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Abstract: The direct current/direct current (DC/DC) converter of the LLC (inductor-inductor-capacitor) converter is an
important part of affecting the work efficiency, volume, and weight of the device. It not only has the functions of traditional
transformers but is also able to solve the problems of traditional power transformers’ high price, huge volume, prodigious no-
load loss, and inflexible control. This paper studies the DC/DC converter mainly, according to the given indexes, the magnetic
integrated LLC resonant transformer is designed in detail. The magnetic integrated transformer greatly reduces the converter
volume, and the selection of devices is completed based on parameters design. In addition, according to design parameters,
losses and the efficiency of the LLC resonant transformer are calculated. The results meet the efficiency requirements. A test
platform of a full-bridge LLC resonant converter is built according to theoretical research. The correctness and effectiveness

of theoretical research and design methods of the DC/DC converter are verified by analyzing the experimental waveforms.
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1. Introduction

The power supply system of the communication equipment room is very complex. To meet the
requirements of different voltage levels [N, traditional power transformers are currently commonly used for
voltage transformation and energy transfer. This type of transformer has a simple manufacturing process
and high reliability, but it is costly, large in volume, with severe no-load loss, and inflexible control.
Moreover, if there are phenomena such as voltage imbalance, harmonics, flicker, etc., it cannot maintain
the normal operation of power equipment 1. 1t is crucial to ensure electrical equipment provides reliable
and stable electricity to users safely 1, whereby the direct current/direct current (DC/DC) converter
emerged. In addition to possessing the functions of traditional transformers, it also can solve the
aforementioned problems. As a new type of transformer, the LLC transformer, which had 2 inductances (L)
and a capacitor (C), has become a hot research topic for scholars both domestically and internationally in
recent years (81, LLC topology, as a dual-ended resonant topology, has been applied in many DC/DC power
conversion schemes. This study will design a DC/DC based on the principle of an LLC full bridge DC/DC
converter, utilizing the advantages of the LLC resonant converter itself to improve DC/DC efficiency.

2. Working principle of LLC resonant full bridge converter

2.1. Introduction to the circuit structure

The main circuit topology of the LLC resonant full bridge converter is shown in Figure 1. During the
working process, the excitation inductance Lm may be clamped and not participate in the operation, which
determines that the LLC resonant converter will have two different resonant frequencies. When L is
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clamped, which is generated by the resonant inductance L, and the resonant capacitor C;. The expression is:

1

fr= 21,/LCy

When the current flowing through L, is equal to the current flowing through the resonant inductor L,
the transformer has no energy transmission, the rectifier tube will be turned off, and Ly will not be clamped
by the secondary voltage to participate in resonance. At this time, the resonance frequency is related to the
excitation inductance Lm, resonant inductance L, and resonant capacitor C;. The expression is:

1

fm = 270/ (L +L)Cr

For LLC resonant full bridge converters, they can operate in four operating modes. Assuming the
operating frequency is fs, its relationship with the two resonant frequencies above will determine the range
in which the converter operates. The relationship includes four situations: fs < fm, fm <fs < f, fs = f;, fs > f..

Figure 1. Schematic diagram of LLC full bridge converter

3. Design of LL.C full bridge converter

In order to apply to the commonly used voltage levels in communication equipment rooms, the design of
LLC resonant converters meets the following design indicators:

(1) Input voltage range: Vin min~Vin max= 190~330 V

(2) Rated input voltage: Vin nom= 300 V

(3) Expected efficiency, #: >95%

(4) Output voltage: V,=48 V

(5) Ripple voltage: AV =240 mV

(6) Output current: I, =10 A

(7) Resonant frequency: fir= 100 kHz, k=6

(8) Parasitic capacitance Coss of metal-oxide-semiconductor field-effect transistor (MOSFET): 400 pF
(9) Equivalent parasitic capacitance Csary of transformer winding and PCB board: 100 pF

(10) Dead time: 300 ns

3.1. Design of resonant circuit parameters

To meet the input voltage working near fr at Vin_nom, the theoretical transformation ratio m of the transformer
can be obtained by using the following equation with the gain Mnom = 1 at this time, whereas Vr is the
conduction voltage drop of the secondary diode, where 1 V is taken.
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Vin,nom _ 300 _
m= (Vo+VE)  (48+1) 6.12v

The minimum gain Mmin and maximum gain Mmax of the equivalent circuit are shown here:

Vo+tVE
M. =m2*E — 091
Vinmax

_ Vo+VE _
in_max

The minimum operating frequency fmin and maximum operating frequency fmax of the equivalent circuit

are as follows:

Frin = Jr = 46.64 kHz
1+k(1—M L 2)

Finax fr = 156.83 kHz
1+k(1- —)

Based on the first harmonic approximation (FHA) analysis method, the equivalent load impedance of
LLC circuits is as follows, where n is the theoretical transformation ratio of the transformer.

2
8X6.12“X48 — 145.87 O

_8n?v, _
m2Xx10

R.. = =
ac 21,

According to the requirement of maximum gain, the maximum quality factors Omax1 and Omax2 of the
resonant cavity can be obtained through the following equations, where k& is the ratio of excitation
inductance to resonant inductance, k = 6; /max is the maximum normalized frequency.

1 Mmax®
Qmaxt = 5, — [k + 527 = 0.29
i = 0.285

Qmaxz = 1
TRacCzvs(Imax _@*‘klmax )

Hence, the maximum Q within the entire working range is Ozvs = 0.95xmin{Omax1,Omax2} = 0.27,
where ZVS is defined as zero voltage switching. According to the resonance characteristics, the resonance

parameters can be obtained as follows:

=1 40.03nF

C -
T 2 frQn?Ryc
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_ QRac _
Ly = 5% = 62.72 pH

Ly, = kL, = 376.32 uH

According to the conditions for achieving ZVS with the original side switch, the excitation current can
be calculated as:
V.
[ =—""""—=120A
M 4fmax(Lm+Lr)

The charging current of parasitic capacitors is:

linmax — 098 A

tq

Ip = Czys

Since Im > I, meets the conditions for achieving ZVS in the primary side switch, the design is
considered reasonable.

3.2. Design of magnetic integrated transformer

Integrated LLC resonant converter integrates the resonant inductance and excitation inductance into the
transformer for utilizing the leakage inductance and excitation inductance of the transformer fully. Using
the magnetic integration approach to integrate LLC resonant converters precisely utilizes the parasitic
parameters of the transformer, where using the leakage inductance of the transformer as L, and the excitation
inductance of the transformer as L. This converts unfavorable factors into favorable conditions without
adding two additional inductors, greatly reducing the volume of the converter. Area product (AP) method
(111 s used to determine the type of transformer magnetic core, which is shown in the following equation:

Ppx10* 114
AP = A A, = [— ]
KoKfK]fst

In the above formula, 4. is the effective cross-sectional area of the magnetic core; Ay is the window

area of the coil; Pr is the apparent power of the transformer, which varies with the circuit. In this paper, the

secondary side of the transformer adopts a central tap structure, so Pr = Po(l/n+\/2), unit W; K, is the

window utilization coefficient, taken as K, = 0.3; Kr is the waveform coefficient, which is 4 for the square

wave. Kj is the current density, where Kj = 400/cm?; By is the working magnetic flux density, Bw = 0.15 T.
Bringing the data into the above equation yields can get:

1.14

480X (=+ V2)x10* 176 cm®

0.3X4X40x100,000%0.15

AP =

ETD39 from TDK Electronics is used as a magnetic core, hence AP = 3.2125 cm?, 4de=1.25 cm?, Aw
= 2.57cm?, and AB = 0.3 T. By adding the secondary leakage inductance to the primary inductance, the
actual transformation ratio n of the transformer can be obtained using the following equation:
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n=m %=6.61

According to the law of electromagnetic induction, the number of secondary turns can be obtained as:

N, =—2F_ — 1401

2fminABAe

Hence, the roundup secondary turn count is 14 turns. According to the transformer ratio, the number
of primary turns can be calculated as N, = nNs = 92.59, giving the roundup primary turn count of 92 turns.

Considering the influence of the skin effect, 64 strands of enameled wire (® = 0.11 mm) are wound in
parallel on the primary side, whereas the secondary side is made of 63 strands of enameled wire (® = 0.2
mm). It not only meets the current stress but also reduces the loss caused by the skin effect.

In order to maximize the leakage inductance of the transformer and meet the requirements of the
resonant inductance Ly, it is necessary to reduce the coupling degree of the primary and secondary sides. A
combination of slot skeleton and retaining wall can be used to meet the requirements.

3.3. Selection of MOSFET and rectifier diodes

In a full bridge converter, the maximum voltage borne by MOSFET is the maximum input DC voltage,
which is the peak value of MOSFET voltage, hence Vs max = Vin max = 326 V. The peak value of MOSFET
current is Zas max = V2 Iy rms = 3.17 A. According to 1.5 times the withstand voltage value and 2 times the
current value, the CooIMOS-IPW65R041CFD designed by Infineon was selected, with a withstand voltage
of 650 V and a maximum conduction resistance of only 41 mQ.

Rectifier diodes need to achieve zero current switching (ZCS) in high-frequency environments, which
is difficult for ordinary diodes. Therefore, it is necessary to choose a fast recovery diode, which can
withstand a maximum reverse voltage of 2 times the output voltage, where Vp = 2V, = 96 V. Maximum
value of current flowing through the diode is /o max = V2 Is rvs = 11.1 A.

Considering a certain margin, MUR2020 was ultimately selected as the output rectifier diode, with a
maximum withstand voltage of 200 V and a maximum average current that can withstand 20 A, V'rF=1.0 V.

3.4. Output capacitor design

From the topology and working principle of the full bridge LLC resonant converter, it can be seen that its
output only requires capacitor filtering, and the capacitor value is closely related to the output voltage ripple.
When the expected ripple AV <240 mV, the output capacitance is determined as follows, where AV is the
expected ripple value, and 75 max 1s the period corresponding to the maximum switching cycle.

Co = =202 — 890 F

In order to minimize the loss on the capacitor as much as possible, a capacitor with low ESR 1is selected.
Nippon Chemi-Con 1000 pF electrolytic capacitor with low ESR is selected, where the withstand voltage
value is 63 V and ESR is 19 mQ. The actual ripple value is AV2 = I¢ s Resr = 0.092 'V, where I ms is the
effective value of the current flowing through the capacitor, which can be obtained by the following
equation:
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m2-8
Ic_rms = 3 Iy

Therefore, the ripple of the output voltage meets the expected requirements.

3.5. Loss and efficiency calculation

3.5.1. MOSFET loss calculation

Due to the use of soft switching technology in this design, the switching loss of the circuit system is zero,
and the loss of the MOSFET is only its conduction loss, which is Peond MOSFET = Jd.rms> Ron D = 0.1 W. The
Ron 1s the maximum resistance of MOSFET (41 mQ), l4,ms is the effective value of the current passing
through MOSFET (2.24A), and D is the duty cycle of 0.5.

3.5.2. Diode loss calculation

The average current passing through the diode /yavg = Io = 10 A, and the effective current is l4qms = 7.85A.
If the forward conduction voltage drop Vs of the selected diode is 1.0V, the conduction loss 1S Pcond,diode =
LamsVE[1 — (d/2)] = 5.8 W. Peak value of diode reverse recovery current /rmax = 10 pA. The reverse bias
voltage Vrmax = 140 V, and the time from zero to peak reverse current is approximately equal to the time
from peak reverse current to positive recovery current, which is #r1 = fr2 = 35 ns. The shutdown loss is
Psw.diode = 0.5 Velrmaxtir1fs + 0.25 VemaxIrmaxtafs = 1.24 % 10°° W. Therefore, the total loss of the diode is Paiode
=P cond,diode +P sw,diode ~ 5.8 W.

3.5.3. Transformer loss calculation

The effective values of the primary and secondary currents are I, rms = 2.24A, Is rms = 7.85A. The copper
loss of a transformer Peygrans = Reutlp Rus® + Resols rms® = [20jN1]p_RMs\/(nAe1)] + [ZGjNQJS_RMs\/(nAez)] =
12.4 W. The magnetic core loss of the transformer Peore trans = #feq’Bpeak’ Ve = 1.1 W. Therefore, the total loss
of the transformer Pirans = Peu,trans T Peore,rans =~ 12.4 W + 1.1 W=13.5 W.

3.5.4. System efficiency calculation

The total loss of the converter is Pioss = PMOSFET + Pdiode + Prrans = 19.4 W, while the efficiency # = Po /(Po
+ Ploss)*100% = 96.12%. It can be seen that the efficiency of the system throughout the entire process has
reached the required quantity value, indicating that device selection and data selection are reasonable.

4. Experiment validation

Full bridge LLC resonant converter to DC/DC has been built. DC/DC parameters are: (1) The input AC
voltage of the input link is 220V (£5%V), the input filtering inductance is 8mH, the rated output DC voltage
1s 300V, and the output filtering capacitance is 1100 pF; (2) The intermediate link DC/DC converter outputs
a given reference voltage of DC 48V and a filtering capacitor of 890 uF; and (3) The output link outputs a
power frequency three-phase line voltage of 50V, a power of 460W, a filtering inductance of 0.4mH, a
filtering capacitor of 32 uF, and a three-phase pure resistive load.
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Figure 2. The experimental waveform of LLC in f; > f.. (A) The input voltage and current, and the output voltage of the input
link. (B) The output voltage of the DC/DC converter and the three-phase voltage of the load.

u, i, and Vac1 in Figure 2A represent the input voltage and current of the input link, as well as the
output DC voltage. For the convenience of comparison, the current waveform here has been expanded by
5 times; Vic2, Uab, Ubc, and uca in Figure 2B are the DC voltage and load three-phase voltage output by
DC/DC converter respectively. From the simulation results, it can be seen that the 220 V AC voltage is
input, and after passing through the LLC converter, DC 48 V is output, and finally, a three-phase sinusoidal
AC voltage is output through a three-phase inverter circuit. It can be seen that applying a full bridge LLC
resonant converter to DC/DC can achieve basic voltage transformation and energy output functions.

Figure 3 shows the output ripple voltage waveform of the DC/DC converter under full load. As shown
in the figure, the output ripple voltage value is less than 200mV, which meets the ripple value range set
during design.

Tek il

50 mV/div
25 us/div

2 M10.0us 100M T/ ED 2 5
10k & —-8.40mA

Figure 3. Output ripple voltage under full load

Figure 4 shows the efficiency curves of the experimental device under different conditions. From
Figure 4A, it can be seen that under full load conditions, the efficiency will also increase with the increase
of input voltage. However, when the input voltage exceeds the rated input voltage, the efficiency will
decrease. This is because the operating frequency will be greater than the resonant frequency, fs> fr when
the input voltage exceeds the rated input voltage, which will affect the ZCS realization of the rectifier diode.
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From Figure 4B, it can be seen that under the rated input voltage, the efficiency continues to improve as
the output current increases. When the rated output current is reached, the efficiency is highest. Efficiency
exceeds 93% in all conditions. It can be seen that the designed DC/DC converter meets the design
requirements.

A Efficiency B Efficiency
96.00% 96.00%
95.00% 95.00%
94.00% 94.00%
93.00% 93.00%
92.00% 92.00% -
190V 230V 260V 300V 330V  mput Voltage 2A 4A  6A  BA 10A  output Current

Figure 4. Converter efficiency curve. (A) An output current of 10 A load with different input voltages. (B) An input voltage of
300 V with different output currents.

5. Conclusion

This article studies the working principle of the LLC resonant full bridge converter, analyzes its operation
under optimal conditions, determines the main parameters of the converter, and applies soft switching
technology to the DC/DC converter to improve efficiency. The correctness and effectiveness of the
theoretical research and design methods of DC/DC converters were verified through prototype experiments.
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