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Half-Bridge LLC Resonant Converter Design Using
FSFR-Series Fairchild Power Switch (FPS™)

Introduction

The effort to obtain ever-increasing power density of
switched-mode power supply has been limited by the size
of passive components. Operation at higher frequencies
considerably reduces the size of passive components, such
as transformers and filters; however, switching losses have
been an obstacle to high-frequency operation. To reduce
switching losses and allow high-frequency operation,
resonant switching techniques have been developed.
These techniques process power in a sinusoidal manner
and the switching devices are softly commutated.
Therefore, the switching losses and noise can be
dramatically reduced [1-7].

Among various kinds of resonant converters, the simplest
and most popular resonant converter is the LC series
resonant converter, where the rectifier-load network is
placed in series with the L-C resonant network, as depicted
in Figure 1 [2-4]. In this configuration, the resonant network
and the load act as a voltage divider. By changing the
frequency of driving voltage V,, the impedance of the
resonant network changes. The input voltage is split
between this impedance and the reflected load. Since it is a
voltage divider, the DC gain of a LC series resonant
converter is always <1. At light-load condition, the
impedance of the load is very large compared to the
impedance of the resonant network; all the input voltage is
imposed on the load. This makes it difficult to regulate the
output at light load. Theoretically, frequency should be
infinite to regulate the output at no load.
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Figure 1. Half-Bridge LC Series Resonant Converter

To overcome the limitation of series resonant converters,
LLC resonant converter has been proposed [8-12]. LLC
resonant converter is a modified LC series resonant
converter implemented by placing a shunt inductor across
the transformer primary winding as depicted in Figure 2.
When this topology was first presented, it did not receive
much attention due to the counterintuitive concept that

increasing the circulating current in the primary side with a
shunt inductor can be beneficial to circuit operation.
However, it can be very effective in improving efficiency
for high-input voltage application where the switching loss
is much more dominant than the conduction loss.

In most of the practical design, this shunt inductor is
realized using the magnetizing inductance of the
transformer. The circuit diagram of LLC resonant
converter looks much the same as the LC series resonant
converter: The only difference is the value of the
magnetizing inductor. While the series resonant converter
has a magnetizing inductance much larger than the LC
series resonant inductor (L), the magnetizing inductance
in LLC resonant converter is just 3~8 times L,, which is
usually implemented by introducing an air gap in the
transformer.

& ]
me
LV, L n:1 x x
(—) lm[ 1 L] (] Ro *
Q [ Lshum mm ;V
IS % %é °
‘,,T‘Cr x x

Figure 2. Half-bridge LLC Resonant Converter

An LLC resonant converter has many advantages over a
series resonant converter; it can regulate the output over
wide line and load variations with a relatively small
variation of switching frequency. It can achieve zero
voltage switching (ZVS) over the entire operating range.
All essential parasitic elements, including junction
capacitances of all semi-conductor devices and the leakage
inductance and magnetizing inductance of the transformer,
are utilized to achieve soft-switching.

This application note presents design considerations of an
LLC resonant half-bridge converter employing FSFR-
series FPS™., |t includes explanation of LLC resonant
converter operation principle, designing the transformer
and resonant network, and selecting the components. The
step-by-step design procedure explained with a design
example helps design the LLC resonant converter.

1. LLC Resonant Converter and
Fundamental Approximation
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Figure 3 shows the simplified schematic of a half-bridge
LLC resonant converter, where L, is the magnetizing
inductance that acts as a shunt inductor, L, is the series
resonant inductor, and C, is the resonant capacitor.
Figure 4 illustrates the typical waveforms of the LLC
resonant converter. It is assumed that the operation
frequency is same as the resonance frequency, determined
by the resonance between L, and C,. Since the magnetizing
inductor is relatively small, there exists considerable
amount of magnetizing current (l,), which freewheels in
the primary side without being involved in the power
transfer. The primary-side current (lp) is sum of the
magnetizing current and the secondary-side current
referred to the primary.

In general, the LLC resonant topology consists of three
stages shown in Figure 3; square wave generator, resonant
network, and rectifier network.

®  The square wave generator produces a square wave
voltage, Vq, by driving switches Q; and Q, alternately
with 50% duty cycle for each switch. A small dead
time is usually introduced between the consecutive
transitions. The square wave generator stage can be
built as a full-bridge or half-bridge type.

= The resonant network consists of a capacitor, leakage
inductances, and the magnetizing inductance of the
transformer. The resonant network filters the higher
harmonic currents. Essentially, only sinusoidal current
is allowed to flow through the resonant network even
though a square wave voltage is applied to the
resonant network. The current (l,) lags the voltage
applied to the resonant network (that is, the
fundamental component of the square wave voltage
(Vg) applied to the half-bridge totem pole), which
allows the MOSFETs to be turned on with zero
voltage. As shown in Figure 4, the MOSFET turns on
while the voltage across the MOSFET is zero by
flowing current through the anti-parallel diode.

®  The rectifier network produces DC voltage by
rectifying the AC current with rectifier diodes and
capacitor. The rectifier network can be implemented
as a full-wave bridge or center-tapped configuration
with capacitive output filter.

Square wave generator

Q ]
t resonant network  Rectifier network
I |
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Figure 3. Schematic of Half-bridge LLC
Resonant Converter
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Figure 4. Typical Waveforms of Half-bridge LLC
Resonant Converter

The filtering action of the resonant network allows use of
the fundamental approximation to obtain the voltage gain
of the resonant converter, which assumes that only the
fundamental component of the square-wave voltage input
to the resonant network contributes to the power transfer to
the output. Because the rectifier circuit in the secondary
side acts as an impedance transformer, the equivalent load
resistance is different from actual load resistance. Figure 5
shows how this equivalent load resistance is derived. The
primary-side circuit is replaced by a sinusoidal current
source, I,., and a square wave of voltage, V;, appears at
the input to the rectifier. Since the average of |/, is the
output current, /1, I,., is obtained as:

I =" o gingat) (1)
2
and Vg, is given as:
Vg =4V, if sin(at) >0 @)
Vg =V, ifsin(et) <0

where V, is the output voltage.

The fundamental component of V; is given as:

Ve, F = N, sin(at) 3)
VA

Since harmonic components of Vg; are not involved in the
power transfer, AC equivalent load resistance can be
calculated by dividing Vz/ by I,. as:
VA 8V 8
= RI = —2—0 = —2 RO (4)
| Vs

R

ac I
ac T 0

Considering the transformer turns ratio (n=Ny/N;), the
equivalent load resistance shown in the primary side is

obtained as:

R = R )
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By using the equivalent load resistance, the AC equivalent
circuit is obtained, as illustrated in Figure 6, where V[ and
Vo are the fundamental components of the driving voltage,
V; and reflected output voltage, Vi (nV%;), respectively.
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Figure 5. Derivation of Equivalent Load Resistance Rac
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Figure 6. AC Equivalent Circuit for LLC Resonant

Converter

With the equivalent load resistance obtained in Equation 5,
the characteristics of the LLC resonant converter can be
derived. Using the AC equivalent circuit of Figure 6, the
voltage gain, M, is obtained as:

4n-V, .
_VRoF _ n'VRlF __ T sin(et)

VARV

_2n-V,
vV,

n

M

Vi Gin(at)
T 2

(6)

) m-1)
— a)D

(%—m jf(%—l)(m—l)@
p 0 (]

As can be seen in Equation 6, there are two resonant
frequencies. One is determined by L, and C,, while the
other is determined by L, and C,.

Equation 6 shows the gain is unity at resonant frequency
(w,), regardless of the load variation, which is given as:
oy, (m-))-w)

2 2
V., @, — @,

M =1 atw=aw, (7)

The gain of Equation 6 is plotted in Figure 7 for different
Q values with m=3, f,=100kHz, and f,=57kHz. As
observed in Figure 7, the LLC resonant converter shows
gain characteristics that are almost independent of the load
when the switching frequency is around the resonant
frequency, f,. This is a distinct advantage of LLC-type
resonant converter over the conventional series resonant
converter. Therefore, it is natural to operate the converter
around the resonant frequency to minimize the switching
frequency variation.

The operating range of the LLC resonant converter is
limited by the peak gain (attainable maximum gain), which
is indicated with “* in Figure 7. It should be noted that the
peak voltage gain does not occur at f, nor f,. The peak gain
frequency where the peak gain is obtained exists between
f, and f,, as shown in Figure 7. As Q decreases (as load
decreases), the peak gain frequency moves to f, and higher
peak gain is obtained. Meanwhile, as Q increases (as load
increases), the peak gain frequency moves to f, and the
peak gain drops; thus, the full load condition should be the
worst case for the resonant network design.
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Figure 7. Typical Gain Curves of LLC Resonant
Converter (m=3)
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2. Consideration for Integrated
Transformer

For practical design, it is common to implement the
magnetic components (series inductor and shunt inductor)
using an integrated transformer; where the leakage
inductance is used as a series inductor, while the
magnetizing inductor is used as a shunt inductor. When
building the magnetizing components in this way, the
equivalent circuit in Figure 6 should be modified as shown
in Figure 8 because the leakage inductance exists, not only
in the primary side, but also in the secondary side. Not
considering the leakage inductance in the transformer
secondary side generally results in an incorrect design.

L =L, + L, //(nzLIks)
= lep + I'm // lep
Lp = L|kp + Lm

1 ideal
ttransformer

Figure 8. Modified Equivalent Circuit to Accommodate
the Secondary-side Leakage Inductance

In Figure 8, the effective series inductor (L,) and shunt
inductor (L,-L,) are obtained by assuming nzL.kszL.k,D and
referring the secondary-side leakage inductance to the
primary side as:

L, =L, + Ly
®)
L =Ly, + Ly //(nleks): Ly + L, // Ly

When handling an actual transformer, equivalent circuit
with L, and L, is preferred since these values can be easily
measured with a given transformer. In an actual
transformer, L, and L, can be measured in the primary side
with the secondary-side winding open circuited and short
circuited, respectively.

In Figure 9, notice that a virtual gain My is introduced,
which is caused by the secondary-side leakage inductance.
By adjusting the gain equation of Equation 6 using the
modified equivalent circuit of Figure 9, the gain equation
for integrated transformer is obtained:

@ \>
“Y2 (m=1)-M
v, (600) (m-1)-M,

M 2 2
I (T N NI o I )
@, 0, o,
(Z)m(m-1)
(Z5-0+ (D) (% -1 (m-1)-Q°
, w, o,
.8 R L,
where: *© 22 M2 L

:
1 11
R e T Le

pr

e Lo
o

The gain at the resonant frequency (w,) is fixed regardless
of the load variation, which is given as:

L
M = MV = P = m ata)=600 (10)
L-L \m-1

The gain at the resonant frequency (w,) is unity when
using individual core for series inductor, as shown in
Equation 7. However, when implementing the magnetic
components with integrated transformer, the gain at the
resonant frequency (w,) is larger than unity due to the
virtual gain caused by the leakage inductance in the
transformer secondary side.

The gain of Equation 9 is plotted in Figure 10 for different
Q° values with m=3, f,=100kHz, and f,=57kHz. As observed
in Figure 9, the LLC resonant converter shows gain
characteristics almost independent of the load when the
switching frequency is around the resonant frequency, f,.

1 1
f = fo=
P2z LC, 2mLC,
22
Qe:o.ZS/ be \ . L7c,
2.0 ‘,I \\ Race
HERA 1
' v\ —— Q°=1.00
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- I \ e
£ . \
Z 16 / ! —-- Q=050 | |
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§ / / \\ —— Q°=0.25
£ 14 /, ! /*
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1.2 |1 \‘\
/'; Mg =My | N
/ e— \\s\
1o |11 q=10 =
[ /
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Figure 9. Typical Gain Curves of LLC Resonant
Converter (m=3) Using an Integrated Transformer
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3. Consideration of Operation Mode
and Attainable Maximum Gain

Operation Mode

The LLC resonant converter can operate at frequency
below or above the resonance frequency (f,), as
illustrated in Figure 10. Figure 11 shows the waveforms
of the currents in the transformer primary side and
secondary side for each operation mode. Operation below
the resonant frequency (case 1) allows the soft
commutation of the rectifier diodes in the secondary side,
while the circulating current is relatively large. The
circulating current increases more as the operation
frequency moves downward from the resonant frequency.
Meanwhile, operation above the resonant frequency (case
I1) allows the circulating current to be minimized, but the
rectifier diodes are not softly commutated. Below
resonance operation is preferred for high output voltage
applications, such as Plasma Display Panel (PDP) TV
where the reverse recovery loss in the rectifier diode is
severe. Below resonance operation also has a narrow
frequency range with respect to the load variation since
the frequency is limited below the resonance frequency
even at no load condition.

On the other hand, above resonance operation has less
conduction loss than the below resonance operation. It can
show better efficiency for low output voltage applications,
such as Liquid Crystal Display (LCD) TV or laptop
adaptor, where Schottky diodes are available for the
secondary-side rectifiers and reverse recovery problems
are insignificant. However, operation at above the resonant
frequency may cause too much frequency increase at light-
load condition. Above frequency operation requires
frequency skipping to prevent too much increase of the
switching frequency.

Gain (M) B g
A
/ '
[
/
/ dincrease
[
f
Ja—,
. S
/ [
| \
[ Below resonance | Above resonance
[ (f<fy) i
/
/
‘ >
f, "

Figure 10. Operation Modes According to the Operation
Frequency

-

IPI ., Wf<4,

IDS ] o _‘

Y

Figure 11. Waveforms of Each Operation Mode

Required Maximum Gain and Peak Gain

Above the peak gain frequency, the input impedance of
the resonant network is inductive and the input current of
the resonant network (/,) lags the voltage applied to the
resonant network (V). This permits the MOSFETs to
turn on with zero voltage (ZVS), as illustrated in Figure
12. Meanwhile, the input impedance of the resonant
network becomes capacitive and /, leads V4 below the
peak gain frequency. When operating in capacitive
region, the MOSFET body diode is reverse recovered
during the switching transition, which results in severe
noise. Another problem of entering into the capacitive
region is that the output voltage becomes out of control
since the slope of the gain is reversed. The minimum
switching frequency should be well limited above the
peak gain frequency.

AM >

capacitive
region

inductive

peaI;K gain region

\/
\/

VANEVANRIIVA VA
\/ /

| b i
psy ) % IDSl

reverse recovery ; ZVS

\/

\/
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Figure 12. Operation Waveforms for Capacitive and
Inductive Regions
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The available input voltage range of the LLC resonant
converter is determined by the peak voltage gain. Thus, the
resonant network should be designed so that the gain curve
has an enough peak gain to cover the input voltage range.
However, ZVS condition is lost below the peak gain point,
as depicted in Figure 12. Therefore, some margin is required
when determining the maximum gain to guarantee stable
ZV/S operation during the load transient and start-up.
Typically 10~20% of the maximum gain is used as a margin
for practical design, as shown in Figure 13.

Gain (M)

4 e peak gain

maximum operation gain

TN (Mmax)

Figure 13. Determining the Maximum Gain

Even though the peak gain at a given condition can be
obtained by using the gain in Equation 6, it is difficult to
express the peak gain in explicit form. To simplify the
analysis and design, the peak gains are obtained using
simulation tools and depicted in Figure 14, which shows
how the peak gain (attainable maximum gain) varies with
Q for different m values. It appears that higher peak gain
can be obtained by reducing m or Q values. With a given
resonant frequency (f,) and Q value, decreasing m means
reducing the magnetizing inductance, which results in
increased circulating current. Accordingly, there is a trade-
off between the available gain range and conduction loss.

peak gain
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Figure 14. Peak Gain (Attainable Maximum Gain) vs.
Q for Different m Values
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4. Features of FSFR-Series

FSFR-series is an integrated Pulse Frequency Modulation

Table 1. Pin Description

This pin is the drain of the high-side

(PFM) controller_anq MOSFETSs spec!flcally designed for 1 | Vo |MOSFET, typically connected to the input
Zgrc_n Voltage Switching (ZVS) half-brld_ge converters with DC link voltage.
minimal external components. The internal controller This pin is for enable/disable and protection.
includes an under-voltage lockout, optimized high-side / When the voltage of this pin is above 0.6V,
low-side gate driver, temperature-compensated precise the IC operation is enabled. Meanwhile,
current controlled oscillator, and self-protection circuitry. 2 | CON | when the voltage of this pin drops below
Compared with discrete MOSFET and PWM controller 0.4V, gate drive signals for both MOSFETs
solution, FSFR-series can reduce total cost, component are disabled. When the voltage of this pin
count, size and weight, while simultaneously increasing Increases above 5V, protection is triggered.
efficiency, productivity, and system reliability. This pin is to program the switching

3 R frequency. Typically, opto-coupler and

resistor are connected to this pin to regulate
the output voltage.

This pin is to sense the current flowing
4 | CS |through the low-side MOSFET. Typically

negative voltage is applied on this pin.
)> <( 5 | SG |This pin is the control ground.
This pin is the power ground. This pin is

6 PG |connected to the source of the low-side
T MOSFET.

This pin is the supply voltage of the control
IC.

8 | NC |No connection.
This pin is the supply voltage of the high-

7 | LVce

9 | HVce ide dri L

25678 © 10 side drive circuit.
Vp, R, SG Lvcc Verr This pin is the drain of the low-side
CON cs PG HVce 10 | Verr | MOSFET. Typically transformer is

connected to this pin.

Figure 15. Package Diagram
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Figure 16. Functional Block Diagram of FSFR-series
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Figure 17. Reference Circuit for Design Example of LLC Resonant Half-bridge Converter
5. Design Procedure
In this section, a design procedure is presented using the ) PT
. . . V. min _ 2 in " HU (13)
schematic in Figure 17 as a reference. An integrated in OPEC — T~

transformer with center tap, secondary side is used and
input is supplied from power factor correction (PFC) pre-
regulator. A DC/DC converter with 192W/24V output has
been selected as a design example. The design
specifications are as follows:

- Nominal input voltage: 400VDC (output of PFC stage)
- Output: 24V/8A (192W)

- Hold-up time requirement: 20ms (50Hz line freq.)

- DC link capacitor of PFC output: 220uF

[STEP-1] Define the system specifications

As a first step, define the following specification.

Estimated efficiency (Ex): The power conversion
efficiency must be estimated to calculate the maximum
input power with a given maximum output power. If no
reference data is available, use E¢ = 0.88~0.92 for low-
voltage output applications and Eg = 0.92~0.96 for high-
voltage output applications. With the estimated efficiency,
the maximum input power is given as:

an
Input voltage range (V™ and V;,"™): The maximum
input voltage would be the nominal PFC output voltage as:

V,,™ (12)

Even though the input voltage is regulated as constant by
PFC pre-regulator, it drops during the hold-up time. The
minimum input voltage considering the hold-up time
requirement is given as:

VO‘PFC

CDL

where Vg ppc is the nominal PFC output voltage, Tyy is a
hold-up time, and Cp; is the DC link bulk capacitor.

(Design Example) Assuming the efficiency is 92%,
P 192
= = 209W

o

092

ff

nmax :VO.PFC =400V

ﬁ; 2 _ 2|:)inTHU
O.PFC CDL

_\/4002_2-209-20x103

220x10°°
[STEP-2] Determine the Maximum and
Minimum Voltage Gains of the Resonant
Network

in

V.

min
Vin

=349V

As discussed in the previous section, it is typical to operate
the LLC resonant converter around the resonant frequency
(f,) to minimize switching frequency variation. Since the
input of the LLC resonant converter is supplied from PFC
output voltage, the converter should be designed to operate
at f, for the nominal PFC output voltage.

As observed in Equation 10, the gain at f, is a function of
m (m=Ly/L,). The gain at f, is determined by choosing that
value of m. While a higher peak gain can be obtained with
a small m value, too small m value results in poor coupling
of the transformer and deteriorates the efficiency. It is
typical to set m to be 3~7, which results in a voltage gain
of 1.1~1.2 at the resonant frequency (f,).
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With the chosen m value, the voltage gain for the nominal
PFC output voltage is obtained as:

— @f=f, (14)
m-1

Mmin:

which would be the minimum gain because the nominal

PFC output voltage is the maximum input voltage (V;,"*)
The maximum voltage gain is given as:
V max
max min
M V min M (15)

(Design Example) The ratio (m) between L, and L, is
chosen as 5. The minimum and maximum gains are
obtained as:

M™M= f f =112
V max/2

max
M ™ =Vi"WMmi“ @ 1.12=1.28
A 349

Gain (M)

Peak gain (available maximum gain)

A

Mmax - // for Vinmin
/
/

// for V™

M|« 1.12 in

/.
/ / N (Vorrc)
/ \\\\\
/ ~
/

Figure 18. Maximum Gain / Minimum Gain

[STEP-3] Determine the Transformer Turns
Ratio (N=Np/Ns)
With the minimum gain (M™") obtained in STEP-2, the
transformer turns ratio is given as:

N max X

=—P V| M ™" (16)

N, 2(V,+V;)
where V¢ is the secondary-side rectifier diode voltage
drop.

(Design Example) assuming Vyis 0.9V,

N max
S Vo gy 40 95 900
N, 2(,+V,) 2(24+0.9)

S

[STEP-4] Calculate the Equivalent Load
Resistance

With the transformer turns ratio obtained from Equation
16, the equivalent load resistance is obtained as:

2 2
R = (7
T o]
(De5|gn Example)
2 2 2
R, _8n2 V, 8 9.0°-24 ~1970
- P %192

[STEP-5] Design the Resonant Network

With m value chosen in STEP-2, read proper Q value from
the peak gain curves in Figure 14 that allows enough peak
gain. Considering the load transient and stable zero-
voltage-switching (ZVS) operation, 10~20% margin
should be introduced on the maximum gain when
determining the peak gain. Once the Q value is
determined, the resonant parameters are obtained as:

cr:; (18)
27Q-f, R,
1
L = = 19
" (2xf))’C, 1
L,=m-L, (20)

(Design Example)
As calculated in STEP-2, the maximum voltage gain
(M ™) for the minimum input voltage (V;,"") is 1.28.
With 15% margin, a peak gain of 1.47 is required. m
has been chosen as 5 in STEP-2 and Q is obtained as
0.4 from the peak gain curves in Figure 19. By
selecting the resonant frequency as 100kHz, the
resonant components are determined as:
c 1 B 1

" 22Q-f-R, 27-0.4-100x10°-197

1 1

L = =

" (2xf,)’C, (27-100x10%)?-20.2x10°°
L,=m-L =630uH

RIS N
IR 7

1.5:\\ \
WA N ™

=20.2nF

=126 uH

£ 14
]
RN
X
c 1.3
a \\ \\‘\\i:.
12 \[ \\ —— T A m=4.0
\]\[\\b\‘?m =4.5
]\[mzﬁ Q m=5.0
11 m=9.0 m=8.0 m=7.0
\/

1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11

Figure 19. Resonant Network Design Using the Peak
Gain (Attainable Maximum Gain)
Curve for m=5
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[STEP-6] Design the Transformer

The worst case for the transformer design is the minimum
switching frequency condition, which occurs at the
minimum input voltage and full-load condition. To obtain
the minimum switching frequency, plot the gain curve
using gain Equation 9 and read the minimum switching
frequency. The minimum number of turns for the
transformer primary-side is obtained as:

n(V, +Ve)

N min: .
P2f™.M, -AB- A

e2))

where A is the cross-sectional area of the transformer core
in m? and AB is the maximum flux density swing in Tesla,
as shown in Figure 20. If there is no reference data, use
AB =0.3~0.4 T. Notice that a virtual gain My is introduced,
which is caused by the secondary-side leakage inductance
(Refer to Figure 8).

n (V,+V)/M,,
Vi [2/(25)
-0 (VAV)IM,
A
AB 5
y

Figure 20. Flux Density Swing

Choose the proper number of turns for the secondary side

that results in primary-side turns larger than N,™" as:

N, =n-N,>N"™" (22)

(Design Example) EER3542 core (Ae=107mm2) is
selected for the transformer. From the gain curve of
Figure 21, the minimum switching frequency is
obtained as 78kHz. The minimum primary-side turns
of the transformer is given as

N min _ n(vo +VF)

P2f™AB-1.12-A
9.0x24.9

= 3 — =304 turns
2-77x10°-0.4-1.12-107x10

Choose N; so that the resultant N, should be larger
than N,"™":

N,=n-N;=1x9.0=9< Npmin
N,=n-N;=2x9.0=18< Npmin
N,=n-N;=3x9.0=27< Npmin
N,=n-N;=4x9.0=36> Npmin

2.0 I L I [
' \ " — 100% load

18 / v 80%load ||
. I

, /\ \ . ‘ min fs normal — = - 60% load

,' \\‘ Y 40% load
16 | \“ - --:20%load ||

W

/ /“ Y
14

L// \ Mn ax
1.2

l \ Mrrln

/ ~
1.0 %
0.8

\ J \ )
0.6
40 50 60 70 80 90 100 110 120 130 140
freq (kHz)
Figure 21. Gain Curve

[STEP-7] Transformer Construction

Parameters L, and L, of the transformer were determined
in STEP-5. L, and L, can be measured in the primary side
with the secondary-side winding open circuited and short
circuited, respectively. Since LLC converter design
requires a relatively large L,, a sectional bobbin is typically
used, as shown in Figure 22, to obtain the desired L, value.
For a sectional bobbin, the number of turns and winding
configuration are the major factors determining the value
of L,, while the gap length of the core does not affect L,
much. L, can be easily controlled by adjusting the gap
length. Table 2 shows measured L, and L, values with
different gap lengths. A gap length of 0.10mm obtains
values for L, and L, closest to the designed parameters.

LA A A A A A 4444 44

Fryvyvyvvvvvyvvyy
L A A A A A A A A A A A
r vV VvV VVYyVvVyVvYVYVYyYYyYC Yy

e s s SO0

oA A A A A A 4 4 A 4 A
Vv v VvVVVYVvVYVYVYVYy\

Figure 22. Sectional Bobbin

Table 2. Measured L, and L, with Different Gap Lengths

Gap length Lp Le
0.0mm 2,295uH 123uH
0.05mm 943uH 122uH
0.10mm 630pH 118uH
0.15mm 488uH 117uH
0.20mm 419uH 115uH
0.25mm 366uH 114pH

© 2007 Fairchild Semiconductor Corporation
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(Design Example)

Final Resonant Network Design

Even though the integrated transformer approach in
LLC resonant converter design can implement the
magnetic components in a single core and save one
magnetic component, the value of L, is not easy to
control in real transformer design. Resonant network
design sometimes requires iteration with a resultant L,
value after the transformer is built. The resonant

capacitor value is also changed since it should be
selected among off-the-shelf capacitors. The final
resonant network design is summarized in Table 3
and the new gain curves are shown in Figure 23.

Table 3. Final Resonant Network Design Parameters

Parameters Initial design Final design
Lp 630pH 630pH
L, 126H 118pH
C 20nF 22nF
fo 100kHz 99kHz
m 5 5.34
Q 0.4 0.36
M@f, 1.12 1.11
Minimum freq 78kHz 72kHz
20 0
' \\ \ —‘100% k‘)ad
1.8 \\\ T Fin F rokmal ——80% load
/ \ i\‘ — = -60% load
16 \t“ ——40% load ||
- 20% load
Y
14 \
/ \ e
o Sl
- \'<—M'""
1.0 \““‘\.

0.8

Y Y

40 50 60 70 80 90 100 110 120 130 140
freq (kHz)

Figure 23. Gain Curve of the Final Resonant

0.6

Network Design

[STEP-8] Select the Resonant Capacitor

When choosing the resonant capacitor, the current rating
should be considered because a considerable amount of
current flows through the capacitor. The RMS current

through the resonant capacitor is given as:

s . 1 [ 7l (v, +V,)
‘e \/[ZJ_n] +[4«/§fOMV(Lp—Lr)

J? (23)

The nominal voltage of the resonant capacitor in normal

operation is given as:

V om Vinmax . \/E IchMS (24)

«“ T 2 2x-f-C

However, the resonant capacitor voltage increases much
higher than this at overload condition or load transient.
Actual capacitor selection should be based on the Over-
Current Protection (OCP) trip point. With the OCP level,
locp, the maximum resonant capacitor voltage is obtained as:

max
~ Vin loce

+ : (25)
f 2 27 f™.C

The minimum switching frequency is used in the equation
because the frequency is typically forced to the minimum
value by the feedback loop when output is overloaded.

(Design Example)

| RMS: 1 I ]+[ n(Vo +VF) ]2
« - zfn 421, M, (L, - L)
: 9.0-(24+0.9) P
092 2J’ 90 4\/’5-99x103.1.11-512x10*6
=1.32A

The peak current in the primary side in normal
operation is:

peak \/_ |

™ =1.86A

OCP level is set to 3.0A with 50% margin on I¢,"**:
v on Vinmax . \/E IchMS

« 2 2-z-f-C
400 V2132

+ - =336V
2  2-7-99x10°-22x10
VC max Evinma)< IOCP_
, 2 2.z-f".C,
_ 400 3 _ 502V

+
2 2.-7-72x10°-22x10°°

630V rated low-ESR film capacitor is selected for the
resonant capacitor.

[STEP-9] Rectifier Network Design

When the center tap winding is used in the transformer
secondary side, the diode voltage stress is twice the output
voltage expressed as:

Vo =2(V, +V;)

The RMS value of the current flowing through each
rectifier diode is given as:

(26)

RMS _ 7T
| =—1

(27)

0

© 2007 Fairchild Semiconductor Corporation
Rev. 1.0.2 « 10/22/14

www.fairchildsemi.com
11



AN-4151

APPLICATION NOTE

Meanwhile, the ripple current flowing through output
capacitor is given as:

| 7*-8
| RMs _ Tl 2_ 22 I (28)
Co 2\/5) o 8 o
The voltage ripple of the output capacitor is:
V4
AV, = £} I, R (29)

where Rc is the effective series resistance (ESR) of the
output capacitor and the power dissipation is the output
capacitor is:

PLoss.Co = (ICORMS)2 : RC (30)

(Design Example) The voltage stress and current
stress of the rectifier diode are:

V, =2(V, +V,.) = 2(24+0.9) = 49.8
1L =" =6.28A
4

The 100V/20A Schottky diode is selected for the
rectifier considering the voltage overshoot caused by
the stray inductance.

The RMS current of the output capacitor is:

MS _ ”_loz_ 2 _
—4/(2\/5) I

When two electrolytic capacitors with ESR of 80m&
are used in parallel, the output voltage ripple is given
as:

AV, =21,
2°

8 —3857A

‘R, :— 7.8 (%) 0.50v
The loss in electrolytlc capamtors is:
—(ICORMS) ‘R. = 3.857%-0.04 = 0.60W

Loss Co

[STEP-10] Control Circuit Configuration

Figure 24 shows the typical circuit configuration for RT pin

of FSFR-series, where the opto-coupler transistor is

connected to the RT pin to control the switching frequency.

The minimum switching frequency occurs when the opto-

coupler transistor is fully tuned off, which is given as:
_5.2kQ

%100 (kHz) (31)

min
min
Assuming the saturation voltage of opto-coupler transistor is
0.2V, the maximum switching frequency is determined as:

5.2kQQ  4.68kQ2
fmax = (74_

Rmin 'max

(32)

) %100 (kHz)

* 'J_Il_Vcc VDL'_|
RT | ™
® ~ I ' '
— :
Riax R e
% | cont |—{ N
R. e :Control ;
é min 3 _[_ |C i ]
E o
< I = = hl
External S/S l -
SG PG

Figure 24. Typical Circuit Configuration for RT Pin

Soft-start: To prevent excessive inrush current and
overshoot of output voltage during start-up, increase the
voltage gain of the resonant converter progressively. Since
the voltage gain of the resonant converter is reversely
proportional to the switching frequency, the soft-start is
implemented by sweeping down the switching frequency
from an initial high frequency (f "*°) until the output
voltage is established as illustrated in Figure 25. The soft-
start circuit is made by connecting RC series network on
the RT pin as shown in Figure 24. FSFR-series also has an
internal soft-start for 3ms to reduce the current overshoot
during the initial cycles, which adds 40kHz to the initial
frequency of the external soft-start circuit, as shown in
Figure 25. The actual initial frequency of the soft-start is
given as:

5.2kQ  5.2kQ
R i RSS

min

£155 = (C2222 1 2220 100+ 40 (kHz)  (33)

It is typical to set the initial frequency of soft-start (f '*°) as
2~3 times of the resonant frequency (f,).

The soft-start time is determined by the RC time constant:

T =3~ 4timesof Ry -Cg (34)
fS
f 1SS
I40kHZ
Control loop
\ take over
3ms 3~4 times of RC time constant
time

Figure 25. Frequency Sweep of the Soft-start

© 2007 Fairchild Semiconductor Corporation
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(Design Example) The minimum frequency is 72kHz Figure 26. Half-wave Sensing
in STEP-6. Ry, is determined as: I
DS
R —100KHZ 5o =7.2k
Considering the output voltage overshoot during T Ves /\
transient (10%) and the controllability of the feedback .
loop, the maximum frequency is set as 140kHz. Ry.x
is determined as: Tz i c\/ \/
Control§ Co
R L 468K y c — .
max = ( f,x1.40 5.2kQ) T{es - AN S
100kHz Ruin g1 - oo -NS
4.68kQ Riwe |
B (99kHz x14 5.2kQ) =7 1kQ = v los -
100kHz 7.2kQ Figure 27. Full-wave Sensing

Setting the initial frequency of soft-start as 250kHz

(2.5 times of the resonant frequency), the soft-start ) . ;
resistor Rgg is given as: (DeS|g_n Exampl_e) Since the OCP level is
determined as 3A in STEP-8 and the OCP threshold
R _ 5.2kQ voltage is -0.6V, a sensing resistor of 0.2Q is used.
S fi —40kHz  5.2kQ The RC time constant is set to 100ns (1/100 of
( 100kHz  R. ) switching period) with 1kQ resistor and 100pF
5 oK) mh capacitor.
B (250kHz—40kHz 5.2kQ) =38k
100kHz 7.2kQ

[STEP-11] Current Sensing and Protection

FSFR-series senses low-side MOSFET drain current as a
negative voltage, as shown in Figure 26 and Figure 27.
Half-wave sensing allows low-power dissipation in the
sensing resistor, while full-wave sensing has less switching
noise in the sensing signal. Typically, RC low-pass filter is
used to filter out the switching noise in the sensing signal.
The RC time constant of the low-pass filter should be
1/100~1/20 of the switching period.

Control|

Cl’
|
I
L ]
Np Ns
L)
Ld
Ns
Ves ,_—{p. |
e DS
cs
1
it I G PG
< ASfense
VCS
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Design Summary

Figure 28 shows the final schematic of the LLC resonant half-bridge converter design example.
sectional bobbin is used for the transformer. The efficiency at full load condition is around 94%.

EER3542 core with

D211
FYP2010DN

c201  Cc202
22000F/  22000F/
35V 35V

C102
22nF/

630V !
I sl
vee L R106  DIOL 11 * + .
2 1N4937
= AVAV}QAV * Av'(v"v"v ﬁ Np Ns ZZ7Z 7777 Vo
cis A LVcc VDL
—o— 22pF/ '“' /e
Vin=400Vd v EI
in= c °
RT MfdHVee o 77 77
. " {l l i 1] NS
= R105 | ) cuo7 H
SR 7.2k S ot { R201 co04
T2 b (1= == C106 = 10k 12nF
c108 CON i 150nF R202< =
d— ’_| b
l L2nF R107 R 1Kk '222?(4 s
¢ a9k Controli 1 g 4 3
IC i FYP2010DN R206
+ H VCTR 2
zz7z Ll v — —WW—t
1 KA431
cio1 CS i 1 — €203 RZ?(B
220uF/ {l 4TF 33
T _
v = = L
1 >
Ri2 S l 100pF SG PG Z
ke =
— AW
L R101
= 0.2Q A4

Figure 28. Final Schematic of Half-bridge LLC Resonant Converter

- Core: EER3542 (Ae=107 mm?)
- Bobbin: EER3542 (Horizontal/section type)

EER3542
1 16
®
— Np l—
)
— Noa |
1
— 3
1
— L2
[
— Neo | 990000000000
8 9
Figure 29. Transformer Structure
Pin(S — F) Wire Turns Winding Method

Np 8—1 0.12¢p%30 (Litz wire) 36 Section winding

Ns1 16 — 13 0.1¢px100 (Litz wire) 4 Section winding

Ns2 12—-9 0.1¢px100 (Litz wire) 4 Section winding

Pin Specification Remark
Primary-side Inductance (Lp) 1-8 630uH + 5% | Secondary windings open 100kHz, 1V
Equivalent Leakage Inductance (L) 1-8 118uH Max. | Short one of the secondary windings 100kHz, 1V
© 2007 Fairchild Semiconductor Corporation www.fairchildsemi.com
Rev. 1.0.2 » 10/22/14 14
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6. Experimental Verification

To show the validity of the design procedure presented in
this application note, the converter of the design example
has been built and tested. All the circuit components are
used as designed in the design example.

Figure 30 and Figure 31 show the operation waveforms at
full-load and no-load conditions for nominal input voltage.
As observed, the MOSFET drain-to-source voltage (Vps)
drops to zero by resonance before the MOSFET is turned
on and zero voltage switching is achieved.

Figure 32 shows the waveforms of the resonant capacitor
voltage and primary-side current at full load condition. The
peak values of the resonant capacitor voltage and primary-
side current are 325V and 1.93A, respectively, which are
well matched with the calculated values in STEP-8 of
design procedure section. Figure 33 shows the waveforms
of the resonant capacitor voltage and primary-side current
at output short condition. For output short condition, over
current protection (OCP) is triggered when the primary-
side current exceeds 3A. The maximum voltage of the
resonant capacitor is a little bit higher than the calculated
value of 419V because the OCP trips at a level little bit
higher than 3A, due to the shutdown delay time of 1.5us
(refer to the FSFR2100 datasheet).

Figure 34 shows the rectifier diode voltage and current
waveforms at full-load and no-load conditions. Due to the
voltage overshoot caused by stray inductance, the voltage
stress is a little bit higher than the value calculated in
STEP-9. Figure 35 shows the output voltage ripple at full-
load and no-load conditions. The output voltage ripple is
well matched with the designed value in STEP-9.

Figure 36 shows the measured efficiency for different load
conditions. Efficiency at full-load condition is about 94%.

V' 2

Vo (200V/div)

I e e N
[ O N I

Ips (2A/div)

VANEYA e B/ o

time (Susidiv)

Figure 30. Operation Waveforms at Full-load Condition

Ip (2A/div)

NN NN NN

Vps (200V/div)
e (zmdw)

time (Spsldlv)
Flgure 31. Operatlon Waveforms at No-load Condition

" Ver (200Vdiv)

N 3 O e B

Vs (500V/div)

1.93A

Ip (2A/div)

time (5ins/div)
Figure 32. Resonant Capacitor Voltage and Primary-
side Current Waveforms at Full-load Condition

Nergoaw | R SRS RO B
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SHPVH R
Vs (500V/div) 1y
Ip (2A/div) 1hER
Tt r\ﬁ'w.!."ﬂ”"\w.%
‘\‘M‘n(\f"!‘\‘\ '1 ;}v‘\ H ”l’l““l“ ‘I\‘g:\
Ennnn !“‘w‘ll ST
IRERERERIE TR 'a’\’\“"‘ Mt
1’\‘\UUU"I‘\M‘ ““‘\ii‘!\‘\“;w M\;l\(
SARRIARARARRRRARARARRMAEIE
'l“l

I

time (50;ls/div)

Figure 33. Resonant Capacitor Voltage and Primary-
side Current Waveforms for Output Short Protection

68V ————

[
Vp (50Vidiv)

N

time (2us/div)

Figure 34. Rectifier Diode Voltage and Current
Waveforms at Full-load Condition
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85
Vo (0.5V/div) 1
WYY T -
Vps (500V/Adiv) L B e g e
- I Ry IR A I A AR I
&
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Ip (2A/div) Ooes b ]
I
[l Eahirohnt ICCERECRES [RRERRRPRSE CEEERREEEN) EELPRTPREE) SOPERCRREE SERRRRRREY
—— . 85
time (10us/div)
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Figure 35. Output Voltage Ripple and Primary-Side

Current Waveforms at Full-Load Condition Figure 37. Measured Efficiency

Vo (20V/div)

Vs (500V/div)

Ip (2A/div)
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Figure 36. Soft-start Waveforms
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