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Abstract

This work presents detailed analysis of LLC resonant converter to accurately predcit the voltage gain
of the converter. Nowadays, Lithium-ion battery cells are mostly preferred for on-board electrical
vehicle (EV) battery chargers due to their high power density. This results in wide range output voltage
regulation for battery charger. The output voltage regulation of LLC resonant converter is provided by
the changing of switching frequency. The conventional first harmonic approximation (FHA) method is
usually used for resonant converters and it is not reliable when switching frequency changes in wide
range, especiaaly below resonance region. Therefore, the objective of this paper is accurate prediction
of the voltage gain characteristic for LLC resonant converter used in EV battery charge applications.
The detailed theoretical anlysis of the LLC resonant converter is presented and the presented analysis
is compared with a simulation study with 2.7 kW output power and 250 V-450 V output voltage range.
Key words: Agricultural tractors, Rod clutch, Shuttle chain locking mechanism

1. Introduction

Nowadays, the use of electrical vehicle (EV) increases greatly due to benefits in air pollution and
economy. The on-board battery charger design provides flexibility to the end-user allowing
charge vehicle’s battery from any available power point [1]. However, on board charger design
can increase the EV’s volume and weight, this also reduces the performance of vehicle [2]-[4].
Therefore, high power density and low weight battery charger design is important in EV
technology to reduce costs [5], [6].

The lithium-ion battery chargers are very common in order to obtain high power density because
they have higher current and voltage rates compared to other battery structure [2], [7], [8]. Thus,
battery charger should provide wide range output voltage and current regulation.

A battery charger composed of two part : one of them AC-DC conversion stage which has power
factor correction function and the other is DC-DC battery voltage regulation stage [1], [2], [9],
[10]. This paper is focused on the second stage. The second is regulates the output voltage of first
stage which has second harmonic of line voltage. The soft switching converters are very popular
to obtain high power density and high efficiency, with the operation at high switching
frequencies [1], [9]-[11].

The resonant converters naturally work with soft switching, they don’t require additional circuit
component. Their soft switching operation are not depend on the load condition. However, their
output voltage regulation is provided with frequency variation and this well-known disadvantage
of resonant converters. Because frequency change limits the design optimization of the magnetic
components of the converter. The LLC resonant converter has narrow switching frequency range
compared to the other resonant converters (series, parallel and LCC). The LLC resonant
converter doesn’t require an output filter inductor so it has advantage to increase power density
[12]. Therefore, in this work, the LLC resonant converter topology is selected for the second
stage of EV battery charger design.
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The first harmonic approximation (FHA) method is usually used to extract the dc gain of LLC
resonant converter. The analysis and design procedure of the converter are discussed in the
literature based on FHA [13]-[16]. However FHA is produces valid result at and above resonance
frequency [17] and it produces errors below resonance frequency region [10], [11].

In [18] and [19], the gain of the LLC resonant converter is extracted based on steady state
analysis but it is not presented closed-form solution due to the complexity of nonlinear equations.
In [20], the voltage gain of the LLC resonant converter is presented based on time domain
analysis below resonance frequency. It presented closed form statement and more acceptable
results compared to FHA.

This work evaluates the accurate voltage gain characteristic of the LLC resonant converter for
EV battery charger applications. The converter is analyzed based on [20] during boost mode
operation. The FHA method is applied at and above resonance operation during buck mode
operation. Then, a simulation study is presented to evaluate analytical results. The comparison
shows that simulation results and analytical results are in good match.

2. Mode analysis of LLC Resonant Converter

The circuit scheme of the LLC resonant converter is shown in Fig. 1. The input voltage Vi is
usually obtained from front end AC-DC converter for battery charger applications. Vo represents
the battery charge voltage. S1-S4 are the primary MOSFETs operating ZVS turn-on, naturally.
Dri-Drs are the rectifier diodes producing DC output voltage. L is the mutual inductance of the
power transformer, Ly is the resonant inductor, which can be realized simply by introducing an air
gap in the power transformer. C; is the resonant capacitor.
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Fig. 1 The circuit scheme of the LLC resonant converter.

In the operation of the converter, Si-S2 and S3-S4 MOSFET pairs conduct with 50% duty ratio in
a switching period to produce symmetrical voltage across the primary side of the transformer.
The well-known voltage gain characteristic of the converter based on first harmonic
approximation (FHA) is given in Fig. 2 in order to define operation modes.

In Region 1, converter works with buck operation and the series resonant converter behavior is
dominated with the resonance occurred between L; and C.. This operation is provided above
switching frequency and so converter always works with inductive characteristic in this region.
Thus, primary MOSFETSs turn on with zero voltage switching (ZVS).
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In Region 2, converter works with boost operation and the operation is more complex than
Region 1. The series resonance and parallel resonance operation characteristics take place
according to load condition. In this region, there should be a boundary between inductive and
capacitive operation to provide ZVS turn-on for primary MOSFETs.
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Fig. 2. The typical dc voltage gain characteristics of LLC resonant converter based on FHA.

A. Analysis of Region 2:

In this region, LLC resonant converter operates to increase output voltage. The key waveforms
and equivalent circuit belong to operation modes are given in Fig. 3 and Fig. 4, respectively. In
the other half switching period, converter works with same principle with inverse voltage applied
to the resonant tank. Therefore, only one switching period is took into consideration in this
section. In the analysis, it is supposed that all semiconductors are ideal, the output filter capacitor
is large enough and so the output voltage is constant.

Mode 1 (to-t2): Fig. 4(a) shows equivalent circuit of this operation. S; and S; MOSFETs are
turned on at t=ty and square wave input voltage is applied to the resonant tank composed of L;-C;-
Lm. Thus, a resonance occurs between L.-C; and irr current starts to increase with a negative
initial value. At t=ti, iLr reaches zero and continue to increase with resonance. The magnetizing
current, iLm, increases linearly since the voltage across the magnetizing current is NV, which is
respected from secondary side. The frequency of current and voltage variation is equal to the first
resonance frequency, fr1. The equations belong to this mode can be written as follows:

V. —NV =V,
iLr(t):”’Z—”C"Osincorlt+ILro cos ot (1)
rl
. NV,
le(t): L ZL—"_ILmO (2)

m
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i (t)=i,(t)

vCr(t) = Vin - NVo +(VC)'O - Vin + NVU)COS (Drlt

+1,,,Z,, sino,t

vCr(t) = Vin - NVo +(VC)'O - Vin + NVU)COS (Drlt

+1,,,Z,, sino,t

iDRl,DRZ(t) = N[iLr (t)_iLm (t)]

Above, Z;1, o are defined as follows:
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Fig. 3. The key waveforms of LLC resonant converter in Region 2.
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Fig. 4 The equivalent circuit of LLC resonant DC-DC converter in Region 2.

At the secondary side, Dri and Dr> conduct on to produce dc output voltage, V,. This mode ends
at t=t; when the current of rectifier diodes reaches zero. Thus, in the half of f;1, Dri and Dr2 turn
on and transfer the energy to the output. Thus, it can be defined that t2=m/w;1.

Above, IL0=ILmo, ILo=ILm2, ILo=-IL2 and Io=-IL2. I 1s equal to the maximum value of the
magnetizing current and it can be defined by:
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;o N, T ©)

Lr2 Lm—max
L 20,

Similarly, Vcro=-Vcrs and for tb=n/wr1 Vcr can be obtained as follows:

Ve = Ve +2(V,, =NV, ). (10)

in

Mode 2 (t2-t3): The equivalent circuit belong to this operation is given in Fig. 4. The voltage
across the magnetizing inductance NV, is removed when the rectifier diodes are turned-off and
another resonance starts between L.-C.-Li. In this operation there is no energy transfer to the
output and irr current flows at the primary side freely. The current and voltage equations belong
to this mode can be written as below:

(0= (1) =72, 1,) o

+ [LrZ COS((‘OrZ(t - t} ))

i (1) =iy,(1) (12)

Vor(1) =V, (Von =V, Jeos(@a(1=1,) 13)
1,07, sin(w,,(1-1,))

iy (1) =1,,(1) (14)

ip1.pra (1) =0 (15)

Above, Z» and op, represent the resonance impedance and resonance radial frequency,
respectively. They can be defined as follows:

S S— (16)

(Dr2
J(L+L )C

Z,= /(L;—L) (17)

If dead time is neglected, S; and So» MOSFETs are turned-off with the peak value of magnetizing
current at t=t3, approximately at the end of one half of the switching period and this mode is
completed.

The resonant capacitor voltage for t=t3 is obtained as follows:
Vers = Ve =V + (Vepy =V, Jcoso+1,,,Z,, sina, (18)

Where a is radial distance between t3-t; and defined as follows:
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a=0,(4-t,) (19)

The resonant capacitor voltage for t=to after rearrangement of (18) can be defined as follows, as
given in [20]:

(V,,—2NV, )cosa
(20)

o0 =——— NV,
w0 cosa-1 +Z,‘2—°nsina+Vm
2L

(O]

m-r

Mode 3 (t3-ts): The equivalent circuit diagrams belong to this operation are given in Fig. 8(c) and
Fig. 8(d). This mode can also be defined as dead time, t4ead. In this operation, magnetizing current
charge the parasitic capacitors of S; and S, MOSFETs while discharge the parasitic capacitors of
S; and S4 MOSFETs. Thus, S; and S4 MOSFETs are turned-on with ZVS and following equation
can be written for one leg of the converter:

CSllJ'_CSAtl:ILrS:]LmS (21)
Above, Cs; and Csy are the parasitic capacitors of S; and Sy MOSFETS. I1x3 is the maximum
value of the magnetizing current.

The antiparallel diode of S3 and S4 MOSFETs are turned-on at t=t4, when the voltage of Cs3 and
Csas parasitic capacitor reaches zero and the voltage of Csi and Cs reaches to Vin. The conduction
of antiparallel diode of S3 and S4 MOSFETs provides ZVS turn-on for S3 and S4. Thus, one half
switching period is completed.

In Region 2, average output current is defined as follows:
L= [Nl (22)

After solving and rearrangement of (18), the output voltage of the LLC resonant converter can be
defined as below, as given in [20]:

n +1/L, +1L, L, sina. |

__ 2R, 'C.0, 2L, (cosa—1) 23)
* (1-=coso)N| 2cos5a.
- +1
coso—1

Given analysis above for Region 2, f» defines the boundary between capacitive and inductive
region. Thus, reactive impedance is removed and only resistive effect takes place at fi.
Therefore, the boundary between inductive and capacitive region, ZVS turn-on boundary, can be
obtained eliminating sinus component in (23) as follows:
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-1

n
2V 2C.R,’
Vs ZLX S (24)
(1—cosB)xN | 2cosp 1
cosP—1
The no load voltage gain can be defined for RL’=c0 in (23) and it is obtained as
nl L, + L, sinp h
= 2L ool 25)
(1-cosB)x N _ 2cosP 4
cosP—1

In order to operation with ZVS turn-on in Region, boundary for frequency regulation can be
defined as below:

Joo < S < T (26)

Where, fi1 is the first resonance frequency and fi; is the second resonance frequency defined as
follows:

1

_ 27
ey e 27)

1

fo=rT———
' on((L, +L )C

B. Analysis of Region 1:

(28)

The FHA method gives reliable results at and above f1 [17] so this method is used for the
analysis of Region 1. The used key waveforms and the equivalent circuit model for the analysis

of Region 1 is given in Fig. 5.
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(b)

Fig. 5. The key waveforms (a) and AC equivalent circuit model (b) of LLC resonant converter based on FHA.

The positive input voltage is applied to the resonant tank by the conduction of S; and S
MOSFETSs. Thus, the obtained current and waveforms can be written as follows:

iLr (t) = Iermax Sin(znf;‘lt - (Pl ) (27)
VCr (t) = I/irl - NI/O - [ermaerl Cos(znfrlt - (pl ) (28)

Above, Iir-max defines the maximum resonant current and ¢ is the phase angle. They can be
defined, respectively as below:

vV, —-NV =V,

I — _in o Cr0 29

Lr—max Zrl ( )

NV,
0, = sin” ——T0__ (30)
4Lm Ieraxf;‘l
The voltage gain of LLC resonant converter based on FHA is given as below [18]
v, 1 1
GDC:V_:N' " x 7 (31)
n ety jorte Ja
Lm f.‘tw f;l .f\w

Where, fsw 1s the switching frequency, Q is the quality factor and R is the equivalent AC
resistance reflected to the primary side defined as below:

1 |L
0= zc (32)
R :%NZRL . (33)
T

In this region, LLC resonant converter always works with inductive characteristic. Therefore,
there is no boundary limitation for ZVS turn-on of primary MOSFETs as happens in Region 2.

3. Validation of Analytical Analysis by Simulation Results

In order to validate presented analysis a simulation study is performed. The value of the used
components are given in Table 1.
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The analytical output voltage of the LLC resonant converter is extracted by MATLAB and given
in Fig. 6 for different load condition. The desired output voltage regulation is provided with
switching frequency changing between 110 kHz and 200 kHz.

The output voltage values obtained from analytical and simulated results as function of load
condition are summarized and compared in Table 2. In addition, the switching frequency
comparison as function of the output voltage with constant load is given in Table 3. According to
comparison results given in Table 2 and Table 3, analytical and simulation results are in good
match with each other.

TABLE 1:THE USED COMPONENTS IN ANALYTICAL AND SIMULATION STUDY

Components Values
Lum 130 pF
L, 26 uF
C, 24 nF
P, 2700 W
Vin 380 V-420V
V, 250 -450 vV
fow 110-200 kHz
fu 200 kHz
TR N:15/9

LLC Rezonansl DC-DC Déniistiiriiciiniin Gerilim Kazanci Karakteristigi

600

RL1=75 ohm
RL2=112.5 ohm ||
== RL3=150 ohm
RL4=375 ohm
RL5=7500 ohm

Vo (Volt)
1
|
|
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|

fs (kHz) 5

Fig. 6. The analytical output voltage of LLC resonant converter as function of switching frequency.
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TABLE 2:COMPARISON OF OUTPUT VOLTAGE OBTAINED FROM ANALYTICAL AND SIMULATION RESULTS
Load fow Vo
Simulation | Analytical
Ry =75 Q 110 kHz 4483V 4527V
Rio=112.5 Q 113 kHz 4492V 4519V
R13=150 Q 114 kHz 448.2 'V 450 V
R14=225 Q 114 kHz 451.6 V 4522V
R15s=450 Q 114 kHz 4521V 4534V

TABLE 3:COMPARISON OF SWITCHING FREQUENCY AS FUNCTION OF THE OUTPUT VOLTAGE WITH CONSTANT LOAD

Vo fiw, 10=6 A
Simulation | Analytical
450 vV 109.8 kHz 113 kHz
425V 113 kHz 115 kHz
400 V 118 kHz 116 kHz
375V 121 kHz 125 kHz
350V 126 kHz 128 kHz
325V 134 kHz 137 kHz
300 V 144 kHz 148 kHz
275V 159 kHz 162 kHz
250 vV 183 kHz 185 kHz

The simulated waveforms for constant 2700 W output power is given in Fig. 7-Fig.9. Fig. 7
shows the waveforms of vcr, ir and va, with 450 V output voltage at 109.8 kHz switching
frequency. In Fig. 8, same waveforms are given for 350 V output voltage at 126 kHz. Fig. 9 gives
the same waveforms for 250 V output voltage at 185 kHz. According to obtained results from
simulation study LLC resonant converter works with fundamental principles.

ILr720 vab

0.11962 0.11963 0.11964 0.11965
Time (s)

Fig. 7. Simulated waveforms of LLC resonant converter with 2700 W output power and 450 V output voltage at
109.8 kHz switching frequency.
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Fig. 8. Simulated waveforms of LLC resonant converter with 2700 W output power and 350 V output voltage at 126
kHz switching frequency.
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Fig. 9. Simulated waveforms of LLC resonant converter with 2700 W output power and 250 V output voltage at 183
kHz switching frequency.

4. Conclusions

In this study, the accurate voltage gain of the LLC resonant converter is discussed. The time
domain analysis and FHA methods are used to obtain accurate results. A simulation study is
performed with 2700 output power and 250 V-450 V output voltage range. Finally, analytical
gain results are compared with the simulation results. According to compared results, the
analytical voltage gain of LLC resonant converter is in good match with simulation results. The
simulated waveforms also validate the fundamental principles of the converter.
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