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Analysis and Comparison of Integrated Planar
Transformers for 22-kW On-Board Chargers

Tianlong Yuan

Abstract—The surge in electric vehicle technology has brought
attention to the manufacturing and design of 22-kW on-board
chargers using printed circuit boards (PCBs), owing to their man-
ufacturability and compact nature. However, designing transform-
ers for these applications is challenging due to the demands of
higher power and a smaller profile. The challenges include achiev-
ing optimal current distribution in parallel windings and easier
transformer structure with better thermal performance. In addi-
tion, the integration of resonant inductance is crucial for regulatory
functions and higher power densities. The integration with parallel
windings also impacts the overall transformer performance, which
needs to be analyzed. This article presents a detailed analysis and
design approach for a 22-kW PCB-based transformer with good
current sharing, controllable leakage inductance, and a simplified
core structure. The study also includes an in-depth analysis of the
transformer’s flux distribution to minimize core loss. A 22-kW
CLLC resonant converter is developed to validate the proposed
transformer using PCB-packaged devices. With its modified flux
distribution and good current sharing, the integrated transformer
enables the converter to achieve a power density of 11.6 kW/L and
a peak efficiency of 98.5%.

Index Terms—CLLC, onboard charger (OBC), planar mag-
netics.

I. INTRODUCTION

HE evolution of wide-band-gap (WBG) devices has ush-
T ered in a new era marked by higher power and frequencies
for power converters, notably in applications like on-board
chargers (OBCs). Fig. 1 illustrates a typical OBC structure,
where the dc/dc stage operates between the power factor cor-
rection (PFC) stage and batteries, ensuring isolation and voltage
regulation. Existing literature showcases notable efforts in the
design of 6.6-kW OBCs utilizing various resonant converters
such as CLLC, LLC, and LCL [1], [2], [3]. In [4], an 11-kW
OBC is designed with integrated planar magnetics and a CLLC
resonant converter. Among all the excellent work, designs with
integrated planar magnetics have higher power density and com-
petitive efficiency. However, research on 22-kW OBCs, espe-
cially those incorporating integrated planar magnetics, remains
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Fig. 1. Typical OBC structure.

limited [5], [6]. Several challenges must be solved if planar
integrated magnetics are used in a 22-kW converter.

A pivotal challenge lies in mitigating the current stress on
PCB windings using parallel winding configurations. Ensuring
consistent current sharing is essential [7], [8], [9], [10], [11],
[12],[13], [14]. Previous studies have explored the current distri-
bution between parallel windings related to frequency, FR4 layer
thickness, and winding arrangement. Effective solutions include
a sandwich structure with parallel secondary side windings on
the top and bottom and primary windings in the middle [8].
Then, Chen et al. [9] gave a lumped model to predict current
distribution and winding resistance, and the symmetric structure
is confirmed to offer optimal current distribution. Adjustments
in winding distances have proven effective in achieving uniform
current sharing [10]. Innovations like planar Litz winding have
been introduced to mimic the twisting of Litz wires in PCB wind-
ings [11]. While these methods achieve perfect current sharing,
careful winding designs, and considering air gap impacts are
essential.

In higher power applications, strategies such as interleaving
transformers [12] and active current-sharing methods, compen-
sating voltage differences on resonant inductances by adding
a voltage source, have been explored [13]. However, these
methods often treat the converter solely as a dc transformer
without the integration and control of resonant inductances.
Current distribution analysis models for Litz wire have been
proposed [14], yet adapting these methods for PCB windings
necessitates careful consideration of transformer structures to
enhance thermal management.

Simultaneously, the integration of resonant inductors has un-
dergone extensive exploration. Integrating resonant inductance
into the air, controlled by distances between primary and sec-
ondary windings, has been investigated [15], [16]. However,
this method, suitable for litz wire magnetics, faces limitations
due to inherent structure and high winding loss, limiting its
efficacy for PCB windings. To address these challenges, resonant
inductance has been integrated into an EI core transformer
using unbalanced winding structures and an additional center leg
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Fig. 2. Maximum flux density distributions of integrated transformers.

[17]. Although this configuration significantly increases leakage
inductance, flux in the center leg results in higher core losses.
Innovations such as integrating two EI cores and replacing center
legs with outer legs have been explored [18]. Another approach
integrates three EI cores in series connections, removing center
legs due to flux cancellation and reducing core losses and high
power density [4]. If the EI cores are integrated directly as
shown in Fig. 2(a), high flux density in the center leg is still
observed. However, the flux in the center leg is canceled if
the flux direction in the center EI core is reversed as shown
in Fig. 2(b). Due to the low flux density in the center leg, the
resonant inductance can still be integrated into the transformer
without the center leg as shown in Fig. 2(c). The flux density
and core loss are greatly reduced. However, only the leakage
inductance integration concept is explained, and detailed flux
analysis is not carried out. The inductance analysis with parallel
windings is also vacant for higher power applications. The
core arrangement guideline with more core legs is also not
discussed.

This article addresses the challenges mentioned in the trans-
former design for 22-kW OBCs. The contributions are summa-
rized as follows.

First, various planar transformer candidates are presented and
thoroughly compared for 22-kW OBCs. Integration’s impact on
the transformer characteristics is analyzed, including the cou-
pling between the windings, inductance, and flux distributions.
Different numbers of parallel windings are also compared. The
most promising candidate is chosen for the application.

Second, a general integrated transformer with good scalability
isintroduced and analyzed. The current sharing can be controlled
without additional complexity so that better thermal balance is
realized between the parallel windings. The resonant inductance
is also integrated and controlled. The exposed windings give
thermal management design more possibilities with a simple
core structure.

Third, this article conducts a comprehensive analysis and
comparison of the proposed matrix transformers’ arrangements.
Detailed flux analysis and loss comparison are carried out. The
guideline with the smallest core loss is given.

Fourth, detailed design procedures are given for a 22-kW
CLLC resonant converter utilizing the introduced transformer.
The converter also uses PCB-packaged silicon carbide (SiC)
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TABLE I
KEY PARAMETERS OF THE CONVERTER

Vbus Vo Pmax fr Imax
650 V-850V 550 V-850V 22kW 250kHz 30A

devices and has proven its performance for high-power applica-
tions [19].

The topology of the whole OBC is shown in Fig. 3. Three-
phase totem pole PFC is used as the ac/dc stage. CLLC resonant
converter is used as the dc/dc stage, which is mainly analyzed
in this article. The essential parameters are detailed in Table I.

The rest of this article is organized as follows. Section II
compares different integration candidates for parallel windings
and selects the best candidate for this application. Section III
gives the analysis of a general scalable transformer, including
transformer decoupling conditions, analysis of different trans-
former configurations, and arrangement optimization of the
matrix transformers. Section IV gives the detailed design pro-
cedure of a 22-kW CLLC resonant converter with the proposed
integrated matrix transformer. Section V presents the hardware
and the experimental results. Finally, Section VI concludes this
article, summarizing key findings and suggesting directions for
future research.

II. ANALYSIS AND COMPARISON OF TRANSFORMER
CANDIDATES FOR 22-KW OBC APPLICATIONS

This chapter lists and compares all the possible transformer
candidates for 22-kW OBC applications. The analysis and com-
parison mainly focus on the inductance values, flux distribution,
and loss information.

A. Candidate I: Separate Parallel Transformers

The first instinct is to use two 11-kW transformers for a
22-kW prototype or use two 11-kW converters in parallel. For
one 22-kW prototype, only a minimum of eight devices are
needed if the devices can handle such a high current. Also,
the corresponding gate drivers and auxiliary supplies are fewer.
The maximum switching frequency of a 22-kW prototype is
also lower because of its heavier load. So, one 22-kW prototype
with two 11-kW transformers is better for the application due to
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Fig. 3. Structure of the 22-kW OBC system.

Fig. 4. Candidate I: Separate parallel transformers.
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Fig. 5. (a) Circuit model for parallel transformers. (b) Current distribution
for different perturbations on inductance values. (c) Current distribution for
perturbation on air gaps.
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its lower cost, lower maximum switching frequency, and easier
current sharing control. The transformer structure is shown in
Fig. 4. The red arrows represent the current direction of the
primary current. The blue arrows represent the current direction
of the secondary current. The three legs on the left have five
primary turns and three secondary turns. The three legs on the
right have five secondary turns and three primary turns.

While using parallel windings, the current distribution, which
is impacted by the inductance values of the parallel transformers,
cannot be neglected. The circuit model to analyze the two
parallel transformers is shown in Fig. 5. Since only the current
distribution information is needed, the calculation and analysis
only start from the point where parallel windings are introduced
and end at the load. Based on KVL and KCL, (1)—(3) can be de-
rived, where v, is the primary voltage over the nth transformer,
ipn and iy, are the primary and secondary current in the nth
transformer, Ly, Lisyn, and L,,, are the primary leakage in-
ductance, secondary inductance, and magnetizing inductance of
the nth transformer, R, is the equivalent load resistor calculated
in (4), and C' is the resonant capacitance value. Then, the current
distribution can be calculated in (5). K ,,, K2, and K3 ,, are
the parameters defined in (6)—(8). The results of the amplitude
at the nominal condition are shown in Fig. 5(b), where ¢ is the
difference introduced to the inductances. The calculated results
match well with the simulation results. The leakage inductances
have a more significant impact on the current distribution. The
impact of magnetizing inductance is relatively tiny

e))
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The magnetizing inductance and leakage inductance are cal-

culated in (9) and (10), where R, is the reluctance of the air gap.
Because of the consistency of the PCB manufacturing, the air gap
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Fig. 6.

Candidate II: Integrated transformer with negative coupling.
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Fig. 7. Reluctance model for candidate II.

has the most impact on the current distribution. Fig. 5(c) shows
the current amplitude distribution of the parallel transformers
with perturbation 6 (R,) on the air gaps at the nominal condition.
From the figure, the current distribution is almost in a linear re-
lationship with the magnetic reluctance. In mass production, the
difference in the air gaps between transformers is around 10% to
17%, so the perfect current sharing is hard to achieve. However,
the air gaps are almost the same within one transformer, so the
integrated transformer solutions are introduced in the following
paragraphs for perfect current distribution

272
Ly = o 9
i ©)
32
Ly = Ligs = ——. (10)
v 3R,

B. Candidate II: Integrated Transformer With Negative
Coupling

To have a better current distribution, the two transformers in
candidate I are integrated on the same plate. The transformer
structure is shown in Fig. 6. Subscript one means the windings
for the transformer Ty;. Subscript two means the windings for
the transformer Tys. The reluctance model of the transformer
is shown in Fig. 7. From the reluctance model, the inductance
matrix is calculated in (11), where v,,1 and v, are the voltages
on the primary and secondary windings of Ty1, vp2 and vy are
the voltages on the primary and secondary windings of Txa, 7,1’
and 4’ are the differential of the primary and secondary current
with respect to time of Ty, ip2’ and io" are the differential of the
primary and secondary current with respect to time of Tys. From
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Fig. 8.  Flux distribution of candidate II.

(11), itcan be found that the two parallel windings are negatively
coupled. This is because the magnetic motive force (MMF) of
Tx1 and Tyo are in opposite directions for the corresponding
legs. The magnetizing inductance and the leakage inductance
of the integrated transformer with parallel windings can be
further calculated in (12) and (13), with detailed calculations
in Appendix I. From (12) and (13), the ratio of magnetizing
inductance over the leakage inductance, L,, is 8.5, which is the
same as separate transformers. The simulated L,, value is 8.4,
which is 1.2% smaller than the calculated result.

305 211 11 o,
v 3R 3R 3R 3R i
Pl oh o805 1 Tf L
Us1 | _ 3R, 3R 3R, 3R Is1
» = | 1 7 3057  27f i
P2 3R, 3R, 3R 3R, P2
Veo I S S & TR i) Ty
3R, 3R, 3R, 3R,
(11)
136
L, = —— (12)
" 3R,
16
Lip = Lpe = —o (13)
D ks .
3R,

The flux in each leg can be calculated in (14) and (15),
where ®,1.51 and ®ge43 are the flux through the outer legs,
and ®icqo is the flux through the inner leg shown in Fig. 7.
The flux difference between the outer legs and the center leg is
calculated in (16). According to (16), the center leg has a stronger
flux density, and the difference will become larger with parallel
windings. The simulated maximum flux density distribution is
shown in Fig. 8

29 19 | 1 . .

(I)alegl - cI)aleg?) - @ ip1 — @Zsl - @ (Zp2 + 7/52)

(14)
31 17
Dutegs = = ip1 — —mts1 T = (ip2 +is2) (15)
2= 6R, "' 6R, "' 6R, \”
Ipl + 1p2 + 151 + is
e (16)

The flux in each leg can be rewritten into the form shown in
(17) and (18), where ®, and ®,, are calculated in (19) and (20).
Then the core loss on the three legs, Piegs_reqi, can be calculated
in (21), where C',,, «, and (8 are the parameters from Steinmetz
equation, f is the operating frequency, V., is the volume of each
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Fig. 9. Real core loss on legs versus flux difference on legs.

core leg, B,,1 and B,,,5 are the maximum flux density calculated
in (22) and (23), A, is the cross-section area of each core leg.
The same calculation can be applied to the core legs in the other
arrays

q)alegl = (I)aleg3 = (ba - (I)b (17)
(I)al692 =®, +9 (18)
30 18
By = iy — —i 19
6R, "' 6R, ™ (19
1 . . . .

oy = @ (Zpl + 151 + 1p2 + Z52) (20)
Plegsfreal = 2C”m faBngVvleg + CmfaBgLQVvleg (21)

b, — o
By = Do T 2
1 = max ( i ) (22)

P P
Byna = max (%) : (23)

If the flux in each leg is the same within one array, the
maximum flux density can be calculated in (24) with the same
voltage excited on the winding. Then, the core loss on the legs
in one array is calculated in (25). Fig. 9 shows the relation
between Regs_real/ Begs_even and (I)b_max/ (I)a_max- Hegs_real is the
real core loss on the legs with uneven flux distribution shown
in Fig. 8. Pegs_even 1s the optimal core loss on the legs when
the flux is evenly distributed among the legs. According to
the figure, the total core loss on the legs is the smallest if the
flux is evenly distributed among all the legs with the same
current excitation and voltage across the windings. Fig. 9 is
only used to prove that evenly distributed flux is better from
a core loss point of view under the same voltage and cur-
rent excitations. However, this is not achievable under this
structure

B, = max (q)a_—q)l?/?’) (24)
Ae
Plegsfeven = 36'm faBﬁqVieg (25)

C. Candidate IlI: Integrated Transformer With Positive
Coupling

To have evenly distributed flux among the legs, candidate III
is introduced by reversing the flux directions of Ty as shown in
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Fig. 10. Candidate III: Integrated transformer with positive coupling and its
flux distribution (case I).
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Fig. 11.  Flux versus time for the two types of legs.

Fig. 10. The flux in the legs are calculated in (26) and (27). If
perfect current sharing is realized, the flux in the outer legs is the
same as the inner legs but with opposite directions, as calculated
in (28)

29 19 | . )

‘I’alegl = ‘I’sleg3 = @ p1 — @231 + @ (2p2 + 132)

(26)
31 17 1
Dyleer = —— Tp1 — ——1ig1 — —— (¢ » 27
leg2 6R, Ip1 GRQZI 6R, (ip2 +1s2) 27
5 . 3 .

Pategr = Pateg2 = Pategs = o Ipl — R—gls1- (28)

For the most optimized core loss, the flux distribution on the
core plate also needs to be considered. For candidate III, only two
types of legs are included: legs with five primary windings and
three secondary windings and legs with three primary windings
and five secondary windings. The flux of these two types of
legs are calculated in (29) and (30) with directions shown in
Fig. 10. The flux versus time is plotted in Fig. 11. To have a
lower core loss on the plate, the most effective arrangement is
achieved when the flux in one leg consistently opposes the flux



YUAN et al.: ANALYSIS AND COMPARISON OF INTEGRATED PLANAR TRANSFORMERS FOR 22-KW ON-BOARD CHARGERS

Legz

Leg1
P

Fig. 12.  Candidate III: Integrated transformer with positive coupling and its
flux distribution (case II).

Fig. 13.

Reluctance model of case II.

in all surrounding legs. Therefore, the arrangement depicted in
Fig. 12 is proposed, where legs of the same type are positioned
adjacent to each other but in opposite directions noted as case
II. This approach reduces the core loss by 17%, dropping from
98 to 81 W

5 3

P5p3s = —— ip1 — 5 st (29)
R, P R, s
5 3

P3pss = —— is1 — 5 lp1- (30)
R, R, "

The reluctance model of the optimized transformer case II is
shown in Fig. 13. The inductance matrix can be calculated in
(31). From (31), the two parallel windings are positively cou-
pled. The magnetizing inductance and the leakage inductance
of the transformer are calculated in (32) and (33). The L,, of
candidate [T is 7.5, which is different from separate transformers
because of the coupling. The simulated L,, value is also 7.5,
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which is the same as the calculations

305 _ 271 1 1 ,
Vp1 3R 3R 3R 3R ip1
v” 271 3057 1’ 1’ z‘p ,
s1 3R 3R 3R 3R s1
y =s 17 17 308 2h i
P2 3R, 3R, 3R 3R, P2
Veo 1 1 _2h1 305 »
3R, 3R, 3R, 3R,
(31)
45
L, = R (32)
g
6
Lkp = Lgs = R_ (33)
g

D. Candidate 1V: Integrated Transformer With Decoupled
Parallel Windings

Based on the previous analysis, the parallel windings are
negatively coupled with candidate II and positively coupled with
candidate IIl. This paragraph will derive candidates without
coupling between the parallel windings for a comprehensive
comparison.

From Figs. 12 and 13, Legl and Leg2 have the same MMF
in opposite directions. So, their total MMF excitations on the
other legs is zero. If MMF is excited on Legl and Leg2 from
other legs, the voltages excited on the windings around Leg1 and
Leg2 have the same amount with opposite directions. There-
fore, if Legl and Leg2 are considered as one transformer, it
will be decoupled from the other legs. For candidate III, the
legs that do not meet the previous analysis are in the yellow
block shown in Fig. 12. The parallel windings could decouple
from each other by modifying the winding arrangements in the
block.

The first way is to change the winding arrangements, as
shown in Fig. 14 noted as case 1. The inductance matrix for
the transformer in Fig. 14 is calculated in (34). The parallel
windings are decoupled from each other. Then, the magnetizing
inductance and leakage inductance are calculated in (35) and
(36). The simulated L,, value is also 11.5, which is the same as
the calculations

Us1 =3 Ry Ry 0 0 151
vpr | 0 0 % —9—3 iPQ:
2 100 )
Vs2 0 0 ~R, R, s2
(34)
46
L, =— (35)
RQ
4
g

The second way is to eliminate the coupled legs as shown
in Fig. 15 noted as case II. The inductance matrix of the
transformer shown in Fig. 15 is calculated in (37). The mag-
netizing inductance and leakage inductance are calculated in
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Fig. 14.
distribution (case I).

Candidate IV: Integrated transformer with decoupling and its flux

Fig. 15.
distribution (case II).
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Candidate IV: Integrated transformer with decoupling and its flux
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TABLE II
COMPARISON BETWEEN THE TWO DECOUPLED TRANSFORMER

Core  Winding .
Ly Ly loss loss Footprint
Casel 33uH 29uH 65W 93 W 12463 mm?
Casell 33uH 44uH 80W 80W 12480 mm?
TABLE III
PARAMETERS OF ALL THE CANDIDATES
Core Winding .
L Ly loss loss Footprint
Cand. | 33uH 38uH 82W 98 W 12463 mm?
Cand. I 33 uH 38uH 81W 98 W 12463 mm?
Cand. Il 33 uH 44uH 81W 98 W 12463 mm?
Cand. IV 33 uH 44uH 80W 80 W 12480 mm?
TABLE IV

PARAMETERS OF TRANSFORMERS WITH DIFFERENT PARALLEL WINDINGS

No. Core  Windin .
para Lm Li loss loss ¥ Footprint
Two 33uH 44uH 80W 80 W 12480 mm?
Three 33 uH 4.4 uH 114W 53 W 16898 mm?
Four 33uH 4.4uH 145W  40W 22626 mm?

The comparison of the two decoupled transformers is shown
in Table II. The leakage inductance for the 12-leg transformer
is so small that the operating frequency at the minimum output
voltage will be 400 kHz. The total loss of the 8-leg transformer
is close to the total loss of the 12-leg core, but the leakage
inductance is 52% larger. So, the 8-leg transformer is selected
as candidate III at last.

E. Comparison Between the Candidates

This section compares and concludes the previously proposed
candidates. The detailed information is shown in Table III.

After comparison, the performance of candidate II is close
to separate transformers in terms of inductance, loss, and foot-
print. Candidate III has 16% more leakage inductance under the
same footprint and loss. Candidate IV has 12% smaller total
loss under the same leakage inductance and similar footprint.
Overall, candidate IV has the smallest total loss with the most
leakage inductance integrated among all the four candidates, and
is selected for further analysis.

F. Number of Parallel Windings Selection

All the previous sections only discuss the cases with two
parallel windings. Since the good current sharing can be realized
in a simple way, more parallel windings could also be intro-
duced. This section focuses on selecting the number of parallel
windings. The transformers with three parallel windings and
four parallel windings are shown in Fig. 16. The transformer
information is shown in Table IV. If no parallel windings are
introduced, one four-leg transformer is used to handle 22 kW,
assuming the core loss is P,,,., and winding loss is P, for the
transformer. When the number of parallel windings increases,
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F
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Fig. 16. Decoupled transformer with parallel windings. (a) Three parallel
windings. (b) Four parallel windings.

the winding loss decreases, but the core loss increases. The total
loss, Py is calculated in (40), where n is the number of parallel
windings. If the reduced winding loss from parallel windings is
smaller than the increased core loss, no more parallel windings
should be added. Therefore, the most optimized number of paral-
lel windings is realized when the winding loss is close to the core
loss, and the optimal number of parallel windings is calculated in
(41). Finally, the candidate with two parallel windings is selected
for further analysis and optimization because of the smallest total
loss and footprint

Pyot = nP, + P, /n? (40)
Nop = \/3 w/Pc- (41)

III. GENERAL ANALYSIS AND MODEL OF THE PROPOSED
HIGH-POWER TRANSFORMER

The proposed transformer for 22 kW is shown in Fig. 17(a).
Some modifications on the core plate are made to the transformer
by exposing the windings under the core plate. In this way,
the thermal management for the PCB windings will be better,
but with a thicker plate and similar core loss. The previous
comparison and analysis are only for one specific case. A more
general model of the transformer is derived in this chapter,
which includes arbitrary numbers of windings around the core
legs, excitation directions, and connection patterns. As shown
in Fig. 17(a), one matrix transformer is defined with two legs.
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Fig. 17. Proposed scalable high-power transformer. (a) 3-D model of four
transformers with independent excitations. (b) Reluctance model of the trans-
former.

The reluctance model of the transformer is shown in
Fig. 17(b), identifying the excitations, flux, and key parameters.
For the nth transformer, the primary current is defined as iy,,,
and the secondary current is defined as i,,. ®1,, and ®5,, are the
flux flowing through the specified legs. R, is the reluctance of
the air gap. All the following discussions in this chapter will be
based on the transformer.

A. Coupling Analysis of the Matrix Transformers

Based on the reluctance model, the MMF on the specified
legs can be calculated in (42) and (43). The defined flux flowing
through each leg is calculated in (44) and (45). Then, the flux
linkage of the nth transformer can be calculated in (46) and (47),
indicating that all the matrix transformers are coupled with each
other. The inductance matrix will be an 8 x 8 matrix, as shown in
(48) shown at the bottom of the next page, where v,,,, and v, are
the voltages induced on the primary and secondary side winding
for the nth transformer, 4,,," and i,,," are the differentials of the
current excitations flowing through the primary and secondary
side windings with respect to time for the nth transformer. The
self-inductances of the primary and secondary side windings for
the nth transformer, L, ,, and L, ,, are calculated in (49) and
(50). The mutual inductances between different windings are
calculated in (51)-(54), where M, ., is the mutual inductance
between the primary and secondary windings of the nth trans-
former, My, prm, is the mutual inductance between the primary
windings of the nth and mth transformer, M, s, is the mutual
inductance between the primary winding of the nth transformer
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and secondary winding of the mth transformer, and Mgy, om
is the mutual inductance between the secondary windings of
the nth and mth transformer. From the equations, the matrix
transformers are coupled with each other, making it hard to
design and analyze. So, the matrix transformers need to be
decoupled for free connections.

From (51)—(54), the matrix transformers are still coupled if
the mutual inductances are not zero. A matrix transformer can be
decoupled from the other matrix transformers if (55) is satisfied.
The flux inside the matrix transformer, ®;,, is simplified as (56).
So, the decoupling requirement is found with a proper physical
explanation
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Lkpn Nin Lisn

Lmn

Fig. 18. Transformer T model.
Nppip — Ngni
e (56)

R

Fin = Npin ipn — Nainisn (42)  B. Analysis of Transformer Configurations
Fon = Npon ipn — Neonisn (43) The previous section analyzes the coupling between the ma-
4 trix transformers. The impact of different connection patterns on
By, = Fin +7 Fon — Fin (44) the transformer performance will be introduced in this section.
Ry = 56R, Fig. 18 shows the general T-model of one single matrix
4 transformer, where Ny, is the turns ratio, L,,, is the magne-
by, — & 47 Z i, — Foy, (45) tizing inductance, and Ly, Ly, are the leakage inductances
R, ot 56 R, calculated in (57)—(60)
)\pn = plnq)ln + NpZn(I)Qn (46) Ny = an /Nén 57
)\sn = Ns nq) n Ns n(I) n 47 _ _
o sin®1n 2 47 Lpp = _NtnMpn,sn = 2N57L/Rg (58)
7(N? N? 2N, N,
Lp,n = ( pin hi p287£ h i 49) Lkpn = Lpn —Lpy =0 (59)
9
L’mn
L _ 7(N521n + N522n) + 2NslnNs2n (50) Lksn = LS" - N2 = 0. (60)
s,m 8Rg tn
If all the matrix transformers are connected in series, the
Mpn,sn = turns ratio, magnetizing inductance, and leakage inductances
7 (Ny1nNstn+No2n Nson )+ Notn Nsan + Noan Ns1 can be calculated using the T-model in (61)-(64). From
- = = 3R = = the equations, the leakage inductance is mainly introduced
g by the difference of the primary and secondary turns numbers.
I . ) ;
The same calculation process can be applied to circumstances
M B Npin (Np2m — Npim) + Npzn (Npim — Npam,) with more matrix transformers integrated. So, the series con-
pr.pm 8R, nection could introduce leakage inductance and reduce the volt-
(52) second at high voltage applications based on Faraday’s law
o Npln (Nslm - Ns2m) + Np2n (NeQm - Nslm) o Zizl an
Mpn,sm - Nt - —4  Ar (61)
8R, > n=1Nsn
oY SN, 2N, N,
Nsln(Nslm - Ns2m) + Ns2n(N52m - Nslm) m = 221 = . Z o (62)
My om = Zn:l Ngn -1 Rg
’ 8RR, n=
(54) . 24: AN2, S N, = 2N, N )
by =
Np?n = Npln = an; N@Qn = Nsln = N@n (55) ! n=1 g Zi:l N@n n=1 Rg
I Up1 1 [ Lp,l Mpl,sl Mpl,pQ Mpl,s2 Mpl,pB Mpl,s3 Mpl,p4 Mpl,s4 17 Z./pl 1
Us1 Mpl,sl Ls,l Mp2,sl Msl,sZ Mp&,sl M51,53 Mp4,sl Msl,s4 Z',51
Up2 Mpl,p2 Mp2,sl Lp,2 Mp2,s2 Mp2,p3 Mp2,s3 Mp2,p4 Mp2,34 i/p2
Us2 —s|Mm 9 41 Mpl,sQ MsQ,sl Mp2732 Ls,2 MpS,sQ Ms2,s3 p4,s2 M82,84 ils? (48)
Up3 L Mpl,p?) Mp3,sl Mp2,p3 Mp3,32 Lp,S MpS,sS Mp3,p4 Mp3,s4 i/pS
Vs3 Mpl,sB MsB,sl MpZ,s3 MsZ,sS Mp3,33 LS,S Mp4753 M53,s4 7:,53
Up4 Mpl,p4 Mp4,sl Mp2,p4 Mp4,s2 MpS,p4 Mp4753 Lp,4 Mp4,s4 ilp4
L Usq | L Mpl,s4 Ms4,sl Mp2,s4 M52,54 Mp37s4 Ms3,s4 Mp4,s4 Ls,4 L Z'/54 ]




YUAN et al.: ANALYSIS AND COMPARISON OF INTEGRATED PLANAR TRANSFORMERS FOR 22-KW ON-BOARD CHARGERS

Lkp.};a Lysi-2
[} ® -l
Txl
L1 °
sz
Lys3 4
®
TX3
{ ]
TX4_

Fig. 19.  Transformer with hybrid connection.
4 2 4 4
L _ 4Nsn _ anl Nsn . 2anN‘m (64)
ks — R 4 N R .
n=1 9 Zn:l pn p—1 9

Parallel connections are adopted to reduce the current stress
on the PCB windings. Based on the previous analysis, the cur-
rent distribution is mainly impacted by the leakage inductance,
controlled by the turns number and air gap. Therefore, the
hybrid connection is proposed. The circuit diagram of the hybrid
connection is shown in Fig. 19. Tx; and Tx, are connected
in series, and Tx3 and Tx, are connected in series. Then, the
windings are connected in parallel. Good current sharing can
be realized if (65) can be realized by controlling the turns
numbers

Lkp,1—2 = Lkp,3—4

Lis1-2 = Lis3-4. (65)

C. Matrix Transformers Arrangement and Flux Distributions

Since all the transformers are decoupled, the matrix trans-
formers can be freely arranged. The arrangements do not impact
the flux in the core legs or the inductances but affect the flux
distribution on the core plates. To analyze the flux distribution
on the plate, the total flux is separated into two components as
calculated in (66). One is the triangular waveform generated by
the magnetizing current; the other is the sinusoidal waveform
generated by the load current.

anim (an - Nsn) is.
Rg RQ

The plate flux distribution is impacted by the MMF and
the reluctance on the core. Therefore, different arrangements
have different flux distributions on the plate. An arrangement
satisfying (65) is shown in Fig. 20(a), where R, is the core
reluctance, much smaller than R,. The blue and red arrows
indicate the winding directions around the core legs. The white
dots and crosses show the direction of the magnetizing flux,
which are triangular waveforms. Based on the reluctance model,
the flux through all the paths could be analyzed. The flux is
shown in Fig. 20(b), calculated based on (33). According to the
figure, path two (P2) and path three (P3) only have triangular flux
going through. P4 only has sinusoidal flux going through. P1 has

(btn =

(66)
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TABLE V
TRANSFORMER ARRANGEMENT COMPARISON

Arrangement Core loss  Winding loss  Footprint
I 99 W 80 W 12480 mm?
11 80 W 80 W 12480 mm?
111 85 W 80 W 12480 mm?
v 102 W 80 W 12480 mm?

both kinds of flux going through. Fig. 20(a) shows the maximum
flux density of the transformer. Based on the simulation, the core
loss for case I is 99 W at the nominal condition. From the anal-
ysis, the flux is not evenly distributed, especially the sinusoidal
flux.

To have the best flux distribution, the flux in one leg con-
sistently opposes the flux in all surrounding legs, as shown in
Fig. 21(a). In this arrangement, the horizontal reluctance and
vertical reluctance are the same for both kinds of legs. More
evenly distributed flux is realized. The calculated flux distribu-
tion is shown in Fig. 21(b). P2 and P3 now have sinusoidal flux.
Both the flux through P1 and P4 are reduced. The maximum flux
is reduced by 20 /Wb compared to arrangement I. The core loss
for case 11 is 80 W, a 20% reduction.

Although arrangement II can realize the lowest core loss,
the winding inlets and outlets are on the short edge for PCB
layout, which is better suited for narrow PCB layouts. However,
the transformer will fit into the final hardware better in this
work. Therefore, arrangement II1 is proposed with winding inlets
and outlets on the long edge is shown in Fig. 22(a). The flux
distribution is calculated in Fig. 22(b).

Table V shows the information on the cases discussed. Ar-
rangement IV uses two separate four-leg transformers with
the same winding patterns shown in Fig. 23, assuming good
current sharing is realized for both transformers. Compared to
separate cores, the best structure has a 22% core loss reduction.
Considering loss and layout, arrangement III is selected at last.

IV. CLLC RESONANT CONVERTER DESIGN STEPS AND
CONSIDERATIONS

This paragraph discusses the design steps and considerations
of the CLLC resonant converter, including topology comparison
and transformer parameter selection. The design flowchart is
shown in Fig. 24.

A. Transformer Parameter Design

This section focuses on the transformer parameters design,
including magnetizing inductance L,,, turns ratio n, and leakage
inductance L.

First, the device loss for different dead time, ¢4 is swept as
shown in Fig. 25. To achieve zero voltage switching (ZVS),
the magnetizing inductance should satisfy (67), where T is
the switching period, t4 is the dead time, C\ is the output
capacitance of the device, and # is the turns ratio. Small mag-
netizing inductance means larger magnetizing current and more
device loss, so the boundary of inductance values are chosen for
different dead time. The total device loss includes the conduction
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Fig. 20.  Arrangement I: (a) winding arrangement and core flux distribution; (b) calculated flux on the core plates.
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Fig.21.  Arrangement II: (a) winding arrangement and core flux distribution; (b) calculated flux on the core plates.

loss for the primary and the secondary devices calculated in  devices, ), g and (), sr are the total gate charge of the primary
(68), the primary turnoff loss calculated in (69), and the driving and secondary devices. At last, ¢, is selected to be 130 ns for the
loss calculated in (70), where Ng and Ngg are the number of  lowest device loss, and L, is selected to be 33 pH for ZVS
primary and secondary side devices, I, g and Ipp,s_sr are

the RMS current flowing through the primary and secondary ( T7 ¢t d) ty
devices, Rqs on_ @ and Rgs on_sr are the drain-to-source on L, < 160 (1 1)
resistance of the primary and secondary devices, E, s is the 0%

turn off energy, fs., is the switching frequency, Vy ¢ and Vy_sr Peona = No I?,,, oRds on. g+ Ns rIZ s spRds on sk

are the gate voltage amplitude for the primary and secondary (68)

(67)
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Fig. 22.  Arrangement III: (a) winding arrangement and core flux distribution; (b) calculated flux on the core plates.
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Fig. 23.  Arrangement IV: (a) winding arrangement and core flux distribution; (b) calculated flux on the core plates.

Pturn_off :NQ Eofffsw (69)
Pdri = NQ Vf,QQg,Qfsw + NSRfoS’Rngstsw (70)
L= Ling. 1)

Then, the operating frequency range for different possible
turns numbers and L,, defined in (71) are compared as shown in
Table VI using eight layers PCB. From the table, the frequency
range is minimized when the turns ratio is equal to one. For larger
L,,, the maximum switching frequency is 400 kHz, dramatically

TABLE VI
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FREQUENCY RANGE FOR DIFFERENT PARAMETERS

Turns ratio Ly fmin/kHZ  fiax /kHZ
8:8 3 250 285
8:7 3 180 265
8:8 7.5 250 338
8:7 7.5 175 293
8:8 11.5 250 400
8:7 11.5 155 320
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| Design L,,, L, and n values
L2
| Select transformer materials
v
Choose winding structure
based on design parameters
¥
Choose transformer arrange-
ment with lower core loss
¥
Define optimization
parameters(r and c)
¥
Sweep optimization
parameters(r and c)
¥

Final design based on loss
and volume

Fig. 24.  Design steps of the proposed transformer.
300 — Total loss
250 — Conduction loss (Sec)
_ — Conduction loss (Pri)
2 200
8 150 — Driving los:
© tg =130
£ 100 d s
g ¥
50 (>~
0
20 60 100 140 180 220 260
ty (ns)
Fig. 25. Device loss versus dead time at the nominal condition.
TABLE VII
RESONANT TANK PARAMETERS
Parameters Value Parameters Value
Turns ratio (n) 1 Ly /uH 4.4
L, /uH 33 C,/nF 92

increasing the loss at the lowest output voltage. For smaller
L, the interleaving of the transformer windings is sacrificed.
So, both winding land core losses are increased, lowering the
peak efficiency. When L,, equals 7.5, the maximum frequency
is below 350 kHz, and the transformer loss is acceptable. So, L,,
is selected to be 7.5 at last. The final resonant tank parameters
are shown in Table VIIL.

B. Transformer Materials Selection and Optimization
Parameters Definition

This section selects the core material, and winding thickness,
and defines the parameters that must be optimized.

The core loss density versus the maximum flux density at the
resonant frequency is shown in Fig. 26. DMR96A was chosen
because of the smaller core loss density. The skin depth of copper
at 250 kHz is about 130 pm, so 4 oz copper is selected, whose
thickness is around 139 pm.
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Fig. 26.  Core loss density of different materials at 250 kHz.
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Fig. 27. Transformer optimization parameters definition.

The transformer optimization parameters are defined in
Fig. 27, including the core radius r and winding width c. The op-
timization process will be the tradeoff between the transformer
footprint and the total loss. Different r and ¢ combinations will
also impact the distribution of core loss and winding loss.

C. Transformer Optimization Process

After defining the optimization parameters, this part shows the
optimization process based on the nominal condition at 22 kW
750 V input voltage.

finite element analysis (FEA) simulations are run for different
r and ¢ combinations. The core loss is obtained from the 3-
D simulations, including hysteresis loss and eddy current loss
[20]. The winding loss is obtained from the 2-D simulations
because of the finer mesh. The results are shown in Fig. 28.
When the core radius increases, core loss will decrease with a
larger cross-sectional area, and winding loss will increase with
more extended windings. When the winding width increases, the
winding loss will decrease with a smaller current density, and
core loss only increases slightly because of the limited impact
on the total core volume.

Fig. 28(c) shows the plot of the total loss of the transformer.
The dashed lines represent transformers with the same footprint.
Each dashed line is tangent to a curve with the same total loss.
The intersection point means the transformer with the smallest
loss under the same footprint. If all the intersection points are
collected, Fig. 29 can be obtained with the optimal cases. The
total transformer loss tends to be flat when the footprint is close
to 13000 mm?.



YUAN et al.: ANALYSIS AND COMPARISON OF INTEGRATED PLANAR TRANSFORMERS FOR 22-KW ON-BOARD CHARGERS

10 777 0 T 1
SO0 000 © © o =3
SRRIS88 8 8 8
8

:

> 6
IS8 3F & 8 8
i

10 /
/ o« e

¢/mm
(=)
\%
\\
%3
\
\
\

11381

TABLE VIII
TRANSFORMER DETAILS

Parameters Value

Core material DMR96A
PCB winding thickness 40z

Core radius, r 13.5 mm

Winding width, ¢ Smm

Footprint 12480 mm?

PCB package device Height = 40mm

Planar transformer

r/mm
(b) oK
10 1 12480mm? Primary side 250mm \ Secondary side
SRS TR Exposed winding
DOO00 S © N b
SRS IR 8 3
g 8 hlomom ':‘2 Fig. 30. 22-kW CLLC resonant converter prototype.
E . 9200mm? | >«
<l I TABLE IX
4%%%% % e PROTOTYPE DETAILS
1\
9 10 11 Parameters Value
r/mm Input voltage, V;, 650 V-850V
(©) Output voltage, V, 550 V-850 V
i ) ) i o Maximum output power, Pyax 22 kW
Fig. 28.  Loss information for different r and ¢ combinations: (a) core loss; (b) R t fr 250 kH
winding loss; and (c) total loss. . csonant trequency z
Maximum output current, [, 30A
Magnetizing inductance, L., 33.6 uH
300 Leakage inductance, Ly, = Ly 4.6 uH
250 Total loss Resonant .capac1tance, Crp = Cps 90 nF
2 200 Devices’ part number NTC020N120SCl1
§ 150 \\\\a.—; Gate Driver UCC 21750
1100 Care loss Mainboard PCB 4 layers 4 oz
50 Winding loss Daughter board PCB 4 layers 4 oz
0 Prototype dimensions 250 X 190 x 40 mm
7000 9000 11000 13000 Power density 11.6 kKW/L

Footprint/mm?

Fig. 29. Detailed loss distribution of the optimal design points.

The devices are commercial dies packaged into the PCB by

AT&S [19]. The L,, value in the real transformer is 7.3, which
is only 2.6% away from the calculation result of 7.5. The main

Considering the PCB layout, the final footprint is selected to
be 12480 mm?. The final transformer parameters are shown in

Table VIII. PCB windings.

B. Experimental Testing Results
V. EXPERIMENTAL RESULTS
A. Converter Prototype

The prototype is shown in Fig. 30. The details are shown in
Table IX.

power stage uses a 4-layer, 4-oz PCB. Another 4-layer, 4-o0z
PCB daughter board is connected to the bottom only for the

Figs. 31 and 32 show the tested results at different conditions.
Vas_g2 and Vs go are the drain to source voltage and the
gate voltage for the primary low side switch. I, 1 and I, » are
the currents flowing through the parallel primary side windings,
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Fig.31. Testing waveforms at different conditions. (a) V;, =V, =850V, P, =4.4kW; (b) V;,, =V, =850V, P, =22kW;(¢c) Vip, =V, =750V, P, =
4.4kW; (d) Vi, =V, =750V, P, =22 kW.
TABLE X
PERFORMANCE COMPARISON
Parameter [1] [2] [3] [4] [5] [6] This work
Input voltage / V 550 — 840 800 380 — 660 550 — 850 650 — 900 400 650 — 850
Output voltage / V 250 — 450 150 — 950 200 — 500 450 - 850 200 — 800 100-395 550 — 850
Max. power / kW 6.6 6.6 6.6 11 22 22 22
Resonlirll{tZF req. / 500 500 300 250 200 100 250
Peak efficiency 97.8% 98.2% 98.1% 98.4% 98.5% ~97% 98.5%
Power density /
KW/L 8 7.3 N/A 15.2 8 3 11.6
Magnetic 2 3 2 1 4 12 1
Components

respectively. Vigs_sro and Vg, g ro are the drain to source voltage
and the gate voltage for the secondary low side switch. I, ;
and I o are the currents flowing through the parallel secondary
side windings, respectively, I,,, I,, and I, are the total primary
side current, total secondary side current, and the magnetizing
current, respectively.

The current is more triangular at the light load from the
waveforms because magnetizing current takes the majority.
When the load increases, the waveform becomes a sinusoidal
waveform because the load current takes the majority. Perfect
current sharing is realized under all the conditions.

The converter efficiency at different load conditions is shown
in Fig. 33. The full load power is 22 kW. The efficiency at
different output voltages is shown in Fig. 34. Fig. 35 shows
the loss decomposition at the nominal condition.

Magnetic loss and device loss take a larger composition. The
other loss includes the loss on vias, ESR loss of the resonant
capacitors and decoupling capacitors, and loss on the PCB
traces.

The maximum current limit is 30 A in the charging profile.
The peak efficiency is 98.5%. The highest full load efficiency is
98.4%.

Fig. 36 shows the thermal performance at 550 V, 16.5 kW at
the worst case after 10 min. The ambient temperature is 25 °C.
The maximum winding temperature is 80 °C. The maximum
core temperature is 55 °C. The thermal distribution on the core
plate matches the flux distribution analysis well. Since the PCB
windings are exposed, the thermal performance could be better
with a customized cold plate. The comparison between this work
and the other works is shown in Table X.
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Fig. 32.  Testing waveforms at different conditions. (a) Vi, =V, =650V,
P, =44%kW, (b) V;,, =V, =650V, P, =19.8kW; (¢) V, =650V, V, =
600V, P, = 18kW; (d) V, =650V, V, =550V, P, = 16.5 kW.
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Fig. 36. Thermal performance at the worst case ( V, =550V, P, =
98% 16.5 kW, 10 min).
97%
96% VI. CONCLUSION
95% This article proposes a 22-kW planar transformer design with
a detailed analysis of the coupling behavior, current, and flux
94% distributions. The excitations on the core legs are found to impact

0% 20% 40% 60% 80% 100%

Load percentage the coupling of the parallel windings. The parallel windings can

have positive coupling, negative coupling, and decoupling be-
Fig. 33.  Converter efficiency under different load conditions (P,_max = haviors with different excitations. Different numbers of parallel
22 kW). windings are also compared.
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A way to decouple the matrix transformers without decou-
pling legs is proposed to expose the windings for better thermal
performance. The perfect current sharing is realized under all the
conditions. The transformer also has good scalability because
of the good current sharing. The analyzed and most optimized
matrix transformers’ arrangement has a 22% smaller core loss
than two separated transformers.

Because of the integrated planar transformer and the optimiza-
tion process, the 22-kW CLLC resonant converter prototype
could reach 98.5% peak efficiency and 11.6 kW/L power density.
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APPENDIX I
INDUCTANCE CALCULATIONS FOR CANDIDATE II

The detailed inductance calculations are derived in this ap-
pendix for candidate II with negative coupling. The reluctance
model is shown in Fig. 7. The MMFs generated by the windings
in different legs are calculated in (A1)—(A4) as g1 - Flilegs,
where 4,1, 7,2 are the current excitations for the primary two
parallel windings, 751, %52 are the current excitations for the
secondary two parallel windings

Faiegt = Fatega = Faiegz = 5ip1 — 3is1 (A1)
Fyiegt = Fpiega = Fpiegs = 3ip1 — digt (A2)
Fejegt = Fejega = Feiegz = dipz — 3is2 (A3)
Fiiegt = Faiega = Faiegs = 3ip2 — diso, (A4)

The next step is to calculate the flux in each leg. Unlike
the proposed decoupled case, the calculations for the coupled
transformers are more complicated because the flux from the
other legs needs to be considered. The flux in each leg is
calculated in (A5)—-(A12), with directions shown in Fig. 7. R
is the reluctance of the air gap

29 | 19 . 1 . .
(I)alegl:q)aleg?):@Zpl_@lsl_@(po‘Fst)
(AS)
31 17
q)ae :(bae = —1 _7'5 — (% -s
leg2 leg2 6R, Ip1 6Rgll+6Rg (Ip2 + is2)
(A6)
29 19 1
(I)e :q)e‘zils — —ip1 — = (¢ .s
blegl bleg3 GRHZI 6Rglp1 6R, (Tp2 + is2)
(A7)
31 17 1
Doy = o2 T, R 2 A8
bleg? 6Rgzl 6Rgzp1+6Rg (ip2 +is2) (A8)
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29 | 19 | 1 . .
(I)clegl = (I)cleg.'.% = ﬁ 1p2 — ﬁ@ﬂ - ﬁ (Zpl + 7/51)
9 g )
(A9)
31 17 1
(I)(' e = —1 - =5 .s — (7 ‘s A10
cleg2 6R, Ip2 6R922+6Rg (ip1 +is1) ( )
29 19 | 1 . .
(I)dlegl = ‘I)dleg?) = ﬁ 152 — WZPQ - ﬁ (Zpl + ’le)
g g g
(A11)
31 . 17 . 1 . .
cI)aileg2 = tp2 + ——— (Zpg + 232) . (A12)

6R, " " 6R,™ " GR,

Based on Faraday’s law shown in (A13), the total voltage of
each winding is the summation of the voltage induced on each
leg

do
dt’

Then we can get the inductance matrix calculated in (A14),
where v)1, vy are the voltage induced on the two primary

parallel windings, vs1, vso are the voltage induced on the two
secondary parallel windings

v=N (A13)

305 211 _ 1 _ 1 .
Up1 3R 3R 3R 3R int
P Yo W i A S b P,
Us1 _ 3R, 3R 3R, 3R, is1
v = 1 77 305°  27f i
P2 3R, 3R, 3R 3R, 2
Veo Y 1% T2t 305 iso

3R, 3R, 3R, 3R,

(A14)

Since parallel windings are introduced to the transformer,
(A15) and (A16) is met if the transformer is seen as a whole,
where v,, v, are the total voltage across the primary and
secondary windings, i,, i, are the total current excitations
for the primary and secondary windings. Then (A14) can be
transformed into (A17), with the self-inductance and the mutual
inductance. From the T model shown in Fig. 18, the magnetizing
inductance and leakage inductance can be calculated in (A18)
and (A19)

Up = Upl = Up2 ; VUs = Usl = VUs2 (A]S)
ip = i1 +ip2; s = is1 +is2 (A16)
v 152 _ 136 i
{ o } = [ Ol 13 ] [ ;’ } (A17)
s 3R, 3R, s
136
L, = — Al8
3R, (A18)
16
Ly, = Lps = —. Al19
kp k 3R, (A19)
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