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Abstract: The need for a small economical power supply for battery chargers has increased in the last couple of years. A LLC
converter can be used as a battery charger due to its low EMI noise, high power integration and high efficiency. The paper
presents a more accurate approach for the design and analysis of the LLC converter. A comparison between the calculations, the
simulations and the practical results is also presented. A new analysis and design method which enables the use of the LLC
converter as a battery charger and super capacitor charger is presented.
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I. INTRODUCTION
Energy storage systems like battery and Super Capacitors
became more and more important in the last couple of years.
The development of an efficient battery charger circuit
which produces a very low amount of EMI noise is one of
the main concerns of research nowadays.

The growing popularity of the LLC converter in its half-
bridge implementation is due to its high efficiency, low EMI
emission and the ability to achieve high power integration.

A LLC converter has many advantages over the other
resonant topologies. It can regulate the output voltage over a
wide range of load and input voltage variations. It can obtain
zero voltage switching over the entire operating range. In
many papers [1], [2] the first harmonic approximation is
used because it enables the analysis of the LLC converter by
means of classical AC circuit analysis.

The first harmonic approximation considers the circuit as
a band pass filter with square wave excitation. The method
consists of replacing the square wave input signal with its
fundamental value [3]. In [1-3] a first harmonic model of the
converter is derived and the design method is based then on
this model.

This paper presents a more accurate approach for the
analysis and design of a LLC converter.

The resonant tank of the converter consists of three
reactive elements: resonant capacitance C,, resonant
inductor L, and the magnetizing inductance of the
transformer L,. As demonstrated in [4], [5] there are two
resonant frequencies: one determined by the resonant
capacitor C, and resonant inductor L, and the other one
determined by the resonant capacitor and the magnetizing
inductance of the transformer L, in series with the resonant
inductance.

R (1)

! )

Tn= 27,[C. (L, +L,)

The converter can work in three fundamental operating
modes: f < f,, f<f<f, f>1f

The converter is designed to work always in the
inductive region because in the capacitive mode a large
voltage develops across the resonant capacitor thus a large
energy level must be circulating in the resonant tank [6]. The
converter must work always in the inductive region below f;,
f, < f < f, In this region the converter can achieve zero
voltage switching (ZVS) for the MOSFETS and zero current
switching (ZCS) for the diodes in the rectifier network for
the entire operating range [6], [7].

To do this the converter should work at the resonant
frequency at nominal input voltage and full load. At light
load the characteristic of a SRC is dominant and at full load
the characteristics of a PRC comes on top [8].

The gain characteristic of a LLC converter is presented
in Figure 1.
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Figure 1. Characterictic of a LLC converter.
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Figure 2. Schematic of The LLC converter

From Figure 1 one can easily see that at the second
resonant frequency the gain is independent of the load [9].

These properties enable the use of the LLC converter in
battery and super capacitor charger applications.

This paper presents a new and more accurate method for
the analysis of the resonant converter. First the method is
described then the results obtained are compared with the
ones from simulations and the ones from the practical
design.

II. CONVERTER OPERATING PRINCIPLES
AND DESIGN

The proposed circuit is presented in Figure 2. The LLC
converter consists of three important stages: square wave
generator, resonant tank and rectifier network.

The functionality of the LLC converter can be divided in
four stages. The equivalent circuits as seen from the primary
side of the four stages are presented in Figure 3.

RO Vin
vin QP

d

Figure 3. Functional stage: a) for the interval 0 —T,/2, b)
for the interval T,/2 - T, c)for the interval T,, - T,,+ T,/2,
d) for the interval T,+ T,/2 - T,

T, represents the resonant period and 7, is the switching
period.

Because the resonant frequency f, is small enough for b)
and d) cases the inductor current will be considered
constant.

The characteristic impedance Z, of the resonant tank is:

Zo = - (3)

The equivalent load resistance R, as seen from the
primary side can be calculated with [1]:

8n>
= ?Ro 4

R

ac

were n is the transformer turns ratio and R, is the output
load.
The quality factor Q is:

0= 5)

ac

The gain of the LLC converter can be expressed as [1]:

2
(fJ (m-1)
fr (6)
2 2
£ +jf[f‘2_1]<m_1>g
fp r fr
where m represents the ratio of the: m = L, /L,.

The gain characteristic of the LLC converter described
by (6) is presented in Figure 4.

M(f,m,Q)=

M(f.m.Q)

f

Figure 4. Gain characteristic of the LLC converter.
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The magnetizing current of the transformer /;, reaches its
maximum value at a quarter of the resonant period and is:

T
- 7
%) a
were V) is the output voltage of the converter.
Considering the four stages described in Figure 3 the

magnetizing current is defined over the entire period as
follows:

I’L'VO

A

T
1 L|<trs—
N (2] 2f,
)= ®)
Iy - s (I—L] if LStS—+£
Lp_l‘r zf;w zfsw zf;w 2
-1, if L+EStsL
2fp 2 Sow

were i,(t Jrepresents the magnetizing current and f;,, is the
switching frequency of the square wave generator.

The magnetizing current described by (8) is represented
in Figure 5:

in®

t

Figure 5. Magnetizing current.

The current through the resonant inductor if the
magnetizing current is considered zero is given by:

1
I, w1 )
n-n 2 fxw 'Tr

where: 7 = P,,/Pi,.
The phase between the two currents is:

6 = arctan Tu
Ig

The current through the resonant inductor for half of the
resonant period, [0 - T, /2], considering the magnetizing
current also sinusoidal, is:

(10)

i, () =yIs"+1,,° sin(w,r-6)

(1)

Substituting (9) and (10) in (11) and considering the
entire period, one can express the resonant inductor current
as:

t T
VI + 1 sil ———6| if 0<r<*
s M '{Trcr ]f >
T 1
I, if L<t<—
M f 2 ZSW
i, (6)= ; _% 1 1 12)
sl — g i Lo LT
LC, 2y 2 2
_IM lf LJ’_E S[SL
2y 2 Fow

where i;,(t)is the resonant current over the entire period.
The resonant inductor current derived from (12) is
represented in Figure 6.
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t

Figure 6. Resonant inductor current.

The RMS value of the resonant current I ,,,, is:

1
S

fxw (iLt (t)z )dt

0

Iers(t)= (13)

The current through one transistor can be easily
determined if one considers that the transistor will be on
only one half of the switching period 7.

T
JI2+1,,% sin| ————@| if 0<r<—
JL,C, 2
T 1
i (0=|I, if <<
T "
0 if StsL

sw sw

where i7(t) represents the transistor current.

The transistor current described by (14) is represented in
Figure 7. The transistor current is null for a half of the
switching cycle. Because the circuit is working in the
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inductive region the current at the beginning of the
switching cycle is negative.

it

t
Figure 7. Transistor current.

The RMS value of the transistor I7,,, is given bylated
as:

1
Fo

fsw J-(iT (t)z )dt
0

ITrms(t) = (15)

Because the LLC converter can achieve zero voltage
switching on the entire input range the switching losses are
zero. The conduction loss of the transistor is:

2
PT = RDS{m : ITrmS (16)
where Rps,, is the on resistance of the transistor.
The junction temperature of the diode can be calculated
as:

Tyr =Tx+Ryya-Pr A7)
were T,r is the junction temperature of the MOSFET
transistor, 7, is the ambient temperature and Ry, is the
thermal junction to ambient resistance of the transistor.

The current through the rectifier diodes can be expressed
as the difference between the resonant current and the
magnetizing current:

ipi () =n-1-(iy, (1) =1, (1)) (18)

The current through both diodes is shown in Figure 8.

ip1®

t

Figure 8. Diode current.

The average current through the output diode is:

I, =2-f,, \nn-G,@)—i,)dt (19)

O —po |3

The RMS value of the diode current is:

T,

2
Irmsd =1/2- fsw J’[}’l n- (iLr (t) _im (t))]z dt (20)
0

Considering the currents calculated in (18) and (19) the
power loss due to the diode can be expressed as:

Py =Vp-I, +r;-1 21

rmsd
where Vis the forward voltage drop and r, the on resistance
of the diode.

The calculated power is used to determine the type of
diode used and can also be used to determine the maximum
junction temperature.

The junction temperature of the diode can be calculated
with:

Tip =Ts+Ryyp - Pp (22)
where T is the junction temperature of the diode, Ry, is
the junction to ambient thermal resistance of the diode and
T, represents the ambient temperature.

A theoretical method for charging a battery or a
supercapacitor can be to implement a charging algorithm in
two steps, as in Figure 9 [10].

Voltage

STEP1

Charge Capacity E_

Current

Charge time [h]
Figure 9. Battery charge characteristic

The battery/supercapacitor is charged first with a
constant current, supplied to the battery until the voltage
reaches a threshold given by the producer of the battery/
supercapacitor. In the second step, the voltage on the
battery/supercapacitor is kept constant until the current
drops below a threshold value which is prescribed by the
designer. This threshold is usually 0.05C for common
batteries.
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The control circuit is designed to keep the current
constant when the voltage of the battery or super capacitor is
below the prescribed value, step 1, and to keep the voltage
constant when the battery/supercapacitor voltage threshold
is reached, step 2.

When the output current of the LLC converter is lower
than the prescribed current of the loop D2 is off, D1 is on
and the converter works as a constant voltage source. In this
mode the voltage loop regulates the output voltage and the
current loop is disabled. When the current is larger than the
current prescribed diode D1 is off D2 is on and the
converter works as constant current source. In this mode the
current loop keeps the current constant and the voltage loop
is disabled.

An optocoupler is used to ensure galvanic separation
between the input and the output of the LLC converter end
to satisfy the safety standards for electrical security.

This feature together with the ability to achieve high
power integration and high efficiency enable the use of the
LLC converter as a battery charger and also a super
capacitor charger.

e

—

II1. SIMULATION RESULTS
OF THE CONVERTER

A simulation model for the LLC converter was build with
the following input parameters: V,,, = 12V, I, = 12.5A,
P,,.= 150W. The calculated values for the resonant tank are:
L,=269uH, L, = 1079uH, C, =9.4nF.

The magnetizing current calculated with (8) for V;, =
350V, is presented in MathCad
Figure /1 a), together with PSIM simulation
Figure /1 b).

As one can seen from
Figure 11, the circuit is working below the second resonant
frequency f, and even if the magnetizing current is

_OERa
1 Current fee&back circuit

Figure 10. Control circuit.

considered constant from 7, to T}, the approximation is very
close to the simulation result.
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Figure 11. Magnetizing current: a) MathCad, b) PSIM

Considering V;, = 400V The magnetizing current is
obtained as represented in Figure 12.
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Figure 12. Magnetizing current: a) MathCad; b) PSIM.
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The resonant current obtained representing (12) for the
designed converter in MathCad is presented in Figure 13 a)

10
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together with the PSIM simulation results Figure 13 b). The
results are obtained for V;, =350V.

I{Lres)

200

1] 1.00

i gf 0.00
4 -1.00
_ 200
0 51070 1107 0T 27500 3277 328000 32250 3P
N Time (us)
a) b)

Figure 13. Resonant current: a) MathCad; b) PSIM.

Considering V;, =400V The resonant current is obtained
as represented in Figure 14.
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Figure 14. Resonant current: a) MathCad; b) PSIM.

The current through the MOSFET obtained representing
(14) for the designed converter in MathCad is presented in
Figure 15 a), together with the PSIM simulation results, in
Figure 15 b). The results are obtained for V;, = 350V.
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Figure 16. Transistor current: a) MathCad; b) PSIM.
The current through the diodes obtained representing
(18) for the designed converter in MathCad is presented in
Figure 17, together with the PSIM simulation results.
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Figure 17. Diodes Current: a) MathCad; b) PSIM.

Considering V;, =400V the MOSFET current is obtained
as represented in Figure 18.
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Figure 15. Transistor current: a) MathCad; b) PSIM.

Considering V;, = 400V The MOSFET current is
obtained as represented in Figure 16.

Figure 18. Diodes Current: a) MathCad, b) PSIM

The characteristic of the charger is presented in
Figure 19. The charger keeps the current constant until the
voltage is 12V and then the current drops to 0 and the
voltage is kept constant.
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Figure 19. Charger characteristic.

IV. MEASUREMENTS
A LLC converter with the following parameters was
realized: : V,,,= 12V, I, = 12.5A, P,,= 150W.
The waveform for the resonant current considering
V., =350V is represented in Figure 20 a) and for V;, =400V
in Figure 20 b).
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Figure 20. Resonant current.

The waveform for the resonant current considering V;, =
350V is represented in Figure 21 a) and for V;, = 400V in
Figure 21 b).
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Figure 21. Transistor current.

The waveform for the resonant current considering V;, =
350V is represented in Figure 22 a) and for V;, = 400V in
Figure 22 b).
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Figure 22. Diode current.

V. CONCLUSIONS
The paper presents a method for the design and analysis of a
battery charger based on a LLC converter. The LLC
converter is suited for battery charger applications due to its
low EMI emission and the ability to achieve high power
integration and high efficiency.

In many papers the first harmonic approximation is used
for the design of the converter because it enables the
analysis of the LLC convertor by means of classical AC
circuit analysis. This paper presents a more accurate method
for the design and analysis of the LLC converter.

The simulation end experimental results validate the
proposed method. The proposed control method of the LLC
converter enables the use of the converter as a battery
charger, and also as a supercapacitor charger.
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