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Abstract—Numerous efforts are underway to minimize the di-
mensions of electric vehicle on-board chargers. This can be attained
by enhancing the power density without sacrificing the converter
efficiency. Magnetic integration is one of the widely used tech-
niques to achieve a higher power density. For on-board chargers,
LLC-based resonant converters are a common option where op-
timization of switching frequency, power density, and efficiency
has been accomplished in a number of studies. Efficiency and
power density are still required to satisfy the demands of electric
car charging, notwithstanding the trade-off between soft-switching
over the load range. LCL-T-based resonant converters offers a
promising solution to this problem, which are yet to be explored
with magnetic integration. This article proposes a LCL-T-based res-
onant converter with magnetic integration to achieve higher power
density. Above all, this magnetic integration has been achieved
using simple switching scheme with fixed frequency operation. The
converter maintains zero voltage switching in all the switches and
zero current switching in both the diodes over the entire load range.
The proposed magnetic integration has been validated by finite
element analysis (FEA) in Ansys maxwell simulation software.
A 2 KW prototype with 400 V input and 200–400 V output has
been tested in the lab. The converter achieves highest efficiency of
98.15% and integrated transformer maintains a power density of
25.57 W/cm3.

Index Terms—Magnetic integration, on-board charger (OBC),
resonant immittance converter (RIC), soft switching, zero voltage
switching (ZVS).

I. INTRODUCTION

P LUG-IN electric vehicles (PEV) are becoming more popu-
lar due to their energy efficiency and environment friendli-

ness [1]. Batteries are major components of electric vehicle and
their charging mechanism plays an important role in achieving
healthy charging of battery stacks. PEVs generally consist of
an on-board charger, which is amalgamation of two stages. The
first stage is a front-end PFC circuit that generates an output,
which is free from input current harmonics and exhibits high
power factor [2]. The second stage is a dc–dc converter, which
provides galvanic isolation in the charger. Several isolated dc–dc
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converters have been investigated and can be separated into the
different categories to attain a high conversion efficiency and
necessary charging profiles. Resonant-based dc–dc converters
consists of three or more resonant elements in different ar-
rangements which can result in various immittance converter
topologies [3]. Apart from immittance converter topologies,
the LLC resonant converters among other dc/dc converters has
always been a popular choice due to its exceptional soft switch-
ing performance, low voltage stress on switching devices, and
friendly magnetic integration. LLC resonant converters are still
developing even though they are widely used in many differ-
ent industry applications. The demands of various applications
continue to call for a number of tradeoffs between efficiency,
size/volume of magnetic cores, switching frequency, and voltage
regulation capability. This has led to the continuous development
of new topological variants, modulation techniques, magnetic
integration, and design approaches. Wouters and Martinez [4]
presented the potential of inductor-integrated transformers with
state of art designs, such as PCB windings, matrix transformers,
different winding arrangements and core shape customization.
The goal of attaining higher efficiency and power density is
a prevalent paradigm for dc–dc power converters. In order to
increase the power density, magnetic integration has been the
most suitable option to maintain the power level by reduc-
ing number of magnetic elements. The LLC converter in [5]
proposes transformer and inductor on the same EE core using
decoupled integration approach. The converter reports higher
power density but efficiency remains low at light load. In [6],
resonant inductor of an LLC resonant converter is placed on
the transformer’s secondary side to create the CLL resonant
converter. The converter uses two ER core planar structure
for magnetic integration. However, converter achieves higher
power density with increased core losses resulting in low peak
efficiency. An integrated planar magnetic structure on a EE core
is proposed in [7] in this work. The same winding can act as
inductor or transformer alternatively in the switching periods.
Hence, high efficiency and high power density can be achieved
for LLC resonant converter. However, the converter suffers from
power rating constraint as the same winding needs to sustain
transformer and resonant inductor function. The converter in [8]
optimizes leakage inductance using horizontal gap on EI core
but the peak efficiency remains 96.5% in 200 W prototype.

Apart from LLC resonant converter, magnetic integration
has also been reported in some hybrid topologies. A CLLLC
converter in [9] uses magnetic shunts to control leakage in
planar structure. The converter achieves decoupling between
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the magnetizing inductance and primary and secondary leakage
inductance. However, space occupied by the magnetic shunts
diminishes power density of the converter. Li et al. [10] pre-
sented a modified core designed for low voltage high current
application. Two transformers and four output inductors have
been assembled on the modified core structure to enhance
the power density of the converter. Wu et al. [11] proposed
a hybrid resonant converter integrating autotransformer and
two transformers into one core. The converter is designed for
low voltage high current applications, such as data center. The
converter reduces footprint, volume and core loss in comparison
to discrete transformer structures by using a merged core. A
dual transformer-based dual active bridge (DAB) converter in
[12] uses a split UI core for magnetic integration in planar
structure. Split UI core integration can reduce number of printed
circuit board (PCB) layers in planar structure and control leakage
inductance. A high frequency low power integrated magnetic
structure with high efficiency and high power density is shown
in [13]. The converter attains soft switching independent of
load changes and eliminates the need of additional LC branch.
A current fed DAB is proposed in [14] integrates two input dc
inductors, a series and a transformer on the same core. However,
the converter uses customized core but achieves high power den-
sity by diminishing volume. In [15], a current fed DAB integrates
two dc inductors, transformer and uses leakage inductance to
eliminate the additional external inductor using a single EE42
core. The converter uses distributed primary side windings as
coupled dc inductors and distributed secondary side windings.

In order to increase the power density, PCB-based planar
designs have been popular choice. Nonetheless, inadequate
conductivity in dielectric materials and parasitic capacitance
may result in suboptimal thermal performance, while reduced
isolation thickness might exacerbate parasitic capacitance [16].
Custom cores and ferrite shaping are also widely accepted
options for integrated magnetics designs but configuration of
cooling methods and vias may result in elevated expenses for
customized cores [17], whereas ferrite shaping is limited by ma-
terial properties and manufacturing in case of custom cores [4].

LCL-T resonant topology-based converters have not been
explored with magnetic integration. Although LCL-T-based res-
onant converters have been reported in several works exploiting
its immittance characteristics in order to achieve desirable charg-
ing profiles. The converter presented in [18] exhibits inherent
constant current (CC) charging profile due to LCL-T RIC on
the primary side but fails to maintain the efficiency in constant
voltage (CV) charging mode due to high circulating currents in
diodes. Wang et al. [19] kept LCCL immittance network on the
secondary side of the transformer to mitigate the problem of cir-
culating currents in CV mode. The converter achieves desirable
profiles without any control complexity and sensing but design
uses two diode full bridges on the secondary side resulting in
low component utilization. This problem of under component
utilization has been addressed in [20] using LCL-T resonant
network on the secondary side and two diode half bridges
connected in parallel. The converter achieves CC mode to CV
mode transformation exploiting RIC properties of LCL-T with-
out any control loop and fixed frequency operation. However, the
presence of multiple magnetic components diminishes the power

Fig. 1. Proposed DC–DC converter with integrated magnetics.

density and occupies more space on the board making overall
system bulkier. A CLCLC type immittance resonant DAB with
dual unbalanced modulation strategy is presented in [21]. The
converter achieves bidirectional operation with high efficiency
but power density remains low with high control complexity.

In order to derive a high power density, high efficiency and
cost effective design, this article proposes a LCL-T RIC-based
resonant converter with integrated magnetics. Transformer and
two inductors of the LCL-T network have been integrated on
single EE core. Some of the key features of the proposed
converter are as follows.

1) The proposed converter exhibits higher power density
maintaining high efficiency than the converters presented
in [18], [19], [20], and [21]. Also, absence of two
inductors makes the system less bulky and more compact.

2) The proposed converter attains soft switching operation
in all the switches on the primary side and secondary side
of the transformer, it also exhibits zero current switching
in the diodes on the secondary sides over the entire load
range.

3) The proposed resonant converter exhibits automatic charg-
ing mode transition. This is achieved by the converter
without any sensing and control.

4) The converter achieves high power density without any
customized core and specific ferrite shaping. The proposed
converter uses EE6527 core with CF297 material.

The rest of this article is organized as follows. Section II
discusses circuit configuration and operating modes of the
proposed converter. Section III discusses transformer-inductor
integration physical structure, coupled LCL-T resonant network
characteristics and electrical circuit analysis of the equivalent
electrical circuit with integrated magnetics. Section IV presents
a comparison of discrete magnetic structures against integrated
magnetic structure using finite element analysis (FEA) and pro-
totype demonstration and hardware validation of the proposed
converter. Finally, Section V concludes this article.

II. PROPOSED CONVERTER WITH INTEGRATED MAGNETICS

TRANSFORMER

A. Circuit Configuration

The proposed LCL-T-based resonant converter with inte-
grated magnetics is depicted in Fig. 1. On the primary side of the
transformer, the converter features a full bridge high-frequency
inverter; on the secondary side, there are two switches and two
diodes. Two diodes and two switches are connected as two half
bridges connected in parallel across the load. The transformer is
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Fig. 2. Typical waveforms of the proposed resonant converter over one switch-
ing cycle.

wound on the middle leg of the EE core, and the two inductors
are wound on the side columns of the EE core. The two inductors
Lr and L1 of LCL-T network are wound as coupled inductors
on the same core as indicated in Fig. 1. Vin is input voltage of
the converter. Vpri, Ipri, Vsec, and Isec indicates primary voltage,
primary current, secondary voltage, and secondary current, re-
spectively. The windingsLr andL1 represents resonant inductor
and second inductor windings of the LCL-T network and Cr is
resonant capacitor. The battery is modeled as equivalent load
resistance RL. Resonant frequency and switching frequency
have been kept same for the LCL network. Typical waveforms
of the proposed converter over a switching cycle are shown in
Fig. 2. The details of the circuit operating modes are discussed
in detail in Section II-B.

B. Operating Modes

The operating modes of the proposed converter shown in
Fig. 3 are as follows.

Mode 1 (t0-t1): Body diodes of switchS1 andS2 are conduct-
ing, leading to zero voltage turn-ON of S1 and S2. The primary
current Ipri is negative and decaying to zero. The load capacitor
Co supplies power to the load. The inductor Lr-Cr resonates
through the body diode of the switch, S5 and the inductorL1-Cr

resonates through the diode D2.
Mode 2 (t1-t2): The primary current crosses zero at a time

instant t1 and becomes positive. Switches S1 and S2 turns ON at
zero voltage. The voltage across the resonant capacitor VCr

is
zero at time instant t2, thus turning OFF the diode D2. The load

capacitor Co continues to supply power to the load⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

VCr
(t− t1) =

Vin
n − [

Vin
n − VCr

(t1)
]

cosω0(t− t1)
+Z0ILr

(t1)sinω0(t− t1)

ILr
(t− t1) = ILr

(t1)cosω0(t− t1) +
Vin
n −VCr (t1)

Z0

sinω0(t− t1)
VCr

(t− t1) < 0;VCO = 0;D2 conducts.

(1)

Mode 3 (t2-t3): Switches S1, S2, and S5 conducts. VCr
and

VCO both rise in this mode, keeping both the diodes D1 starts
conducting and D2 reverse biased. However, the current IL1

is
very low due to coupling effect in inductors⎧⎪⎪⎨
⎪⎪⎩
VCr

(t− t2) =
Vin
n [1− cosω0(t− t2)] + Z0ILr

(t2)
sinω0(t− t2)

ILr
(t− t2) = ILr

(t2)cosω0(t− t2) +
Vin
nZ0

sinω0(t− t2)

VCr
(t− t2) > 0.

(2)
Mode 4 (t3-t4): DiodeD1 continue to conduct significant current
as voltage VCr

is greater than voltage VCO⎧⎪⎪⎨
⎪⎪⎩
VCr

(t− t3) =
Vin
n − [

Vin
n − VCr

(t3)
]

cosω0(t− t3)
+Z0ILr

(t3)sinω0(t− t3)

IL1
(t− t3) =

VCr (t−t3)−VCO

jωL1e

VCr
(t− t3) > VCO;D1 conducts.

(3)

Mode 5 (t4-t5): Switches S1 and S2 conducts and switch S5

turns ON at zero voltage. The primary current Ipri decays and
switches S1, S2, and S5 turn-OFF at the end of this mode. D1

continues to conduct as VCr
is still greater than VCO⎧⎪⎨

⎪⎩
VCr

(t− t4) =
Vin
n − [Vin

n − VCr
(t4)]cosω0(t− t4)

ILr
(t− t4) =

Vin
n −VCr (t4)

Z0
sinω0(t− t4)

ILr
(t4) = 0.

(4)

Mode 6 (t5-t6): SwitchesS3,S4, andS6 are fired at the beginning
of this mode. The primary current Ipri is still positive and decays
to zero at the end of this mode. The body diodes of switches
S3 and S4 carry current Ipri creating conditions for zero voltage
turn-ON⎧⎪⎪⎪⎨
⎪⎪⎪⎩
VCr

(t− t5) =
−Vin
n − [−Vin

n − VCr
(t5)]cosω0(t− t5)

+Z0ILr
(t5)sinω0(t− t5)

ILr
(t− t5) = ILr

(t5)cosω0(t− t5) +
−Vin
n −VCr (t5)

Z0

sinω0(t− t5).

(5)

Mode 7 (t6-t7): Switches S3 and S4 turn ON at zero voltage as
Ipri makes reversal. The capacitor voltage VCr

falls below VCO

turning OFF diode D1 at the end of the mode.
Mode 8 (t7-t8): Voltage VCr

begins to drop after time instant
t7. AsVCr

equals VCO diodeD1 is reverse biased andD2 begins
to conduct but magnitude of current is small.

Mode 9 (t8-t9): At time instant t8, VCO is zero as D2 get
forward biased. With D2 and S6 conducting IL1

start to build
up in negative direction{

IL1
(t− t8) =

VCr (t−t8)
jωL1e

VCr
(t8) = 0, VCO = 0;D2 conducts.

(6)

Mode 10 (t9-t10): Switches S3 and S4 conducts, switch S6

turns-ON at zero voltage and diode D2 is conducting. Switches
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Fig. 3. Operating modes of proposed DC–DC resonant converter in charging operation.

S1, S2, and S5 are fired and switches S3, S4, and S6 are turned
OFF at the end of this mode. After this mode, switching cycle
repeats

⎧⎨
⎩
VCr

(t− t9) =
−Vin
n [1− cosω0(t− t9)])

ILr
(t− t9) = − Vin

nZ0
sinω0(t− t9)

ILr
(t9) = 0.

(7)

At the end of this mode, body diodes switch S1 and S2 starts
conducting leading to zero voltage turn-ON for S1 and S2.

III. TRANSFORMER AND INDUCTOR INTEGRATION

A. Integrated Transformer Structure

The winding arrangement of the integrated magnetics trans-
former and inductors is shown in Fig. 4. A EE core has been
used to design a integrated structure. The transformer windings
have been wound on the middle limb of the core and the inductor
windings are wound on the outer two legs of the core. Inductor
Lr is wound on leg I and inductor L1 on leg II. The windings
have been arranged such that the flux in leg I assists flux in leg II.
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Fig. 4. Schematic diagram showing winding arrangement of the two inductors
and transformer on a EE core.

Fig. 5. Top view of EE core.

The inductors act as coupled inductors wound on the same core.
φLr

is the flux due to resonant inductor Lr alone, φT represent
net flux in leg III due to the effect of primary and secondary
windings and φL1

indicates flux due to winding L1 alone. φ1,
φ2, and φ3 are the net fluxes produced by windings under the
joint action of legs I–III, respectively. Cross-sectional areas of
the core remain same in the legs I and II whereas cross sectional
area of leg III is double that of the areas of leg I and leg II.
Air-gap, lg is same in all the three legs of the EE core.

As shown in Fig. 5, length l of all the three legs of the core
remains same but width of middle leg is double of other two
legs. So, relation between the areas of all the three legs can be
written as

2A1 = A3 = 2A2. (8)

As reluctance of a leg is given by

R =
l

μA
. (9)

Hence, reluctances R1 of leg I and R2 of leg II are equal
whereas reluctance R3 on the middle leg is half of side legs
of the core. The equivalent magnetic circuit of the integrated
structure is shown in Fig. 15. Npri represent number of turns
on the primary winding and Nsec represent number of turns on
secondary winding, respectively. NLr

and NL1
are the number

of turns of inductor Lr and L1 and their corresponding mmfs
are NLr

iLr
and NL1

iL1
. Npriipri and Nsecisec are primary side

and secondary side mmf. The windings on the same core exhibit
coupling coefficients with each other (derived in Appendix).
Hence, the inductor windings on the core are coupled with each
other with a coupling coefficient of 0.33. So, LCL-T network in
this case is a coupled LCL-T type resonant network.

Fig. 6. Equivalent circuit diagram.

B. Electrical Circuit Analysis

The equivalent circuit diagram for the converter can be rep-
resented as shown in Fig. 6 below. Lr and L1 are inductors with
mutual inductanceM = k

√
LrL1, C is the shunt capacitor, ifLr

= L1 = L and coupling coefficient is k, then mutual inductance
can be written as M = kL. Applying Kirchoff voltage law (KVL)
in the equivalent ciruit diagram, the following equations can be
written as:{

Vsec= (jωL+ 1
jωCr

+ Z2)isec − (jωkL+ 1
jωCr

)iL1

iL1
=

1
jωCr

jωL+ 1
jωCr

+Z1
isec.

(10)

The resonance condition for the network can be written as
−1

jωCr
= jωL (11)

using the resonance condition given in (11), (10) can be written
as {

Vsec = Z2isec − (jωkL+ 1
jωCr

)iL1

iL1
= 1

jωCrZ1
isec.

(12)

Hence, the input impedance of the equivalent circuit diagram
can be realized as

Zin =
ω2C2

rZ1Z2 − k + 1

ω2C2
rZ1

. (13)

It can be deduced from (13) that the input impedance is depen-
dent upon the nature of Z1 and Z2. If Z1 and Z2 are resistive in
nature then the input impedance is also resistive. As dependent
sources are present in the electrical equivalent circuit, equivalent
impedance across Z2 can be written as

Z2 =
(1− k2)

ω2C2
rZ1

. (14)

The mode of the converter changes when both the impedance
Z1 and Z2 are equal. This point is regarded as transition point.
As both the impedance are equal, (14) can be rewritten as⎧⎨

⎩
Z2
1 = (1−k2)

ω2C2
r

Z1 = Z2 =

√
(1−k2)

ωCr
.

(15)

Rated value of load at which the charging mode changes from
CC to CV can be written as

Rt =
Vout

Iout
=

400 V
5 A

= 80 Ω. (16)
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TABLE I
COMPARISON OF DISCRETE AND INTEGRATED MAGNETIC STRUCTURES

TABLE II
DESIGN SPECIFICATIONS OF PROPOSED CONVERTER

TABLE III
KEY PARAMETERS OF THE PROTOTYPE

At transition pointZ1 andZ2 both are equal and resistive. Hence,
input impedance of the equivalent circuit is also resistive. So,
the equivalent resistance is combination of two legs operating
in parallel, which can be represented as{

Z1||Z2 = 2
π2Rt& 2

π2Rt =

√
(1−k2)

ωCr
. (17)

The values of resonant capacitor and inductor can be calculated
using (11) and (17). The expression for voltages VCO and VDO

can be written as⎧⎪⎨
⎪⎩
VCO = ωCrZ1

Z1Z2ω2C2
r−k+1Vsec

VDO = Z1Z2ω
2C2

r

Z1Z2ω2C2
r−k+1Vsec

iout =
4Vin

nπ2(Z1Z2ω2C2
r−k+1) (ωCr − 1−k2

Z2
).

(18)

Equation (18) shows that while voltage VDO is constant, voltage
VCO is dependent onZ1.Z2 is high when iout is high. According
to (14), with largerZ2,Z1 should be smaller in order to maintain
the Z1 Z2 product constant. The voltage VCO increases as Z1

increases and, as a result, Z2 decreases. With decreasing Z2 and
increasing Z1 converter maintains small drop in load current but
significant rise in load voltage. At the transition point both Z1

and Z2 are equal. Following the transition point, Z1 increases
to show that the output voltage has reached the saturation point
and Z2 decreases to show a decline in load current.

Rate of decay of load current is higher after the transition
point whereas variation in output voltage is very small. This
indicates charging profile transition of the converter from CC to
CV. The current IL1

is not zero even after the mode transition
point because of coupling effect but the magnitude of this current
is very feeble as currents causing coupling effects are also

Fig. 7. Peak flux density distribution of integrated transformer under the
conditions where Vin = 400 V. (a) Po = 2000 W, (b) Po = 1500 W, (c) Po

= 1000 W, and (d) discrete transformer with input voltage excitation Vin =
400 V

decreasing. Also, the coupling coefficients between the windings
are not very encouraging to lead to significant current in the
circuit.

C. ZVS Boundary Analysis

To achieve soft switching, the stored charge-based energy
criteria including the parasitic capacitance have been used [22],
the expression of net impedance referred to the primary side and
the phase between voltage and current can be written as⎧⎪⎪⎨

⎪⎪⎩
1
2Lmi2pri ≥ CQ,eq(Vin)V

2
in + 1

2CparV
2

in

Znet = jωLm||n2Zin and φ = tan−1
(

n2Zin
ωLm

)
|Znet| =

√
(ω2L2

mn2Z2
in)

2+(ωLmn4Z2
in)

2

(n2Z2
in)

2+(ωLm)2

(19)

where Zin is input impedance, Cpar is the parasitic capacitance,
and CQ,eq(Vin) is equivalent capacitance of switches as a func-
tion of input voltage in the circuit. So, the condition of soft
switching can be derived as

Lm≥ 3

√
π2[CQ,eq(Vin)+Cpar]

16ω2n4Z2
in

and φ=tan−1(
n2Zin

ωLm
)<0.

(20)
It is to be noted that due to coupling, mutual inductance affects

the effective resonant behavior improving ZVS at light load
condition. Primary side inductance has been kept large enough
to sustain charging and discharging of MOSFET gate.

IV. RESULTS AND DISCUSSION

A. Comparison of Integrated and Discrete Magnetic Structure

In order to explore flux distribution inside the core of inte-
grated magnetic structure, ANSYS maxwell 3-D FEA is per-
formed. Input voltage was set to the integrated transformer is
400 V. Fig. 7(a)–(c) shows peak flux density distribution inside
the core of integrated transformer for different power outputs.
Left column of the core represents higher density than the right
side column of the EE core. This nonuniform distribution of flux
density indicates that fluxes add up in left column at peak power
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TABLE IV
COMPARISON BETWEEN PROPOSED CONVERTER AND OTHER CONVERTERS

Fig. 8. Discrete magnetic structures and integrated magnetic structure.

output as the current is significant in both the windings. As the
current starts to drop, the peak flux density also decreases but flux
distribution is still nonuniform. The field distribution in Fig. 7(d)
is uniform as both the columns of the discrete transformer offer
equal reluctance. Fig. 8 shows discrete physical structure of
transformer on EE6527 core and two inductors on EI3313 core
along with integrated transformer.

B. Hardware Validation

A 2-kW laboratory prototype with the specification given in
Table II is tested to verify the effectiveness of the proposed
converter. AWG 26 wire gauge has been chosen at 100 kHz
operating frequency in the design of transformer and inductor
windings. The number of parallel conductors has been used in
order to accommodate the rated currents in all the windings. In
order to meet isolation, every leg winding structure is covered
by mylar sheet and complete magnetic structure is tightened
by insulation tape. Transformer primary windings are also sep-
arated by mylar sheets. Thin aluminum foils wound on the
side columns over insulation tape to contain electromagnetic
interference (EMI) originating from the side columns. Fig. 9
shows complete integrated magnetic assembly with annotations.
In order to verify the performance of the converter, battery has
been modeled as a dc passive load. Fig. 10 shows the hardware
setup for the proposed converter.

Fig. 11(a) shows primary current Ipri lagging zero crossing in
reference primary voltage Vpri. This indicates the body diodes of
switchesS1 andS2 are carrying current Ipri ensuring zero voltage
turn-ON for the switches S1 and S2. Similarly, ZVS can be

Fig. 9. Integrated magnetic structure.

Fig. 10. Hardware setup of the proposed converter.

validated at other load values also in Fig. 11(b), 11(c). Voltages
VCO and VDO are shown with current IL1

in Fig. 11(d)–(f). As
it is evident from the Fig. 11(d) that current IL1

is maximum and
keep on decreasing with the decrease in load value. As shown
in Fig. 14 peak efficiency is observed at the peak load value.
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Fig. 11. Experimental waveforms of the proposed converter, Vpri, Ipri, and Vout at loads (a) 1152 W, (b) 1620 W, (c) 838 W, VCO , IL1
, and VDO at loads, (d)

1152 W, (e) 1620 W, (f) 838 W, Vsec, Isec, andVCD at loads, (g) 1152 W, (h) 1620 W, and (i) 838 W.

Fig. 12. (a) Vpri, Ipri, and Vout and (b) Vsec, Isec, and VCD at 136.62 W load.

The load current beyond this point drops significantly whereas
no significant change is observed in the output voltage. Highest
efficiency is achieved at peak load when Z1 and Z2 are equal.
The input impedance offered by the equivalent electrical circuit
is resistive as shown in (15). Beyond transition point, output
voltage reaches almost rated voltage and load current continue
to drop with decreasing load. As the efficiency curve shown in
Fig. 14 indicates that due to drop in load current, output power

Fig. 13. Loss distribution in the converter at peak efficiency.

Fig. 14. Efficiency versus load plot for charging mode operation.
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Fig. 15. Magnetic equivalent circuit.

and efficiency of the converter are decreasing. This peak load is
the charging mode transition point from CC to CV according to
the calculated values. For discrete magnetic converter, current
IL1

beyond this point should be zero but due to presence of
coupling between the integrated transformer windings current
IL1

is present and decaying after the transition point which can
be observed from Fig. 11(d)–(f) with decreasing load output.

Voltages Vsec and VCD are shown with current Isec in
Fig. 11(g)–(i). As it is evident from the figures that body diodes
of switches conduct for most of the time and and switch S5 and
S6 conduct for a short duration and hence, switches turn-ON at
zero voltage. The spike observed at the switching point in Isec
is the short duration turn-ON of the switches. So switches on the
secondary side also observe soft switching over the load range.
Minimum output power attained by the converter is 136.62 W at
an efficiency of 86.004%. This indicates the light load efficiency
of the converter. The efficiency and output waveforms at light
load are shown in Figs. 12–14 shows loss distribution in the
converter at peak efficiency.

V. CONCLUSION

A LCL-T-based dc–dc converter with integrated magnetics is
presented in this article. The converter electrical circuit analysis,
magnetic circuit analysis, and design specifications have been
discussed in detail. A prototype of 2 kW has been tested and
verified in the lab with 400 V input and 200–400 V output range.
The converter achieves peak efficiency of 98.15%. The converter
achieves inherent mode transition from CC to CV without any
control and sensing. Magnetic integration reduces volume of the
magnetic components by 20.2% and weight of the components
by 17.02%. Hence, the proposed integrated transformer offers
higher power density than the discrete components.

APPENDIX

MAGNETIC CIRCUIT ANALYSIS OF INTEGRATED MAGNETICS

TRANSFORMER

As shown in Fig. 15 The magnetic fluxes generated in each
column can be written as⎧⎪⎪⎨

⎪⎪⎩
φLr

= NLr iLr

R1+R2||R3
= NLr iLr (R2+R3)

Δ

φL1
=

NL1
iL1

R2+R1||R3
=

NL1
iL1

(R1+R3)

Δ

φT = Φ
R3+R1||R2

= Φ(R1+R2)
Δ

(21)

where Δ = R1R2 +R2R3 +R3R1 and Φ = (Npriipri −
Nsecisec. The joint action of fluxes in the three legs are as⎧⎪⎨

⎪⎩
φ1 = φLr

+ φL1

R3

R3+R1
− φT

R2

R1+R2

φ2 = φLr

R3

R3+R2
+ φL1

+ φT
R1

R1+R2

φ3 = −φLr

R2

R2+R3
+ φL1

R1

R1+R3
+ φT

(22)

putting (21) in (22), we get⎧⎪⎨
⎪⎩
φ1 = NLr

ILr

(R2+R3)
Δ +NL1

IL1

R3

Δ − ΦR2

Δ

φ2 = NLr
ILr

R3

Δ +NL1
IL1

(R1+R3)
Δ − ΦR1

Δ

φ3 = −NLr
iLr

R2

Δ −NL1
iL1

R1

Δ +Φ (R1+R2)
Δ .

(23)

So, voltages can be written as{
Vpri = Npri

dφ3

dt ;Vsec = −Nsec
dφ3

dt

VLr
= NLr

dφ1

dt ;VL1
= NL1

dφ2

dt .
(24)

According to (22)–(24), the relationship between the winding
voltages and currents of IM can be written as⎡
⎢⎢⎢⎣
Vpri

Vsec

VLr

VL1

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

Lpri Mprisec MpriLr
MpriL1

Msecpri Lsec MsecLr
MsecL1

MLrpri MLr sec LLr sec −MLrL1

ML1pri ML1 sec ML1Lr
LL1

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣

dipri

dt
disec
dt

diLr

dt
diL1

dt

⎤
⎥⎥⎥⎦

(25)
where MpriLr

, MpriL1
, MsecLr

, MsecL1
, and MLrL1

are mutual
inductance between primary winding-Lr, primary winding-L1,
secondary winding-Lr, secondary winding-L1, inductor Lr-L1⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Lpri = N2
p
(R1+R2)

Δ ;Lsec = N2
s
(R1+R2)

Δ

LLr
= N2

Lr

(R2+R3)
Δ ;LL1

= N2
L1

(R1+R3)
Δ

Mprisec = −NpriNsec
(R1+R2)

Δ ;MLrL1
= NLr

NL1

R3

Δ

MpriLr
= −NpriNLr

R2

Δ ;MpriL1
= NpriNL1

R1

Δ

MsecLr
= NsecNLr

R2

Δ ;MsecL1
= −NsecNL1

R1

Δ .
(26)

According to (26), we can calculate all the coupling coefficients
as follows:⎧⎪⎪⎨
⎪⎪⎩
Kprisec =

Mprisec√
LpriLsec

= −1;KLrL1
=

MLrL1√
LrL1

= 0.33

KpriLr
=

MpriLr√
LpriLr

= −0.577;KpriL1
=

MpriL1√
LpriL1

= 0.577

KsecLr
= MsecLr√

LsecLr
= −0.577;KsecL1

= MsecL1√
LsecL1

= 0.577.

(27)
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