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High-Density Litz-Wired Integrated Magnetics
Combining OBC and LDC Transformers With
an Integrated Resonant Inductor for Electric Vehicle
Charging Systems

Chenli Zhou ", Jianping Xu

Abstract—Integrated on-board charger (OBC) and low-voltage
dc—dc converter (LDC) system is attractive for electric vehicles
due to its reduced number of switching devices and magnetic
components. This article proposes a novel high-density integrated
magnetic component (IMC) that achieves the integration of the
high-frequency transformers of the OBC and the LDC with the
resonant inductor of the OBC, which reduces the cost, the weight,
and the volume of the charging system. Based on the proposed IMC,
the system can simultaneously charge the high-voltage battery
(HVB) and the low-voltage battery (LVB). Moreover, an elliptical
ring-shaped magnetic shunt is employed to achieve controllable
leakage inductance, and Litz wire is adopted to replace the conven-
tional busbar winding of the LDC to reduce eddy-current losses and
support high-current output. Detailed analysis and design guideline
of the proposed IMC are provided. To validate the feasibility of
the proposed IMC, a prototype with an integrated 6.6 kW OBC
and 2 kW LDC is built. The experimental results show that the
proposed IMC achieves a power density of 660 W/in* and enables
the prototype to achieve a peak efficiency of 98.17% at full load
during OBC operation.

Index Terms—Electric vehicles (EVs), Litz wire, low-voltage
dc—dc converter (LDC), magnetic integration, on-board charger
(OBC), resonant converter.

NOMENCLATURE
Abbreviations
LDC Low-voltage dc—dc converter.
IMC Integrated magnetic component.
VCS Vehicle charging system.
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High-voltage battery.

Low-voltage battery.

Buck-derived rectifier.

Single-phase shift.
Triple-phase-shift.

Three-port series resonant converter.
Voltage doubler rectifier.

Phase shift full bridge.

Center-tap rectifier.

Number of turns of the primary, secondary, and
tertiary windings.

Leakage inductance of the primary, secondary, and
tertiary windings.

Bus voltage.

Output voltage of the OBC.

Output voltage of the LDC.

Peak current of the primary winding.
Transformer’s turns ratio.

Voltage conversion ratio of the OBC.

Number of strands.

Per-unit resonant reactance.

Magnetomotive forces.

Leakage-field energy stored in the air.

Effective field path length.

Chamfer radius of the center leg.

Thickness of the magnetic shunt.

Half of the circumference of the magnetic shunt.
Air gap.

Constants determined by magnetic material.
Reluctance of the magnetic shunt.

Air-gap reluctance.

Internal phase shift duty cycle of the SRC.
Phase shift duty cycle of the SRC.

I. INTRODUCTION

LECTRIC vehicles (EVs) have attracted much attention
in industry and academia due to their environmentally
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Fig. 1.  Circuit topology of the conventional VCS. (a) OBC. (b) LDC.

benefits and high energy efficiency [1], [2]. VCS, which consists
of an OBC and an LDC, serves as a key subsystem of the electric
powertrain of EVs. In the VCS, OBC is designed to charge the
HVB, and LDC supplies power to various low-voltage auxiliary
loads.

In the conventional VCS, as shown in Fig. 1, OBC and LDC
are two separate power converters, each of them incorporates
a high-frequency transformer to ensure the galvanic isolation
between grid and batteries, and the galvanic isolation between
high-voltage batteries and low-voltage auxiliary loads. In the
OBC, DAB topologies, such as DAB converter [3], series-
resonant converter (SRC) [4], and CLLC resonant converter [5],
are widely adopted. The DAB topologies require additional large
inductor to achieve wide range zero-voltage switching (ZVS) of
power switches, and the magnetic components account for the
major volume and weight of the VCS.

With the increasing demand to extend the driving range of
the EVs, the capacities of the HVB have been increasing. In
the same time, the intelligence equipment of EVs, such as
autonomous driving systems, radars, and smart cockpit systems,
have elevated the power level of LDC [6]. Much work has been
done to develop high efficiency, high-power-density VCS to
reduce charging durations and to adapt to the limited installation
space of EVs. Many studies have been focused on integrating
the circuit topologies of the OBC and the LDC to reduce the
volume, the weight, and the cost of the overall system [7], [8],
[9], [10], [11], [12], [13]. A multiwinding transformer structure,
as shown in Fig. 2, is used to achieve the integrated VCS, in
which active switches and passive components are shared, which
effectively reduces the number of semiconductor devices and
transformers.

Magnetic integration is an effective way to increase the power
density of the integrated VCS. Various works have been re-
ported to integrate the ZVS inductor with the transformer [14],
[15], [16], [17], [18], [19], [20], [21], [22], [23]. A simple
split-winding transformer structure is proposed to realize the
required leakage inductance [14], [15], [16], [17]. However,
large leakage inductance leads to large volume of the magnetic
core. Furthermore, a huge amount of flux leaks into the external
environment, resulting in increased winding losses [18], [19].
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Fig. 2.

The interleaved winding structure used in planar IMC can
effectively handle the external leakage flux to reduce the ac
resistance [20], [21], [22]. However, it leads to a smaller equiv-
alent leakage inductance, thereby limits its capability to achieve
a wide ZVS range. To address these issues, the operating fre-
quency of the IMC is increased to hundred kilohertz to reduce
the requirement for the leakage inductance. However, high-
frequency planar IMC face significant challenges in integrated
VCS.

Due to the low-voltage high-current output of the LDC, the
CTR is widely adopted [11], [23], [24], with an additional
built-in buck circuit to regulate the induced voltage of the LDC
windings, as shown in Fig. 2. The switching frequency of the
built-in buck circuit is twice that of the OBC, which leads to
higher switching losses of the LDC. In addition, the electro-
magnetic compatibility (EMC) emission standards for vehicles
apply to frequencies ranging from 150 kHz to 960 MHz [25].
High frequencies introduce additional electromagnetic interfer-
ence (EMI) issues to the system. Moreover, the adjacent PCB
winding layers of the planar IMC are prone to higher parasitic
capacitance, which further affects the EMC performance.

In the applications with low switching frequency and high-
power, the number of the turns of the IMC winding increases,
and multilayer PCBs are required to accommodate the turns
ratio. Furthermore, multilayer PCBs are needed to meet the
current density of the LDC winding. The high cost of multilayer
PCBs makes Litz-wire-based IMC more practical for integrated
VCS. In [26], a Litz-wire-based IMC for a triple-active-bridge
converter is proposed, which integrates the transformer and
two external inductors. However, the secondary and the tertiary
windings in this structure have identical specifications, which
limit its application in the LDC. Copper bars are usually used to
achieve sufficient current density in the LDC. However, external
leakage flux induces large eddy current losses in the LDC
windings, which reduces system efficiency.

In this article, a Litz-wired IMC structure is proposed to
integrate the high-frequency transformers of the OBC and the
LDC with the resonant inductor of the OBC. Based on the
proposed IMC, the system can charge the HVB and the LVB
simultaneously. The main contributions of the proposed IMC
are summarized as follows.

1) The system operates as an SRC for OBC to charge the

HVB. The proposed IMC achieves the integration of the
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high-frequency transformer with the resonant inductor
of the SRC. An elliptical magnetic shunt is employed
to achieve controllable leakage inductance, enabling the
SRC to achieve ZVS over a wide output voltage range.

2) The system operates as a full bridge converter for the
LDC to charge the LVB. The proposed IMC enables the
sharing of the secondary-side H-bridge of the OBC and
achieves minimized equivalent leakage inductance of the
LDC winding, which reduces the voltage stress on the
LDC switching devices.

3) The LDC windings are formed by multistranded Litz wire.
Compared to conventional copper bar windings, the pro-
posed structure effectively mitigates eddy current losses
from external leakage flux, enabling the LDC winding to
deliver high-current output with thermal robustness.

4) A modeling and leakage-inductance design method is
developed for the proposed IMC, which takes into account
the asymmetric leakage magnetic field and enables the
extraction of elliptical-path parameters, simplifying the
calculation while maintaining accuracy and designability.

The rest of this article is organized as follows. In Section II,

the equivalent circuit model of the multiwinding transformer is
investigated. Section III describes the proposed IMC structure,
and provides a detailed calculation of the leakage inductance.
Section IV presents the design of the proposed IMC for a 6.6 kW
integrated VCS. Experimental verification for the proposed IMC
is given in Section V. Section VI concludes this article.

II. INVESTIGATION OF MULTIWINDING TRANSFORMER

The multiwinding transformer of the integrated VCS, as
shown in Fig. 2, consists of four windings. N;, and Ny are the
number of the turns of the primary and the secondary windings
of the OBC, N; is the number of the turns of the LDC winding,
respectively. In Fig. 2, by using the multiwinding transformer,
the H-bridge of the secondary of the OBC is shared for both the
OBC and the LDC. The current in the LDC winding is derived
from the secondary current of the OBC.

Fig. 3 shows the equivalent circuit of the multiwinding trans-
former and its corresponding m model. In each half-switching
cycle of the OBC, only one terminal of the LDC winding
conducts current. The current direction in the LDC winding
is aligned with that of the secondary winding of the OBC. To
simplify the transformer model, the multi-winding transformer
is equivalent to a three-winding transformer, and the m model
[27] is used for analysis.

The circuit equation of the three-winding transformers is as
follows:

vl [Lop My My [diny/dt
Vs | = |Mps Lgs Mgy dips/dt (1)
(% Mpt My Ly diry, / dt

where vy and iz (k= p, s, t) are the voltages and currents of the
corresponding windings, Ly is the self-inductance of winding k,
and My; = My, (j # k) is the mutual inductance between winding
Jj and winding k.
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Fig. 3. Equivalent circuit of the multiwinding transformer and its corre-
sponding 7m-model. (a) In the positive half-switching cycle. (b) In the negative
half-switching cycle.

In the m-model, all windings share a common magnetizing
flux in the magnetic core, and the inductance matrix L can be
expressed as follows:

L, 0 0 ap
L=|0 Ls 0 | + Ly |as [ap Qg at] 2)
0 0 Ly Gt

where Ly (k= p, s, t) are the leakage inductances of the primary,
the secondary, and the tertiary windings, respectively. Ly, is the
magnetizing inductance. ai (k = p, s, t) are the normalized
number of turns; it is defined as ay, = Ni/N,ef, Where Nt is
the number of turns of the reference winding.

By comparing the inductance matrices in (1) and (2), the
following expressions are obtained:

Lop = Ly +a2Ly
Lss - Ls + asLm ’
Ln = Lt + a%Lm

My = apas Ly,
My = apa Ly, . 3)
My = asay Ly,

Taking the primary winding as the reference winding, the
following expressions are obtained:
My My
a:17aS:77at: . (4)
P My Mg
By substituting (4) into (3), Lx (k = p, s, t) and L,;, can be

derived as follows:
M, M, My M,
Lp =Ly — 5" Ls = Lss — 37 5
L= [ MMy p  MuMyo (5
t t M, > ~m My,

The inductance matrix in (1) can be extracted through finite-
element analysis (FEA). Based on (4)—(5), L., and Ly (k= p, s,
t) can be calculated. Ly, corresponds to the main magnetic path
in the core that is shared by all windings, whereas Ly represents
the leakage-flux components that are excited by the winding
currents but not coupled into the common magnetic flux.
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Fig. 4. 3-D structure of the proposed IMC.

It is worth noting that, in the proposed IMC, the OBC sec-
ondary and LDC windings are designed with a high coupling
coefficient. The HVB clamps the voltage of the secondary
winding through the secondary H-bridge, so that the LDC power
is directly supplied from the HVB. Consequently, the equivalent
leakage inductance of the OBC can be derived as follows:

M 2
Leg=L P) L. 6
c p*(m) (6)

III. DESIGN OF THE PROPOSED IMC
A. Structure of the Proposed IMC

In this article, a modified URS core structure is employed,
in which the center leg is designed with a rounded-rectangular
cross section, and its cross-sectional area is approximately equal
to that of the bottom leg. Compared with conventional PQ and EE
cores, the proposed core features a simple structure and better
manufacturability. In addition, its winding arrangement offers
a larger exposed surface area, resulting in improved thermal
dissipation performance.

Fig. 4 shows the structure of the proposed IMC. In Fig. 4,
two elliptical ring-shaped magnetic shunts are symmetrically
inserted into the center leg of the magnetic core, and air gaps
are formed between each shunt and the center leg. The magnetic
shunts are mechanically secured by the bobbin, which ensures
accurate positioning and maintains the designed air gap between
the shunts and the center leg. The secondary winding of the OBC
is centrally wound on the center leg of the core between the two
magnetic shunts, while the primary winding is symmetrically
wound on both sides. The LDC winding is implemented using
multistrands Litz wires, which are concentrically wound with
the secondary windings of the OBC.

The leakage inductance of the proposed IMC arises from the
leakage flux between the primary and the secondary windings
of the OBC. Alternating flux generated by the primary winding
within the core is not fully couple with the secondary winding.
A portion of the magnetic flux leaks into the surrounding air and
returns through the air path.

The magnetic shunt provides a low-reluctance bypass path for
the magnetic flux, which further reduces the coupling coefficient
between the primary and the secondary windings, and thus
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Fig. 5. Magnetic field distribution in x—z plane.

increases the equivalent leakage inductance of the IMC. By
adjusting the air gap, the geometry and the permeability of the
magnetic shunts, the leakage inductance can be tuned within a
controllable range.

Assuming the permeability of the magnetic core is signifi-
cantly high, the total energy stored in the leakage inductance is
divided into two parts: the energy stored in the magnetic shunts
and the leakage energy associated with the OBC windings.

B. Energy Stored in the Leakage Inductances

In order to estimate the leakage energy caused by the leakage
flux, the following conditions are assumed.

1) When the secondary winding is short-circuited, the main
flux in the core can be negligible, only the leakage mag-
netic field is present in the core window.

2) Atlow frequencies, the magnetic field distribution within
the core window is not affected by the high-frequency
effects of the Litz wire.

3) The windings of the IMC are symmetrically arranged
around the center leg, and the magnetic field is primar-
ily concentrated within the elliptical ring-shaped region
shown in Fig. 5.

Fig. 5 shows the magnetic field distribution along the x—z
plane in Fig. 4. As shown in Fig. 5, as the bottom region of the
magnetic core includes a bottom leg while the top region above
the center leg is open, the magnetic field in the top region tends to
spread more extensively. Therefore, the magnetic energy stored
in the top and bottom regions adjacent to the center leg becomes
asymmetric. To simplify the analysis, the vertical distance of the
top region &, is defined as follows:

hy = hy + hy, /2 @)

where hy, and hy, are the height of the core window and the
bottom leg, respectively.

In Fig. 5, liycan represents the effective magnetic path length
of the leakage flux and is approximated as a rounded-rectangle
closed path. The length in the x-direction is a — 2r, and the length
in the z-direction is b — 2r. Each corner is modeled as a quarter
arc with a radius of R = (hy + hy)/4 + r. Thus, lean can be
approximately expressed as follows:

hy + hy

Imean = 27 - < 4

+r>—|—2(a—|—b—4r) (8)
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Fig. 6. Magnetic flux distribution and magnetic field intensity distribution in
y-z plane of the proposed IMC.

where r is the chamfer radius of the center leg, and a and b are
its length and height, respectively.

Fig. 6 shows the distributions of the magnetic flux and the
magnetic field intensity along the y--z plane in Fig. 4. ®r, is
the flux paths from the primary windings, ®1  is the flux paths
from the OBC secondary and LDC windings, and ®p -, is the
leakage flux paths within the air, and gy, is the leakage flux
paths through the magnetic shunts. The total leakage flux &y
is quantified as the sum of ®p -, and Pgpynt.

According to above assumptions and based on Ampere’s
circuital law, the magnetic field intensity within the core window
can be obtained as follows:

_ Nrie Iy,
I

Hy ©))
where N, is the equivalent number of turns of the Litz wire
winding, and 7, is the winding current of OBC.

In the proposed IMC, the windings are symmetrically ar-
ranged around the center leg, so that the magnetic field intensity
distributions on both sides are approximately identical. Accord-
ing to (9), the y—z plane shown in Fig. 6 can be divided into
several regions that contribute to the leakage magnetic energy.

The magnetic field intensity distribution within the core win-
dow can be approximated by a piecewise linear model, which
can be expressed as follows:

Hpax la <y <la+le

H(y) =
Hmax (1* %) la+lc < yglb/z

(10)

where Hyax = Nplpmax/(2hy,) is the maximum magnetic field
intensity, /, is the width of the primary winding, /;, is the width
of the secondary winding, and /. is the spacing between the
primary and secondary windings.

The leakage energy stored in the air can be calculated by
integral calculation

1 1
Eyr = = // BHAV = 7,“/0lmeanhw/H2dy (11)
2 /)] 2
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Proposed IMC structure. (a) Geometry in y—z plane. (b) Reluctance

where V is the total volume of window area, i is the magnetic
permeability of air, B is the flux density, H is the magnetic field
intensity, and /ey 1S the effective magnetic path length.

The energy stored in each region can be calculated using (10)
and (11), and the total leakage energy is obtained by summing
these components, which can be expressed as follows:

o ,U/OZmeanNg]Ig

Ealr = W (2la + lb + 6[0) . (12)
By transferring the leakage inductance to the primary side

of the OBC, the equivalent leakage inductance is expressed as

follows:

2F.;; . NOlmeanNg
2 12hy

Lkp_air = (21a + Iy + GIC) . (13)

C. Energy Stored in the Magnetic Shunts

Fig. 7(a) shows the geometry and the dimensions of the
proposed IMC. Two elliptical ring-shaped magnetic shunts are
inserted into the center leg of the magnetic core, with an air gap
01 between the inner ring of each shunt and the center leg. An
additional air gap 0 exists between the outer ring of each shunt
and the bottom leg of the magnetic core.

Fig. 7(b) shows the reluctance model of the proposed IMC.
R:1, Reo and R.3 are the internal reluctances of the magnetic
core, Rghunt 18 the reluctance of the magnetic shunt, Ryq and Ryo
are the air-gap reluctance of the magnetic shunt. The air-gap
reluctance R,ir1 and R,;o are established between the outer ring
of the shunts and the air. 1, F5, and F5 are the magnetomotive
forces.
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F, F;

Fig. 8. Simplified reluctance model.

Assuming the permeability of the core is significantly higher
than the permeability of air, i.e., j1c>>po. Consequently, only
the reluctance of air-gap is considered, and the simplified reluc-
tance model is shown in Fig. 8.

The reluctances of the air-gap are derived as follows:

J— 51 — 52
Rgli,uo‘lscl ’ Rg27/t0‘lscz ’ (14)
Ri=—21% R . —_l
airl 10-1sCo? air2 100-1sC3

where C is half the circumference of the inner ring of the shunt,
and Cj, is half the circumference of the outer ring.
The simplified reluctance in Fig. 8 is obtained as follows:

RIZRgl + RgQa R2: 2 (Rairl//Rgl) + Rair2~ (15)
According to Faraday-Lenz’s law as given in the following:

dd (t) di (t)
ty=N—*+-=L—+.
v(®) dt dt
The leakage inductance Ly, Ls, and L of the three-winding

transformer can be expressed as follows:

(16)

Ny N? N?
LP:R—‘:, LS:R—Z, Lt:R—;. (17)

From (6) and (17), the equivalent leakage inductance can be

calculated as follows:
N 2
Lkp_shunt = Lp + (]\/}:) Ls~

The energy stored in the shunts can be expressed as follows:

(18)

1
Egne = 5 Lkpfshunllg . (19)

The total equivalent leakage inductance of the proposed IMC
can be calculated as follows:

Lk_total - Lkp_air + Lkp_shunt~ (20)

D. Design of the Magnetic Shunts

In Fig. 6, the leakage flux in the region of the magnetic shunt
can be derived as follows:

l

) lelmeanNp
q’sfair ~ / (MOHslmean) dr = NO;;&_
0 w

In Fig. 8, the leakage inductance flux of a single magnetic
shunt can be derived as follows:

B tolsC1CaNp Ip 22)
Rl 2((5102 +(5201) '

Assuming the magnetic field intensity within the air gaps
between the magnetic shunt and the center leg is uniform.

2n

(I)Shunt =

10193

The maximum flux density of the magnetic shunt is defined
as follows:

B o q)max o (I)shum_max + (I)s_air_max
max_shunt — —
A e

e_shunt
where A¢shunt and Cg are the cross-sectional area and the
equivalent half-circumference of the magnetic shunt.
From (21), (22), and (23), the following equations can be
obtained:

(23)

ﬁ + é _ (2CsBmaxshunl N lclmean) ! (24)
C1 Oy H0 NP Ipmax s
where I, ax 1s the peak current of the primary winding.

From (17), (22), and (23), the average cross-sectional area
of a single magnetic shunts can be approximately expressed as
follows:

~ L k I Pmax
e_shunt ~
2N; P Bmax_shun[

Based on the above analysis, the leakage inductance of the
IMC can be effectively regulated by the design of the dimensions
and the air gap of the magnetic shunt. The magnetic shunt
features a relatively small inner cross-sectional area, leading to
a high maximum flux density. As Cy increases, the flux density
within the magnetic shunt decreases accordingly.

A (25)

IV. DESIGN OF THE PROPOSED IMC STRUCTURE FOR A
6.6 KW VEHICLE CHARGING SYSTEM

In order to validate the proposed IMC structure, a 6.6 kW
integrated VCS is designed, with the circuit topology shown in
Fig. 2. The voltage range of the HVB and the LVB are from 250
to 500 V, and from 9 to 16 V, respectively. The number of the
turns of NV is fixed at 1 to reduce the conduction losses. The
maximum duty cycle of the LDC is set to Dy, ,x = 85% , and the
number of the turns of N, and Ny are obtained as follows:

VHVmin . Nt kmax %usmax Ns

Ny <
° VLVmax VHVmax

: Dma)m Np S (26)
where Viymin 18 the minimum output voltage of the OBC,
Vizvmax 18 the maximum output voltage of the LDC, and kyax
is the maximum voltage conversion ratio of the OBC.

A. Design of the Resonant Tank

The parameters of the resonant tank are crucial in the design
of the SRC converter. In this article, all parameters of the SRC
are transferred to primary side. The following normalized base
values are selected: Vg = Vius, Zp = n2Vuy?/P,, and Iz =
Ve/Zg. The voltage gain is defined as k = nVivy/Viys.

Based on the normalized base values, the normalized output
power can be expressed as follows:

1 Wy _ RV

Py = . = =K% 27

OPY T VeIg  Zp Vi @7)

The normalized switching frequency is expressed as follows:
ws  fs 1

F=—==f=—F— 28

Wy fr f 2my/ L, Cr (28
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where f; is the resonant frequency and f; = 1/ T is the switching
frequency of the OBC, L, is the resonant inductance and C; is
the resonant capacitance.

The normalized reactance is expressed as follows:

1 wr Ly
Xr,pu—Q(FF> 7Q— ZB

where Q is the quality factor.

Fig. 9 shows the key waveforms of the resonant tank. D, and
Dy are the internal phase shift duty cycle of Qs and Qs, as well
as Q7 and Qg, respectively. Dy, is the phase shift duty cycle of Qo
and Q7. By controlling D}, and D, the primary bridge voltage
vab(#) and the secondary bridge voltage v.q(t) are generated.
The selection of D, and Dj is directly influenced by the voltage
gain k and the output power P,. When k < 1, D;, modulation is
applied on the primary side, whereas when k > 1, Dy modulation
is applied on the secondary side. Under light-load conditions,
both D, and Ds modulations are applied simultaneously, which
is referred to as TPS modulation.

The external phase-shift duty cycle Dy represents the phase
shift between v,;,(7) and veq (1), and is defined as Dy = D,/2 +
Dgy/2 + Dgy. Dy determines the direction of the power flow: Dy
> 0 corresponds to the mode where the high-voltage battery is
charged. In this mode, the fundamental components of the res-
onant current and the bridge voltages are the main contributors
to the transferred power.

In order to simplify the analysis, the fundamental harmonic
approximation method is used. The normalized bridge voltages
Vab,pu(?) and veq pu(?), and the normalized current of the resonant
tank iy, , can be derived as follows:

(29)

Vab,pu () = 2 cos oy, sin (wyt)

Ved,pu (1) = % oS (s sin (wgt — 6)
)

(30)
7;Lr,pu (t

= —— (—cos a;, cos (wst) 4 k cos ag cos (wst — 0))

(€19}

where o, = D7/2, ag = Ds7/2, 0 = Dy,
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Fig. 10.  Variations of the peak voltage of tank capacitor and the peak current
of resonant tank. (a) Normalized peak current for different Q, with F = 1.3.
(b) Normalized peak current for different F, with Q = 1. (c¢) Normalized peak
voltage for different Q, with F = 1.3. (d) Normalized peak voltage for different
F,withQ = 1.

The normalized peak resonant inductor current and the nor-
malized peak voltage of the tank capacitor are derived as follows:

ierpk,pu =

4
’n'Xr,pu

2 (32)

\/(k cos aig cos 0 — cos ap)? + (k cos ag sin )

UCerk,pu =
4 2 200 . — .
Y V/cos?ay, + k2cos?as — 2k cosay,cosascosd

(33)

The normalized average output power of the OBC can be
derived using the primary-side bridge voltage vay, . (f) and tank
current ir,; pu(?) as follows:

2
Pogn = 25 [ Va g ()i () d 1)

_ 8k .
= r2x, o, C0SAsCosQy sinf

(34)

It can be seen from (32)-(34) that the parameters k, F, and
Q are crucial for the design of the tank parameters. To verify
the impact of the parameters F and Q on the resonant tank, the
variations of the peak voltage of the tank capacitor and the peak
resonant tank current with respect to k are plotted under full load
conditions for different Q and F, as shown in Fig. 10.

It can be known from Fig. 10 that, in order to reduce the
peak current of the resonant tank, Q should be higher when « is
small, while Q should decrease with the increase of k. The peak
voltage of the resonant capacitor increases with the increase of
0, whereas higher F helps to reduce the peak voltage. From (29),
Q decreases with the increase of k, and Q can thus be determined
based on the minimum output voltage of the OBC.
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It is designed to have Q = 0.8 and F' = 1.3-1.4 under the
full load with the voltage of the HVB is 300 V. This ensures
that the resonant tank operates in the inductive region, which
is beneficial to achieve ZVS and reduce the peak current of
the resonant tank. The switching frequency of the OBC is set
to 100 kHz to achieve a tradeoff between switching losses and
conduction losses, and to meet EMI requirements and aligns
well with the characteristics of ferrite magnetic materials.

Therefore, the parameters of the resonant tank are as follows:

Zp F o1
LT_QFwS’ C, = Qwiln
To improve the charging efficiency, the parameters of the
resonant tank should be optimized to ensure ZVS over a wide
voltage range of the HVB under the full load condition. In this
article, minimum resonant current algorithm [28] is adopted, and
the inner phase-shift angle is given by the following:

(35)

ap=cos! (L) as=0 k<1
ap =0, ay = 0 k=1 (36)

ag=cos ' (:25) ., ap, =0 k>1
The conditions to achieve ZVS operation can be derived as
follows:

ap <sin'V1—-k<0<cos'k k<1

- . 37
k>1 37)

ay <sin~hy/1—

From (27), (34), and (36), the external phase-shift angle
corresponding to the given power can be expressed as follows:

arctan (%er7pu) k<1,0 <cos! (k)

0= (38)

arctan (k%er,pO kE>1,0<cos! (%)

The equivalent impedance of the resonant tank at the operating
angular frequency wy is defined as Zog = wsL, - 1/(wsC;), and
the normalized reactance can be expressed as follows:

P, 1 et
Xr u = " ovr0 er - - .
P n?Vg, <w wSC'r) 78

By properly designing Z.g, the maximum external phase-shift
angle 6 at the rated power is constrained to 7/4, which helps re-
duce the reactive power of the system. From (36)—(39), the ZVS
condition required for operation with the minimum resonant
current can be expressed as follows:

(39)

8Zp

Vi< Zg <8 k<1

7‘.2
0 < Zoy < 32p k=1. (40)
SIp vkl < Zw < 5 k>1

Based on (35), the initial values of L, and C; can be obtained,
and the corresponding Z.s can be calculated. Then, according to
(40), L, and C, are further adjusted to achieve ZVS over a wide
voltage range of the HVB. By combining (35), (36) and (40),
a proper trade-off among ZVS, the RMS current, and the peak
current of the resonant tank can be achieved, thereby minimizing
the overall system loss. As a result, the resonant parameters are
finally designed as L, = 20 pH and C, = 230 nF.
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Fig. 11.  Vector distribution of magnetic flux density in x—z plane.

B. Design of the Proposed IMC

The effective cross-sectional area A ¢ore Of the proposed IMC
is designed based on the assumption that the IMC operates
under the worst-case conditions, with a maximum operating flux
density Byy,x set to 200 mT. Therefore, A¢-core can be calculated
as follows:

VHVmax

— % = 416mm?
TN By O

Ae_core = (4 1 )

where Virvmax 18 the maximum output voltage of the OBC.

As the LDC winding is exposed to a three-dimensional time-
varying magnetic field generated by the conduction currents
of the OBC windings, the skin and internal proximity effects
become prominent when conventional copper bars are used for
the LDC winding, which significantly increases the winding
losses. Moreover, eddy currents induced by external leakage
flux, as shown in Fig. 11, contribute to additional temperature
rise in the copper bars.

The ac resistance factor F,¢ par Of the copper bars can be
obtained by Dowell model [29]

P _A sinh(2A)+ sin(2A) N sinh(A)—sin(A)
acbar = cosh(2A)— cos(24) cosh(A)+ cos(A)
(42)
o 2(m2 — 1) - dc _ MLTbar
a = 3 ,A - ga Rdc,bar - o - dclw (43)

where d_ is the thickness of the copper bar, [, is the width of the
copper bar, ¢ is the electrical conductivity, ¢ is the skin depth,
for a given frequency f; = 100 kHz, 6 = 0.209 mm.

To reduce the copper losses, all windings of the proposed
IMC are wound using Litz wire. The Litz wire consists of Ny
twisted strands of radius rq, and the diameter of each strand is
smaller than skin depth §. The LDC windings are formed by
multistrands of Litz wire, and their ac resistance factor Fac 1,it»
can be calculated using the Tourkhani model [30], [31] and can
be expressed as follows:

71'2N0ﬂ 2 24 To 4
Fac,Litz =1+ 3. 96 <16m -1+ 7T2) (g) (44)
MLTyi, - N
Rac ity = ——5o— 45
de,Lit —yA (45)
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where MLTty, is the mean length per turn of the winding, N is
the total number of turns, 3 is the fill factor, and m is the layers
of LDC winding.

In Fig. 11, larger dimensions of copper bar tend to induce
wide-area eddy current loops within the conductor, resulting
in significant eddy-current losses. In contrast, Litz wire con-
sists of individually insulated fine strands, which prevent the
formation of large closed-loop eddy currents. As a result, only
small localized eddy currents may be induced within the limited
cross-sectional area of each strand.

The additional eddy current dissipation per unit length in Litz
wire induced by the surrounding leakage magnetic field H can
refer to study [31]

27"0

H245(0), ¢ =

where H is the magnetic field intensity, )5 is a dimensionless
function determined by £, when 7y <4, 12 can be approximated
by the first term of its Taylor series expansion, expressed as

2\[7rp7'0

F eddy_Litz — —N o— ¢ (46)

follows:
1 1 5 7y - V2 (r0>3
47)
Substituting (47) into (46) yields
1 =« 9 4
Peaay_Liz = 2 o35t -B* - Ny -rq. (48)

Under the same magnetic flux density B, switching frequency
f, with the copper-bar thickness d. << 0, the eddy-current loss
per unit length of the copper bar can be expressed as follows:

2

T 99 1 B? 3

Peddy_bar - %B f ZW c— n 2(541 d (49)

where [, is the width of the copper bar, and d. is the thickness
of the copper bar.

From (48) and (49), the ratio of the eddy-current loss of the

copper bar to that of the Litz wire can be expressed as follows:

3
Peddyfbar _ lwdc
= 7
37Ny -rd

R. = (50)

Pegay Liu

The d.? term in (50) indicates that the eddy-current loss of
the copper bar is sensitive to its thickness under the external
leakage magnetic field. Since the actual thickness of the copper
bar is greater than the skin depth J, the eddy-current loss in the
copper-bar winding becomes significant.

From (48), the additional ac loss induced by the external
leakage magnetic field is proportional to ro*-Ny. A smaller ry
can effectively reduce the eddy current loss. Therefore, the wire
diameter of the Litz strands is selected as rg = 0.025 mm in
this work. The number of strands is determined based on the
allowable current density

Irms
Moo= Janr2 ©Dh
where J is the current density of the LDC winding, and 7,5 is
the RMS current flowing through the winding.
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TABLE I
KEY SPECIFICATIONS OF THE PROPOSED IMC

Symbol Value Symbol Value
We 49 mm o1 1.3 mm
hw 12.8 mm »n 4.8 mm
la 8.5 mm Ci 41 mm
b 23.3 mm 2 62 mm
I 5 mm b 15 mm
Is 2.4 mm I 30 mm
a 27 mm ho 7 mm
b 17 mm r 7 mm

H[A/m]
Max: 999832 |

16000
- 14000
12000
10000

8000
Lg 6000

4000
. 2000
0

Min: 0.4

(b

Fig. 12.  FEA simulation of the proposed IMC when f; = 100 kHz, Vv = 300
V. iLp =36.43 A, and iLs = 33.89 A. (a) Magnetic field intensity distribution.
(b) Magnetic flux density distribution.

Considering the alternating operation of the LDC winding,
Ims 18 set to S0 A. To meet this requirement, a multistrand Litz
wire composed of Ny = 1000 strands and arranged in N = 4
parallel bundles is selected. The Litz wire consists of twisted
2UEW/180 enameled strands and wrapped with a single layer
of polyimide tape, providing a thermal rating of 180 °C.

From (42)—(45), the ratio of ac resistance between copper bar
and Litz wire for the LDC winding is given by the following:

Fac,bar : Rdc,bar

F = =417 (52)

FaqLitz . Rdc,Litz

and the main parameters are as follows: d. = 1 mm, [, = 22
mm, 5 = 0.35, m = 2, MLTy,, = MLTLit, = 0.13 m.

It can be known from (52) that ac resistance of the copper bar
is larger than that of the Litz wire, which indicates that using
Litz wire for the LDC winding can effectively reduce copper
losses caused by high-frequency effects.

With the parameters ry and Ny of the Litz wire determined,
the core window area is designed based on turns ratio of the
IMC and the outer diameter of the Litz bundle, thereby defining
the core dimensions. As analyzed in Section III, the magnetic
shunt is dimensioned to achieve the desired leakage inductance.
The key specifications of the proposed IMC are given in Table I.
The leakage inductance attributed to the leakage energy is ap-
proximately 13 p/H. Therefore, the magnetic shunt is designed to
contribute an additional 7 ©H, yielding a total leakage inductance
of 20 pH.

To verify the effectiveness of the proposed IMC, Figs. 12 and
13 show the FEA simulation results using Ansys Maxwell under
different current conditions.
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Fig. 13. FEA simulation of the proposed IMC when f; = 100 kHz, Vv =
300V, iLp =-7.75 A, iLs = -7.56 A. (a) Magnetic field intensity distribution.
(b) Magnetic flux density distribution.

In Fig. 12, under the condition of maximum resonant current,
the magnetic field strength in the shunt region reaches its peak, as
described in (9), resulting in non-negligible eddy current losses
in the nearby windings. From (22), the magnetic flux density in
the shunt also reaches its maximum under this condition, remain-
ing below 300 mT based on the proposed design specifications.

In Fig. 13, under the condition of maximum magnetizing cur-
rent, the magnetic field strength in the shunt region significantly
decreases as the winding current is reduced, leading to a lower
magnetic flux density in the shunt. The magnetic core of the IMC
reaches its peak flux density under this condition, which remains
below 200 mT according to the designed core specifications.

C. Loss Analysis of the Proposed IMC

In this article, TPG33B Mn-Zn ferrite from TDG is selected
due to its low core loss density in the 50-150 kHz frequency
range, adequate saturation flux density for high-current opera-
tion, and reliable thermal stability over the automotive temper-
ature range.

The magnetic core losses of the IMC can be calculated using
the original Steinmetz equation (OSE) as follows:

Peoe = kBl (cTaTone = €T1Tope + C10) - Ve (53)

where k, o, and § are determined by fitting the loss den-
sity curves provided in the core material datasheet, By, is the
maximum flux density of the magnetic core, f is the operating
frequency of the transformer, and V. corresponds to the effective
core volume.

For the TPG33B material at 100 °C, the fitted coefficients are
k=5.198 x 1072, o = 2.143, and (8 = 2.813. The temperature
correction term of the OSE can be determined by fitting the loss
density-temperature curve under the condition of 100 kHz, and
the fitted coefficients are cg = 0.375, ¢ = 2.885 x 1073, and
ct2 = 3.031 x 107°. The normalized temperature correction
term is expressed as follows:

c c c
Fr (T) = T2 o T1 TO (54)

= T —_— [
ope
A100 P A100 A100

where A1gg = cg X 100? - ¢y x 100+ ¢ = 0.3874 kW/m?.
From (31), the magnetic flux density is expressed as follows:

1 4Vi
Bi(t) = e | vt = — 0 feos o)
S € S S €

Tope T+

(55)

10197

N 300V Bm 420V

Power Loss [W]

Peore Py Py  Pipca Pipas Pan

Fig. 14. Loss breakdown of the proposed IMC at the full load.

where Nj is the number of turns of the secondary-side, and A,
is the effective core cross-sectional area.

From (44) and (45), the winding loss can be calculated as
follows:

Py = Ir2ms . (Rdc,Litz : Fac,Litz) . (56)

The total loss of the IMC can be determined as follows:

PT:ZPW+Pcore+Pshunt (57)

Fig. 14 shows the loss decomposition of the proposed IMC
under full-load conditions. When the output voltage is 300 V,
the RMS current of the resonant-tank is high, resulting in a large
proportion of winding losses. As the output voltage increases,
the core loss increases, whereas the RMS current of the resonant-
tank decreases, leading to reduced winding losses.

The conventional copper-bar winding of the LDC is replaced
by a Litz-wire winding, by which the total winding loss can be
effectively reduced. This loss consists of the ohmic loss caused
by the dc resistance, the ac loss caused by the ac resistance, and
the eddy-current loss induced by the external proximity effect.
The corresponding expression is given as follows:

APmc = Piv,bar — PiM, Litz (58)
- IersFac,Litszc,Litz (Fac - 1) + Peddy_Litz (Re - 1)

V. EXPERIMENTAL RESULTS

To validate the effectiveness of the proposed IMC, a prototype,
which combines a 6.6 kW SRC and a 2 kW LDC, is built. The
circuit topology of the prototype is shown in Fig. 2. In con-
ventional OBCs, Si-IGBTs are typically employed due to their
reliability and low cost. However, their high switching losses
restrict its efficiency and power density. In this work, 650 V SiC
devices NTBG032N065M3S are adopted for the switches of the
H-bridge on both sides of the SRC to achieve higher switching
frequency and improved efficiency. The control algorithm is
implemented on a TMS320F2800157 digital signal processor,
which uses its on-chip ADC, ePWM, and CMPSS modules. The
interrupt and sampling frequencies are both configured to be half
of the switching frequency.

Fig. 15 shows the experimental setup. Shunt resistors are used
to measure the output current of the OBC. The Chroma 62180D
is used as the high-voltage power supply, while the Chroma
63204A-150-400 and EL51000A are used as the low-voltage
and high-voltage electronic loads, respectively.
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Fig. 15.  Photograph of the experimental setup.
TABLE I
PARAMETERS AND DESIGN SPECIFICATIONS
Symbol Parameters Specifications
Vous Bus voltage 350410V
Vav HV output voltage 250-500 V
Pobe Output power of OBC 6.6 kW
Prpc Output power of LDC 2 kW
Js Switching frequency 100 kHz
Lk Leakage inductance 20.8 uH
Cr Resonant capacitor 230 nF
Niran turns ratio 14:15:1:1
Viv LV output voltage 9-16 V
Magnetic Seconda“ry winding
shunt ™.
Primary
winding ™
LDC _.
winding
(a)
LDC _ 46.6 38.4mm
winding m‘V \
copper .. ... Discrete
bar - 40.8mm inductor
(b)
Fig. 16.  Photograph of the IMC. (a) Proposed IMC. (b) Comparative magnetic
component.

Table II gives the specifications of the proposed IMC. A
photograph of the proposed IMC is shown in Fig. 16. The
measured results of the proposed IMC are given in Table III,
which are close to the these obtained from the FEA simulations.
The LDC winding exhibits a low equivalent inductance, which
helps minimize the voltage stress on its switching devices. In
contrast, the primary winding of the SRC features a higher
equivalent leakage inductance, enabling a wide ZVS range.

The measured equivalent leakage inductance of the IMC
is 20.8 pH. According to the calculation of leakage induc-
tance given in Section III, the calculated leakage inductance
is 20.2 pH, which is close to the measured result, with a
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TABLE III
PARAMETERS OF THE PROPOSED IMC

Symbol FEA results Measured results
Lp 17.8 uH 18.49 uH
Ls 1.73 uH 2.64 uH
La 19 nH 48 nH
Ly 13 nH 33 nH
Lm 1.31 mH 1.33 mH
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ip :35'7""'\';*'50 \f i Al
(0A/div)"TT . A
__te— 1p=0 il 2 us/div
(a)
Vab -~ = I~ S
(250V/div) Ve Viba
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o, e |
i it ’//
(20A/divy** N 7/
— Lps/div
(b)
Vab [ P A 2 v, N
(250V/div) || I D, bl
Ved | >«
(250V/div) ‘!‘Qs Yo
itp
(20A/div)

Fig.17.  Experimental waveforms under full load with different output voltage.
(a) VHV =300 V. (b) VHV =400 V. (C) VHV =500 V.

deviation below 5% . This deviation primarily stems from model
simplifications, material properties, and assembly tolerances.
Considering the measurement uncertainty, a deviation of the
leakage inductance within + 5% is acceptable.

Fig. 17 shows the experimental waveforms with different
output voltage under full-load. In Fig. 17(a), Vius = 350 V,
the voltage gain is k = nVyv/Vhus = 0.8 <1. An internal phase
shift duty cycle Dy, is applied between the primary-side switches
01 and Q4. At the turn-ON instant of Q1 and Qy, the current ir,,
< 0, which indicates that the output capacitances of Q1 and Q4
can be fully discharged, and ZVS of Q; and Q4 can achieved.
The rising edge of v.q corresponds to the simultaneous turn-on
of the secondary-side switches Qs and Qg, during which iy,;, >0,
ZVS can also be achieved.

In Fig. 17(b), Vhus = 373V, the voltage gain is k = 1. The
internal phase shift duty cycle Dy, is reduced to zero, the OBC
operates with a simple SPS modulation. It can be known that O,
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Fig. 18.  Experimental results when output power of OBC is 4.6 kW and the
load of LDC is 2 kW during simultaneous charging mode.

and Q, are turned ON simultaneously, with the corresponding
resonant current ir,, < 0. Similarly, Q5 and Qg are also turned
ON simultaneously, and the resonant current iy, > 0. Therefore,
the SPS modulation can realize ZVS for all switches of the SRC.

In Fig. 17(c), Vius = 410V, the voltage gain is k = 1.14.
An internal phase shift duty cycle Dy is applied between the
secondary-side switches Q5 and Qg. The resonant current ir,;, <
0 at the turn-ON instant of Q1 and Qy, thus ZVS can be achieved.
Similarly, ir,;, > 0 at the turn-ON instant of Q5 and Qg, ZVS can
be achieved as well.

It can be known from Fig. 17 that the proposed IMC can
operate stably over the full voltage range of the HVB. By
optimizing the modulation strategy of the SRC, wide-range ZVS
operation can be achieved.

Fig. 18 shows the experimental results under simultaneous
charging mode, with Viiyv = 300 V, Py, = 4.6 kW, and Prpc
= 2 kW. It can be known that the output current of the LDC is
145 A, and the LDC draws power from the HVB, resulting in
a current deviation Aiy in the secondary winding of the SRC.
The current deviation A is reflected to the LDC side based
on the turns-ratio between the OBC secondary winding and the
LDC winding, yielding i1, = (Ng/N;) X Airs. The results show
that the proposed IMC effectively supports simultaneous charg-
ing of HVB and LVB. Furthermore, small equivalent leakage
inductance of LDC winding helps reduce voltage stress on the
switching devices induced by high di/dt. In this work, Si devices
SVGQI104RINLSS-2HS are adopted as the switching devices of
the LDC. As shown in Fig. 18, the drain—source voltage Vqs-q9
and Vys.q11 remain below 80 V, providing a 20 V safety margin
with respect to the rated drain-to-source breakdown voltage of
100 V.

Fig. 19 gives the measured efficiency of the proposed IMC
for different HVB voltage and load conditions. It can be known
that a peak efficiency of 98.17% is achieved at a load of 4200 W,
validating the high-efficiency of the proposed IMC.

Fig. 20 shows the measured efficiency of the proposed IMC
with Litz-wire windings, copper bar-based windings, and IMC
with the discrete inductor, different HVB voltage at full-load.
In the experimental prototype, the same magnetic core, winding
turns and resonant inductance are used. The results show that,
compared with the discrete inductor-based IMC, the proposed
IMC achieves 40% reduction in volume with 0.2% decrease in
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Fig. 19. Measured efficiency with different HVB voltage and load power in
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Fig. 20. Comparison of the measured efficiency of the proposed IMC with

Litz-wire windings and copper bar-based windings, and the IMC with the
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Fig. 21.  Loss breakdown at the full load (Viy = 420 V).

average efficiency. Furthermore, compared with the copper bar-
based IMC, the proposed design improves efficiency by 0.5%
. These results confirm that multi-strand Litz wire effectively
suppress eddy current losses induced by leakage magnetic fields,
demonstrating a tradeoff between efficiency and power density
in the IMC design.

The loss breakdown at Vigy = 420 V and P, = 6.6 kW
is shown in Fig. 21. Peon'pri and Pgon'sec are the conduction
losses of the primary and secondary side switches. Py i and
Pqwsec are the switching loss of the primary and secondary side
switches. Pyinding 15 the conduction loss of the proposed IMC,
while Pcoretshunt corresponds to the core loss of the proposed
IMC including the magnetic shunts. The other losses include the
ESR loss of the resonant capacitors and decoupling capacitors,
and the loss in the auxiliary power supply.

To illustrate the superiority of the proposed IMC, a com-
parison with representative IMC-based solutions in VCS ap-
plications is presented in Tables IV and V. The HVB charging
solutions of the conventional VCS are shown in Table IV, while
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TABLE IV
COMPARATIVE ANALYSIS OF EXISTING HVB CHARGING SOLUTIONS
[19] [18] [23] 132] 133] This work
Output voltage 200450 V 250-400 V 450-850 V 250-380 V 250-400 V 250-500 V
Voltage gain k 0.56-1.26 0.71-1.14 0.81-1 0.65-1 0.62—-1 0.66-1.16
Switching frequency >60 kHz 500-900 kHz 250 kHz 500 kHz 75-300 kHz 100 kHz
Total switches of VCS 18 18 24 18 18 16
. . 650 V MOS 650 V GaN 1200 V SiC 1200 V SiC 600 V GaN 650 V SiC
Switch selection of OBC
(45 mQ) (25 mQ) (21 mQ) (25 mQ) (70 mQ) (32 mQ)
Winding type Litz wire PCB winding ~ PCB winding ~ PCB winding Litz wire Litz wire
Topology SRC CLLC CLLC DAB LLC SRC/CTR
Output power 6.6 kW 2 kW 11 kW 3.3 kW 3.2 kW 6.6kW/2kW
Magnetic volume 13 in® 2.57 in? 11.51in? ~5.6 in’ 8.3 in’ 10 in®
Magnetic power density 507 W/in? 778 W/in? 950 W/in® 589 W/in? 385 W/in® 660 W/in®
Peak efficiency 97.7% 96.8% 98.4% 98% 98.5% 98.17%
TABLE V
COMPARATIVE ANALYSIS OF EXISTING SIMULTANEOUS CHARGING SOLUTIONS
[11] 71 9] [13] [12] This work
Output voltage of HVB 380-710 V 250-400 V 150-200 V 440470 V 300-420 V 250-500 V
Voltage gain k ~1 0.62—1 0.79-1.05 0.93-1 1-1.42 0.66-1.16
Output voltage of LVB 13-16.5V 14-16 V 12V 4047V 20-28.8 V 9-16 V
Total switches of VCS 17 14 15 18 12 16
Switch selection of OBC 1200V SiC 900 V SiC 300 V MOS -SiC 600 V MOS 650 V SiC
(189 mQ) (40 mQ) (85 mQ) ) (17 mQ) (32mQ)
Switching frequency 185 kHz 88-107 kHz 70 kHz 43.76 kHz 100 kHz 100 kHz
Winding type Litz wire Litz wire Litz wire Litz wire Litz wire Litz wire
Topology LLC/PSFB LLC/PSFB DAB/BDR TPSRC DAB/VDR SRC/CTR
Output power 33kW/1.8kW  33kW/1kW  1.5kW/0.3kW 1.8kW/0.5kW 22kW/0.3kW 6.6 kW/2 kW
Magnetic volume 11.9 in? ~24.5 in® 14.3 in? >20 in® ~5 in3 10 in®
Magnetic power density 300 W/in? ~150 W/in3 104.5 W/in3 <100 W/in? ~440 W/in3 660 W/in?
Peak efficiency 97.7% 97.17% 97.9% - 95.9% 98.17%
98% with Viy; = 14 V. The output current of the LDC is measured
95% using a PSI400A-P high-accuracy 400-A current sensor. It can be
2 92% f known that the standalone operation achieves a peak efficiency
= .
2 390 of 95% at a load of 1100 W. Moreover, an efficiency greater
5 89% y g
£ oo than 90% is achieved over a wide operating range when power
= 86% P grang p
33% —=—300V —=—400V is delivered from HVB to LVB.
o - 500V Fig. 23 shows the thermal images of the proposed IMC and
80% g g prop
0 300 600 900 1200 1500 1800 2100 the conventional IMC at Vv = 300 V and P, = 6.6 kW. All
Output Power (W) measurements were conducted under identical operating and
Fig. 22.  Measured efficiency with different HVB voltage and load power in ambient conditions, with an ambient temperature of approxi-

mately 30 °C.
The proposed IMC shows a maximum temperature of 62.6 °C,
which occurs in the OBC secondary winding near the magnetic

LDC mode (Vi,y = 14 V).

the simultaneous charging scheme of the integrated VCS is
shown in Table V.

Fig. 22 shows the measured efficiency of the proposed IMC
in LDC mode under different HVB voltages and load conditions

shunt. In contrast, the hottest point of the conventional IMC is
on the copper-bar winding, at 111 °C. The eddy-current losses
induced by the leakage flux increase the temperature of the
copper-bar windings, whereas the use of Litz-wire windings
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Fig. 23. Measured thermal images of the IMC (Viryv =300V, P, = 6.6 kW).
(a) Proposed. (b) Conventional.

results in a more uniform surface current distribution and lower
eddy-current losses.

According to the specifications reported in the published
literatures, the sizes of the magnetics were normalized to cubic
inches. The power density of the magnetics is defined as the
ratio of the maximum output power P, 1,.x Of the converter to
the volume V5, of the integrated magnetics

Po,max

Ve (59)

P, d,mag —

It can be known that at high switching frequencies, planar IMC
with PCB windings exhibit higher magnetic power density and
improved efficiency. For instance, the CLLC resonant topology
adopted in study [23] achieves a magnetic power density of
950 W/in? at an 800 V platform. However, to reduce conduction
losses, 1200 V SiC devices with a low Rgs(on) of 21 m{2 were
employed, which results in a significantly higher cost. Moreover,
the parasitic capacitance between windings in planar IMCs may
cause EMI, leading to severe differential-mode and common-
mode noise.

For a 400 V platform, the reduced voltage at the same output
power leads to increased winding current in the IMC. Conse-
quently, as reported in [18], even with switching frequencies
exceeding 500 kHz, both the magnetic power density and peak
efficiency tend to decrease.

Furthermore, as a conventional VCS solution, an additional
LDC, as listed in Table IV, is required for LVB charging.
A typical LDC is implemented as a PSFB converter, which
involves at least six additional switching devices and one iso-
lated transformer. As a result, the overall system cost increases
considerably, while the magnetic power density is substantially
reduced.

Atlow switching frequencies, the high cost of multilayer PCB
limits the adoption of planar IMCs [20]. Compared with PCB
windings, Litz-wire-based IMCs exhibit a significantly lower
power density. Moreover, in the integrated VCS, as shown in
Table V, the power density of the IMC is further reduced. For
example, in study [11], even with a switching frequency above
150 kHz, the reported magnetic power density is 300 W/in>.
Furthermore, due to the simultaneous charging operation of the
integrated VCS, the high switching frequency leads to significant
switching and conduction losses in the LDC, potentially causing
thermal stability issues. It can be known that the IMC has
become a crucial bottleneck in achieving high power density
for integrated VCS.
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From the comparison results, the proposed IMC in this work
achieves a well tradeoff among efficiency, cost, integration, and
manufacturability. The main advantages of the proposed IMC
are as follows.

1) Improved compatibility: The proposed IMC operates over

a wide HVB voltage range and requires only a simple
adjustment of the turns ratio for operation on the 800 V
platform, without the need for redesign or high-voltage-
rated front-end components.

2) High power density: The proposed IMC eliminates the
need for an additional isolated transformer and resonant
inductor, thereby achieving a magnetic power density
significantly higher than that of conventional designs.

3) Cost-performance tradeoff: The IMC-based system re-
duces the number of switching devices and efficiently
handles the low-voltage, high-current output of the LDC.
Its Litz-wire-based winding structure mitigates proximity
losses, and by adopting cost-effective 650 V SiC devices,
the system achieves high efficiency.

VI. CONCLUSION

In this article, a novel high-density IMC is proposed for
vehicle charging systems, enabling the integration of three mag-
netic components from both the OBC and LDC stages into
a single transformer structure. The proposed IMC effectively
reduces the system volume and overall cost. By employing
multistrand Litz wire for the LDC winding, the IMC supports
low-voltage high-current output while mitigating eddy current
losses induced by leakage fields. The leakage inductance of the
IMC is made tunable by adjusting the geometry of the magnetic
shunt. A 6.6 kW SRC and 2 kW LDC experimental prototype
has been built, demonstrating a peak efficiency of 98.17% and
achieving a magnetic power density of 660 W/in?. Moreover,
the proposed IMC enables simultaneous charging of both HVB
and LVB, validating its effectiveness in high-performance VCS
applications.
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