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Abstract: In battery charging applications, the charger changes its output voltage in a wide range
during the charging process. This makes the design of LLC converters difficult to be optimized
between the efficiency and the gain range. In this paper, an improved resonant transformer is
presented for LLC resonant converter charger to improve the gain adjustment and charger efficiency.
The resonant inductance and magnetizing inductance are integrated in the designed LLC transformer,
and the magnetizing inductance can be adjusted dynamically with the change of output voltage
and load, which is realized by a switch-controlled inductor (SCI) parallel to the secondary winding
of transformer. The proposed transformer has 22.4% reduction in losses under full load conditions
compared to conventional solutions. Moreover, the conduction loss and switching loss of LLC
resonant tank are reduced by dynamically adjusting the magnetizing inductance, which improves the
comprehensive efficiency of the whole charging process. The proposed transformer design is verified
on a 720 W prototype.

Keywords: LLC resonant converter; resonant transformer; fringing effect; adjustable magnetizing
inductance; efficiency

1. Introduction

LLC resonant converter has been widely used in electric vehicle battery chargers, flat panel
television (TV), and photovoltaic (PV) system due to its high-power density and high conversion
efficiency [1-4]. For now, it has become one of the most concerned DC/DC converters.

In constant output voltage applications, LLC resonant converter can achieve high efficiency.
However, there are many challenges for LLC resonant converter in the charger applications which
requires a wide output voltage adjustment range [5]. It requires a small magnetizing inductance
to obtain a wide output voltage adjustment range, but it can lead to increased conduction loss and
switching loss as well as efficiency reduction [6]. The magnetizing inductance is usually integrated in
LLC resonant transformer. The usual structure of magnetic integrated LLC transformer is as shown in
Figure 1, the leakage layer is set between the primary winding and secondary winding. The required
resonant inductance is obtained by using stray flux and the magnetizing inductance is achieved by
inserting an appropriate air-gap in the magnetic circuit [7,8]. The transformer with that structure has
high integration and low cost and has been widely used in converters with power level from dozens to
hundreds of watts.
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Figure 1. Structure of conventional LLC transformer and leakage flux effect on the windings.

As the core device of LLC resonant converter, the transformer plays a critical role in converter’s
efficiency, volume, power density, and reliability. However, the whole loss of the LLC resonant
transformer has a much higher percentage than that of phase-shift full-bridge transformer in the same
power [9]. One of the main reasons is that the air gap in the magnetic core of LLC resonant transformer
causes fringing effect, leading to an increase in the equivalent resistance of windings near the air gap,
and the transformer inner temperature rise distributed imbalance. The other reason is that the small
magnetizing inductance leads to increased conduction loss and switching loss of the LLC resonant
converter, so the light-load efficiency is lower.

In order to improve the efficiency of LLC transformer, different improvement designs are proposed.
In [10], a novel shape magnetic core is used to achieve the integration of two LLC transformers. In [11],
a magneto plated wire is used to effectively decrease the winding loss caused by the proximity effect
when working in high frequency. In [12], the integration of resonant inductance required is achieved
by inserting a layer of flexible magnetic material between the primary and secondary windings. The
designs proposed by [10-12] have high integration, but without regard for the fringing effect, so they
are more suitable for low power applications. In [13], the copper loss of the Litz wire caused by the air
gap is analyzed, and the influence of the fringing effect is weakened by using multiple small air gaps
in series, but this increases the cost and difficulty of transformer production. In [7], a design method
of LLC resonant transformer is presented, and the current density in the conductor near the air gap
is simulated. In [14], the optimal design method of the transformer in conventional LLC resonant
converter is extended to the design and application of flat panel transformer, and a complete design
scheme and a detailed application method are given. In [7,14], the fringing effect is mentioned, but the
influence of the effect is not analyzed and the solution is not given. In [15], the relationship between
the temperature rise and the switch frequency as well as the winding number of the LLC resonant
transformer are discussed, and a combination of two smaller transformers is used instead of one larger
transformer to reduce the temperature rise. Matrix transformer is used to achieve a higher output
power in [16]. However, with the increase of power, the matrix transformer which consists of too many
transformers will lead the system more complex. In [17,18], to reduce the influence of the fringing
effect, the distance between the winding and the air gap is increased by making changes of the winding
structure, which leads to the increase in difficulty of processing windings.

To improve the light-load efficiency, the transformers in [19,20] are designed with variable
magnetizing inductance. In [19], by using utilizing a step-gap in the core column, a larger magnetizing
inductance is obtained at light load, and it decreases at heavy load, but the variety of magnetizing
inductance is non-linear and uncontrollable. In [20], a bidirectional power switch is used to achieve the
parallel operation of two transformers. When under heavy load, the switch turn-on, two transformers
primary side work in parallel, the magnetizing inductance of resonant tank is small, and can satisfy the
gain demand required in the initial stage of charging. When under light load, the switch turns off, only
one transformer works, the magnetizing inductance of resonant tank is large, and the conduction loss
and switching loss of primary side decrease. However, the resonant inductance cannot be integrated
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into the transformer, the magnetizing inductance can only be changed between two fixed values, and
when under light load, only one transformer works and the other is vacant.

Aiming to address the design problems of the conventional LLC transformer caused by the large
influence of the fringing effect and the unchangeable magnetizing inductance, this paper presents
a design for the integrated LLC resonant transformer. The magnetizing inductance does not need
to be obtained by inserting air gap, so the fringing effect of the transformer is small. Moreover, the
magnetizing inductance can be dynamically adjusted by a SCI parallel to the secondary winding of
the transformer. This can not only improve the efficiency and the temperature rise of the transformer
but also optimize the comprehensive efficiency of the LLC resonant converter during the whole
charging process.

This paper includes following aspects. Section 2 analyzes the conventional integrated LLC
resonant transformer. Section 3 presents the proposed design scheme, analysis of magnetic flux in
the transformer core and the application circuit. Section 4 gives the calculation formula and design
procedure of the transformer. Section 5 shows the experimental results of a 720 W LLC resonant
converter. The conclusion is given in the last section.

2. Analysis of Conventional LLC Transformer

In high-power applications, the fringing effect near the air gap leads to a significant increase in
the current density of the windings near the air gap, resulting in an apparent increase in the partial
temperature rise and copper loss of the transformer [7]. To analyze the influence of fringing effect,
finite element analysis (FEA) simulation is carried out by using Maxwell software. Figure 2 illustrates
the simulation of fringing effect at 100 kHz. It can be seen the current density of the copper conductor
near the air gap is about 70% higher than that away from the air gap, so the copper loss of this part is
significantly increased. The increased copper loss results in the conspicuous regional temperature rise
near the air gap. The simulation also shows that the fringing effect has a significant impact near the air
gap, and the affected range increases with the increase of transformer power from the center of the

air gap.
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Figure 2. High frequency fringing effect near the air gap.

After the winding turns and air gap size of the transformer are determined, the transformer
magnetizing inductance is a fixed value. Choosing small magnetizing inductance to obtain
sufficient output voltage gain will result in increased conduction loss and switching loss of the
LLC resonant converter.

The simulation results show that the induced magnetic flux increases in pace with the increase
of the transformer power and input voltage, the area influenced by the air gap expand accordingly.
In order to reduce the fringing effect, it is needed to increase distance d of leakage layer, as shown in
Figure 1. However, the increasing d causes the available area of the core window decrease, under the
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same diameter and turns, the layer p of transformer winding is increase. According to the Dowell’s
formula as below, this effect can lead to a significant increase in proximity loss.

Rae sinh 2A +sin2A ~ 2(p? — 1) sinh A —sin A

— =A 1
Rye cosh 2A — cos2A + 3 cosh A + cos A M)

where, p is the number of transformer windings layers, A is the ratio of the winding layer thickness d
of the skin depth dy.

To integrate the resonant inductance into the transformer, the primary winding and the secondary
winding cannot use ‘sandwich” method, which is used in full-bridge phase-shifting transformer to
decrease the proximity loss. Therefore, at high frequency condition, use Litz wire to decrease the
impact of the proximity effect and the skin effect.

In summary, the fringing effect, proximity effect, and the increase of the conduction
loss and switching loss caused by small magnetizing inductance are main factors affect the
transformer efficiency.

3. Analysis of Improved LLC Resonant Transformer

In order to promote the efficiency, an improved LLC transformer design is presented.

3.1. Main Structure

The structure of proposed LLC resonant transformer is shown in Figure 3, which has the following
characteristics. (1) The skeleton adopts double groove structure, thus primary winding and secondary
winding are wound respectively in two grooves. Therefore, the resonant inductance is still integrated
in the transformer. (2) The air gap is not inserted in the magnetic circuit, so there is nearly no leakage
flux, the intensive windings in the transformer is almost not affected by the fringing effect. (3) The
thickness d of the middle leakage layer can be small, which does not occupy the space of the windings
and improves the utilization rate of the core window, reducing the proximity effect.

Slotted bobbin

) Primary
Ferrite winding
cores

Secondary
winding

Leakage layer Without air gap placed
between the Ferrite cores

Figure 3. Main structure of proposed transformer.
The fringing effect simulations comparison is shown in Figure 4. It can be seen that the conductor

current density near the air gap of the proposed transformer is greatly reduced, and the conduction
loss is effectively decreased, so the internal temperature rise can be improved.
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Figure 4. Fringing effect comparison: (a) Conventional scheme; (b) Proposed scheme.

However, the proposed transformer almost has no air gap, and the equivalent magnetic
permeability of the magnetic core is large. Hence, its magnetizing inductance is much larger than that
of conventional LLC transformer with air gap, which cannot satisfy the LLC resonant tank demand.
For this reason, a SCI is parallel to the secondary winding to achieve the magnetizing inductance
adjustment, as shown in Figure 5, Co is the output filter capacitor, and Ry is the load.

Transformer A
° . . + I
5 | |c
Ern SCll £ | =R°
N Q
[ s & Ru
“Pn Sec B

Figure 5. Switch controlled inductor parallel to secondary winding of transformer.

3.2. Switch Controlled Inductor (SCI)

The SCI in Figure 5 adopts series type [21], and its circuit structure and working waveforms
are shown in Figure 6. The SCI consists of linear inductance La and two control switches Ta and Tb.
The voltage e 45 added to the both sides of SCI is the transformer secondary winding voltage close
to square wave. V1, and Vry, are the drive signal of switch devices Ta and Tb respectively, and their
frequencies are equal to the operating frequency of the LLC resonant converter. The current flowing
through the SCIis i 4. ¢ is the phase angle of the switch drive signal. The working principle of SCI in
a switch period is analyzed as follows.

At tg, when the secondary winding voltage e 4p is positive polarity and Ta is turn-off, the inductor
current flow through SCI is zero. At t;, the drive signal makes Ta turning on and Tb turning off, and
isp increases linearly from zero. Therefore, Ta turns on at zero current and Tb turn off at zero current.
At ty, when the polar of e4p reverses, the inductor current i 4 reaches a maximum and then begins to
decrease linearly. At t3, the inductor current i 4 decreases to zero. Because of the reverse blocking of
Tb, i o remains zero until ¢4. Therefore, Ta realizes zero current turn-off and Tb realizes zero current
turn-on. The opposite direction is the same. Since the conduction resistance of Ta and Tb is very small,
the switching loss and conduction loss of switch devices Tz and Tb are relatively small.
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Figure 6. Topology and waveforms of SCI.

The equivalent inductance of SCI can be obtained from [22] as Equation (2)

Lscr =5 (26 —sin26)/m @

According to Equation (2), when the phase angle of switch drive signal ranges between 7t/2 and
m, the equivalent switch-controlled inductance Lgc; ranges between La and co. The relationship curve
between inductance ratio Lgc;/ L, and the phase angle of switch drive signal is shown in Figure 7.

It can be found the circuit shown in Figure 5 can be equivalent to an inductance which can be adjusted
from La to oo.
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Figure 7. Equivalent inductance of SCL

3.3. Equivalent Circuit of Resonant Tank and Magnetic Field Analysis

The equivalent circuit of LLC resonant tank for secondary winding parallel SCI is shown in
Figure 8. where C,; is the resonant capacitance, L, is the resonant inductance and L, ,; is the large
magnetizing inductance integrated in transformer, as shown in Equation (3).

perr - N2+ A
Ly—ini = el i 2 ‘ (3)
Cc

where pi, ¢ is the equivalent magnetic permeability of the magnetic circuit approximately equal to the
relative permeability of the core material ;. N) is the turns of primary winding, A, is the cross-section
area of the magnetic core, I is the magnetic circuit length. Since y, fF R tr, the value of L,,_;,; is large
as result of the large relative permeability of the core material.



Energies 2018, 11, 3288 7 of 19

Ir
o—— Y Y Y
Lr le-cq lpl

Lm-iniy &-Lsc §Re

P —
Lm-eq

Figure 8. Equivalent circuit of the proposed LLC resonant tank.

Setting a is the ratio of the transformer, and 4 - Lsc is the primary equivalent inductance reflected
by the SCI. Re is the equivalent load impedance, and Ry, is the load resistance. The magnetizing
inductance in the resonant tank can be expressed as Equation (4).

a? - Lscy 4)

meeq = meini

8
Re= —5 % Rigng 5)

Due to the adjusted value of Lgc; driven by 4, so the inductance a? - Lgcy in Equation (4) can be
represented as an adjustable inductance. Therefore, the equivalent magnetizing inductance Ly,¢; can
also be adjusted by changing 4.

As shown in Figure 8, when the resonant tank is transferring energy to secondary side, the

resonant frequency is fr-
1
= — 6
= miiG, ©

Otherwise, the magnetizing inductance Ly, participates in resonant, and the resonant frequency

is Equation (7).
1
fi= @)
270\ /(Ly + Lin—eq)Cy

Inner magnetic flux analysis of the transformer is shown in Figure 9. The primary side is on the left,
and the secondary side is on the right. The flux ¢}, and ¢5 in the magnetic core established respectively
by the primary resonant current i, and the secondary current is cancel each other. Meanwhile, the
flux ¢r—eq and ¢ 4p in the magnetic core established respectively by the magnetizing current ir ;¢
and the SCI current i4p cancel each other. It follows that, the transformer does not store energy, and
the inductive energy storage required by LLC half-bridge switch for zero voltage switching (ZVS) is
completed by SCL

i Lin-eq Do Proveq 3 @,

l Lin-eq

Figure 9. Magnetic flux in the core of transformer.
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3.4. LLC Resonant Converter Charger Application

The application of the proposed transformer in LLC resonant converter charger is shown in
Figure 10, and the secondary side adopts a full-bridge rectifier. The resonant tank consists of C;, L,,
and Ly-¢q-

Figure 10. Proposed resonant transformer applied to LLC resonant converter charger.

The ratio of the equivalent magnetizing inductance to resonant inductance is defined as Equation

(8). .
_ —m—eq
k= T 8)
_ VL, /C, - >
Q B 8-a2- Rload (9)

In Equation (9), Q is the quality factor. Under constant L;, C;, and a, Q is only related to load.
Under the same load (Q value), the voltage gain curves with different k are shown in Figure 11. The
horizontal axis is the normalized frequency, which is the ratio of working frequency f; to resonant
frequency f;, and the vertical axis is DC voltage gain. It can be seen that in the same frequency range,
a resonant tank with smaller k can get a larger output voltage regulating range. Moreover, under the
condition of fixed resonant inductance L,, the proposed transformer can regulate Lip-eq to adjust k,
so that it can dynamically adjust the voltage gain of LLC resonant converter in the charging process
according to the corresponding demand.

4

0

0.4 0.6 0.8 £, 1.0 1.2 1.4
Figure 11. Gain curves with different k value.

Furthermore, the simplified typical battery charging curve is shown in Figure 12. The charging
process can be divided to three stages: constant current charging, constant power charging, and
constant voltage charging. The output power becomes very small at the charging end.

L2
VL /Cp-me-, (10)

Q= 8. a2V,
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At the initial stage of charging, the charger current I, is large, and the output voltage V, is
relatively small. At the latter stage of charging, the output voltage V) is relatively high and the output
current I, is small. According to Equation (10), the Q value should be large at the initial stage of
charging. With the charging process carrying on, the Q value decreases. Figure 13 gives several gain
curves of k value in the charging process. The shaded area (ZVS region) in Figure 13 is the work areas
of LLC resonant converter. Usually, the operating frequency of LLC resonant converter is set as the
resonant frequency with the maximum output power (point A in Figure 12), since the LLC converter
can get highest efficiency [22].

Constant Constant Constant
Current Power Volatage

2
T —
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o e
o | ey
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0 1 2 3 /1 ."_) Tchager(h)

Figure 12. Simplified battery charging profile.
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Figure 13. Change of gain curve during charging process.

Therefore, the operating frequency of the constant current charging stage in Figure 12 is located
at the right of the resonant frequency (f, = 1) in Figure 13. The primary switching device of LLC
resonant converter works in the ZVS conduction state, but the turn-off loss increases with the increase
of frequency and the secondary rectifier diode loses ZCS characteristic. Therefore, in this area, the
operating frequency can be set as close as possible to the resonant frequency. As shown in Figure 13,
the curve corresponding to a smaller K value is closer to the resonant frequency point (the frequency
range is smaller with same gain range). When charging process enters constant power stage, the
LLC resonant converter works at the left of the resonant frequency point. The primary switch of LLC
resonant converter can realize ZVS conduction, and the secondary rectifier diode can realize ZCS
turn-off, which can achieve better efficiency. With the decrease of operating frequency, the smaller K
value leads to the increased resonant tank magnetizing current, conduction loss as well as turn-off loss.
Especially, when at light load, the proportion of conduction loss in the whole loss increases and reduces
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overall efficiency. Therefore, with the decrease of output power and the increase of output voltage, the
magnetizing inductance should gradually increase (k value gradually increases). In the conventional
scheme, the K value is constant after the magnetizing inductance is selected. However, the proposed
transformer can make the LLC resonant converter change its equivalent magnetizing inductance
according to load and output voltage during the whole charging process, so that the gain characteristic,
circulation loss, and switching loss of LLC resonant tank can be optimized via programming.

4. Design Methodology

4.1. Electrical Design Considerations
A: Selection of magnetizing inductance

The maximum magnetizing inductance to realize ZVS under idle condition is Ly, and the
maximum value to ensure the maximum gain at the lowest frequency is Ly;». The final value of the
magnetizing inductance should satisfy the above two requirements at the same time. Hence, the
smaller one between L;;; and L;;» can be chosen. If L, is greater than L, the dead time £4,,; should
be appropriately reduced [23], as shown in Equation (11).

Ty(mi t
tdead'”'vo(min) ’ (@* deTad>
Ly = CHB'Vin(

max)

1 (11)

1— 1
2 G
Lmz — Lr s DC(max)

4 FrTomax) 1
Lin—eq = min(Lyq, Ly)
where Gpc (may) is the maximum DC gain, and Cpp is the total equivalent capacitance of the H bridge.
B: Selection of minimum resonant inductance
The minimum resonant inductance should limit the maximum output current under short circuit

when working at the highest frequency.

Lo = a- Vin(norm) : Vo(norm) (12)
r(min) 8fs(max) DBy

C: Selection of resonant capacitance

After L, is selected, the resonant capacitance can be obtained by Equation (13).

1

o= @2r- £)?Ly

(13)

4.2. Transformer Loss and Thermal Design Considerations
The loss of transformer includes core loss and winding loss.
A: Core loss

The core loss and core loss can be calculated by Steinmetz formula.
Pfe = VcchaBmaxﬁ (14)

where V. is the core volume, K, is the typical value. a and j are provided by core manufacturer or
obtained by loss curve.
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B: Winding loss

The winding loss include DC loss and AC loss. The current through the winding can be calculated
as below.

The current through the primary winding i, is the sum of iy and i, ¢, and the current through
secondary winding is the sum of i; and i 4p. The expressions of the peak current through primary
winding is I, peqx with the RMS value Iy, and the peak magnetizing current Iy, e are [7]

w1\ ? aVo ’
Ir—peak = \/(2afn> + <4erm—eq) "

aV,

ILm—Peuk = m (16)
; | a?V2T,2(2T, — T,) | m21,2T2 a7)
rerme 32L,,2Ts 842T,2

where T; and T, are the switching period and resonant period respectively, V, and I, are the output
voltage and output current, respectively.
By using Equation (18), the RMS value of the current though secondary winding can be obtained.

% . a2V, a2V, 1\2
2 [4% (al_peg sinfwyt + ¢] + iLf ~ T )2dt

is_rms = T, (18)
2
where wy = 27tf;, ¢ = arctan (—%)
The DC copper loss is calculated as below.
Py = Rpfrmslzrfrms + Rsfrmslzsfrms (19)

The AC impedance of winding can be got from Equation (1).
C: Temperature rise consideration

The maximum loss is determined by the core thermal resistance and the permissible

temperature increase.

AT
P L_max ~ Rig (20)

where Ry is the thermal resistance of the core provided by manufacturer or obtained from empirical
data, k. is thermal conductivity, and Ay is the surface area of transformer.

1
he At

Ry = (21)

4.3. Transformer Design Considerations

Under the premise of minimize core loss and winding loss, the design purpose of a transformer
is to transfer energy from input side to output side by electromagnetic induction. The optimization
result can be boiled down to one conclusion: iron loss is equal to copper loss [23]. The transformer
design method is related to the best magnetic induction intensity and temperature rise of magnetic
core and is limited by the maximum permissible power loss.
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A: Core selection

The appropriate core is up to A, value. A, is the product of core window area W, and core
cross-section area A., as Equation (22).

( viva Y
Ap = ( Ko fsBokam/kuAT> 22

where, ) VA is the sum of each windings rated VA values, K, = 4.44, f; is the operating frequency, B, is
the best magnetic induction intensity value, K; = 48.2 x 103, k ris the core lamination factor, A, is the
effective sectional area of magnetic circuit.

The best magnetic induction intensity B, is given by Equation (23).

(hekaAT)3 Kofkgku\ 6
By = — & (= (23)
23 (pwkwky) 12 (kcKc f*) 12 L

where, /. is the thermal convection transfer coefficient with typical value 10, and kg, k¢, and k;, are
dimensionless constants with the typical values k; = 40, k. = 5.6, ky, = 10. K¢, a are the material
parameters, py, is the wire resistivity.

B: Calculation of transformer winding turns and turns ratio

The winding turns can be calculated by Equation (24).

Vrms

N=__™ _
vaBmaxAm

(24)
where Vs is the wingding terminal voltage, A, is the core cross-section area, B,y is the smaller one
between B, and Bg;;. B, is usually smaller than Bgy; at the high frequency condition.

The turns ratio can be calculated by Equation (25). where, V; is the conduction voltage drop of

the secondary rectifier diode.
Vin(norm)
0= ——— (25)
2(Vo(min) + Vd)

C: Transformer wire diameter selection

The current density ] in the wire should satisfy the temperature rise requirement under the
whole power loss.
VAT

Jo = K¢ (26)
Vki(14+7) /Ay
The calculation of wire sectional area A, is Equation (27).
. Trms
Ay = (27)

Jo

D: Determination of inductance La

According to Equation (2) and Figure 7, the switch-controlled inductance Lgcy can be adjusted in
a wide range. When a = 71/2, Lgcr = La. While the k value of LLC resonant tank obtains a minimum
value kpyin as Equation (28) According to Equation (4).

kmin : Lr : meini
az(Lm—ini - kmin . Lr)

L, = (28)
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5. Experimental Verification

5.1. Design Specification

An LLC resonant DC/DC converter with 720 W output power is designed, its input voltage is
390 VDC and output voltage is 60 VDC-96 VDC with maximum output current is 8 A. The resonant
frequency is 85 kHz. According to Equation (12), the resonant inductance L, should be greater than
44 uH and set as 50 pH. According to Equation (13), the resonant capacitance C; is 70 nF. According to
Equation (24), the transformer turns ratio 4 = 2:1. According to Equation (28), kmin is 3, Liin is 1 mH
and La = 44 uH.

The design requirement is shown in Table 1, the RMS value of resonant current, the peak
magnetizing current and the RMS value of secondary current are calculated by Equations (15)-(18).
The core window utilization factor k;, is 0.55.

Table 1. Design Specification.

Symbol Description Value
P, Output power 760 W
fs Switching frequency 50 k-300 kHz
fr1 Resonant frequency 85 kHz
Lq Magnetizing inductance 44 uH
Ly Resonant inductance 50 uH
a Turns ratio 2:1
AT Temperature rise 70°C
T, Ambient temperature 40°C

L rms Resonant rms current 453 A
I Lin—peak Magnetizing peak current 1.26 A
Is—rms Secondary rms current 91A
TAB_rms SCI current 2A
Y VA The total rated VA values of windings 1466.3 VA

5.2. Transformer Parameters

The ferrite core is used for the high switch frequency. B, = 0.1 T is calculated by Equation (23),
Ap =25 cm? is calculated by Equation (22), the ETD44 magnetic core is chosen. The magnetic
material is the N87 from EPCOS company, the parameters of this material are given in Table 2, and
the parameters of core and winding are given in Table 3. The saturation flux density of this material
is 0.4 T. By Equation (24), the transformer secondary turns can be calculated as N5 = 11.9 ~ 12. The
primary turns number is 24.

Table 2. Material Specifications (Epcos N87).

Symbol Description Value
K. Steinmetz parameter 16.9
« Steinmetz parameter 1.25
B Steinmetz parameter 2.35
Bgat Saturation magnetic flux 04T
ky Window utilization factor 0.55
Am Effective magnetic circuit sectional area 213 mm?

0% Ratio of core loss to winding loss 1
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Table 3. Core and Winding Parameters.

Symbol Description Value

Ac Cross-section area 1.73 cm?
Ic Magnetic path length 10.3 cm
W, Window area 2.78 cm?
Ap Area product parameter 4.81 cm*
Ve Volume of core 17.70 cm®

MLT Mean length of a turn 7.77 cm
kg Core stacking factor 1.0
020 Copper resistivity (20 °C) 1.72 pQ)-cm
a0 Constant 0.00393

The current density can be obtained by Equation (26) as 344 A/cm?, and the wire sectional area
of the primary winding is 0.0132 cm? from Equation (27). Considering the wire skin effect at high
frequency, the skin depth is

Ao = (29)

It is set as Ag = 0.226 mm and the specification parameters are shown in Table 4. The DC resistance
of primary winding is 120.3 uQ2/cm (20 °C).

Table 4. Core and Winding Parameters.

AWG Sectional Area Resistivity Diameter
24 0.2047 mm? 842.1 uQ)/cm 0.51 mm

To reduce the secondary proximity effect, the Litz wire of 0.15 mm X 110 mm is chosen. The
equivalent electric conduction area is 1.95 mm?, the current density is 464 A/cm?, and the primary DC
internal resistance is 89.2 uQ)/cm (20 °C).

The DC internal resistance of each winding can be obtained with temperature correction as

Rey—ge = N-MLT - py - [1 4 a2 (Tmax — 20 °C)] (30)
where Tax is the maximum temperature.
Considering the wire skin effect at high frequency, the skin effect factor is calculated by

Rac—pri 4
Sactprt gy %)4 —1.019 (31)
Rie—pri 48 +0.8(ry/60)
where, 7,. is the radius of wire and r, = 0.255 mm.
The influence of the proximity effect of the secondary winding is calculated by

ds 015
A = — = — = U. 77 = 2
"= 026 07 b=t (32)
where, d; is the diameter of wire. The ratio of secondary AC resistance and DC resistance is
Rye s/Ryj. s = 1.2. Power loss and the efficiency of transformer are shown in Table 5. It is worth
noting the efficiency of the transformer is calculated under the condition of resonant frequency and
full power.
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Table 5. Loss Calculations.

Symbol Description Value
Prmax Allowed Maximum power loss 49W
Py ac DC winding loss 1.56 W
Peu_ac AC winding loss 1.74 W
Py, Core loss 1.94W
Pr, The loss of SCI 1.1W
Py Total loss 478 W

1 Transformer efficiency 99.37%

5.3. Experimental Results

15 0f 19

The designed transformer is applied to 720 W LLC resonant converter charger. The experimental

waveforms under different operating conditions are given in Figure 14. The operating waveform of
LLC resonant converter at the initial stage of constant current charging is given in Figure 14a. The
output power is 608 W and the operating frequency is 98.1 kHz, which is higher than the resonant
frequency. The phase-shifting angle of the SCI is « = 7/2, and the current of the SCI branch i,p is
triangular wave. At this time, the magnetizing inductance of the resonant tank is small, the K value is
also small, which helps reducing the switching frequency range.
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Figure 14. Cont.
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Figure 14. Experimental waveforms. (a) Constant Current Stage with V, =76 Vand I, =8 A (a = 0.57);
(b) Constant Power Stage with V, =90 V and I, = 8 A (a = 0.677); (c) Constant Voltage Stage with
»=96Vandl, =2.5A (« =0.797).

Figure 14b shows the working waveform of LLC resonant converter at the constant power
charging stage. The output power is 720 W and the operating frequency is 84.8 kHz, near the resonant
frequency. The phase-shifting angle of the switch-controlled inductor is « ~ 0.677, and the magnetizing
current of the transformer is relatively decreased, which reduces the conduction loss.

Figure 14c shows the working waveform of LLC resonant converter at constant voltage charging
stage. The output power is 240 W, the operating frequency is 70.2 kHz, which is lower than the
resonant frequency, and the output power is smaller. The phase-shifting angle of the switch-controlled
inductor is a ~ 0.79m, the magnetizing current of the transformer is decreased further and the light
load efficiency is improve effectively.

The experiment results comparison of the transformer temperature after operating under a full
load for 1 h is shown in Figure 15. The temperature rise of the proposed transformer is 65.2 °C.
Experiments show that the transformer works in an ideal temperature rise range. In addition, the
conventional transformer with air gap is applied to the same resonator circuit, the transformer retaining
wall interval d is 4.3 mm, the temperature rise is measured as 83.8 °C. Moreover, the temperature
rise of the secondary winding near the air-gap is the highest, which is 14.9 °C higher than the
proposed transformer.

Figure 15. Temperature rise comparison. (a) The conventional scheme; (b) The proposed scheme.

Corresponding to Figure 14, the measured loss of the proposed transformer under 100%, 80%,
and 33% loads are compared with those of the conventional LLC transformer, as shown in Figure 16.
Experimental results show that the proposed design scheme is more efficient to reduce the temperature
rise of magnetic components.
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Figure 16. Measured loss comparison.

Figure 17 shows the efficiency comparison between the proposed LLC resonant converter charger
and the conventional LLC resonant converter charger (k = 5) in the whole charging process. At the
left of point A, the operating frequency is higher than resonant frequency. The proposed transformer
magnetizing inductance can be dynamically adjusted, which not only improves the efficiency of the
transformer itself, but also effectively reduces the conduction loss and switching loss of the LLC
resonant converter. Hence, the comprehensive efficiency can be improved.

——

Proposed Converter

.*
Conventional Coverter

Efficiency(%)

82() 1 2 3 4 5 Tchager(h)

Figure 17. Efficiency comparison in the whole charging process.

6. Conclusions

Aiming at the relatively low efficiency problem of the conventional integrated transformer in
LLC resonant converter, a controlled magnetizing inductance resonant transformer suitable for high
power LLC resonant converter is proposed. The proposed transformer mainly removes the influence
of fringing effect, improving the efficiency of the transformer, and the temperature rise of transformer.
The experimental results show that the temperature rise of the transformer is reduced by 14.9 °C
compared with the conventional scheme. Moreover, according to the change of charging process
(output voltage and equivalent load impedance changes), the magnetizing inductance of proposed
transformer can be dynamically adjusted to reduce the conduction loss and switching loss of the LLC
resonant converter. Therefore, the comprehensive efficiency of the whole charging process can be
improved further, especially at the initial charging stage and at the charging end (light load).
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