
it can be seen that the lossless conditions and the experimental values showed a large
difference. Therefore, the steady-state characteristic equation and design process derived
in this paper are considered to be valid. Figure 21 compares the relationship between the
switching frequency and the load current of the experimental circuit. Figure 21a,b shows
the results under input voltages of 390 V and 400 V, respectively. The load current was
measured up to 35 A. In the figure, the solid line denotes the calculated value and the
dotted line is the simulation value. In the figure, when the internal equivalent resistance
is Rk = 0, the switching frequency decreases according to the load current, but the



Energies 2022, 15, 8144

15 0f 19

decrement is significantly smaller than the experimental value. On the other hand, when
the internal equivalent resistance is Rx = 0.025, it presented more similar characteristics to
the experimental value. Therefore, the AC equivalent circuit, steady-state characteristic
equation, and optimal design proposed in this paper are effective in the actual design, in
terms of the amount of change in switching frequency with respect to input voltage and
load current change. Figure 22 shows the power conversion efficiency of the experimental
circuit. When the input voltage was a typical voltage of 390 V, the maximum efficiency was
97.6%; even at an input voltage of 420 V, it was 97.3%. As previously mentioned through
equivalent circuits and derived equations in Sections 2 and 3, the parasitic resistance of the
main components is required to be considered for a more precise and optimal design of the
LLC resonant converter. In particular, since switching frequency and resonant frequency
are generally from hundreds of kHz to MHz, most of the power loss occurs from switching
loss in main switches, conduction loss in transformer winding, and core loss in the core of
transformer and inductors [36].
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Figure 18. Experimental waveform in steady-state: (a) At an input voltage of 390 V and load current
of 4 A; (b) at an input voltage of 390 V and load current of 36 A; (c) at an input voltage of 400 V and
load current of 4 A; and (d) at an input voltage of 400 V and load current of 36 A.
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Figure 22. Measured power conversion efficiency of the experimental circuit.

5. Discussion

In order to confirm the validity of the steady-state characteristic equation and the
optimal design process, a converter with a maximum output of 2 kW, an input voltage of
390V, an output voltage of 54 V, and a resonance frequency of 125 kHz was designed, and
we compared the simulation, calculation, and experimental results. First, at low output
current, there was a difference between the experimental value and the calculated value due
to the fundamental harmonic approximation (FHA) method, which increases the error at no
load, being used for the voltage gain equation. As the load power increased, the calculation,
simulation, and experimental results showed similar trends. In particular, it could be seen
that the calculation results proposed in this paper were closer to the experimental results
than the calculation results under the lossless condition. From this, it can be seen that the
steady-state characteristic equation reflecting the internal loss resistance derived in this
paper and the optimal design process are helpful in actual design.

Next, the relationship between the switching frequency and the load current of the
experimental circuit was compared, in order to determine the operating range of the
switching frequency, which is important in the converter design stage. The load current
was measured up to 35 A. When the internal equivalent resistance was calculated as
0, the switching frequency decreased according to the load current, but the amount of
decrement was significantly smaller than the experimental value. When the internal
equivalent resistance was considered, the switching frequency characteristics were similar
to the experimental results. The experimental and calculation results were compared in
the switching frequency characteristic graph when the converter operated under light load
and maximum load conditions. In this case, it was confirmed that the calculated value
reflecting the internal loss also showed a close result.

6. Conclusions

In this paper, a steady-state model of an LLC resonant half-bridge converter with
internal loss resistance was proposed, and steady-state characteristic equations of DC
voltage gain and input impedance were derived. From the frequency characteristic graph
of DC voltage gain, it was revealed that the voltage gain was reduced, compared to the
previous case where the internal equivalent circuit was not considered. Additionally,
the optimal design process of important components required for the design of LLC
resonant converters was shown, using the characteristic equations and graphs of the
input impedance.

The change of the switching frequency with respect to the load current at each input
voltage was compared with the calculated value and the experimental result. As a result, it
was possible to confirm the usefulness of the analysis results, reflecting the internal loss
resistance proposed in this paper and the process of optimal design. The power conversion
efficiency of the experimental circuit showed a maximum of 97.6% when the input voltage
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was 390 V, and the maximum efficiency remained as high as 97.3% when the input voltage
was 420 V.
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