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Electrochemistry-Driven Design of Multiwinding
CLLC Resonant Converter

Fabian Groon

Abstract—The voltage of the lithium-ion batteries is determined
by its electrochemistry, which is critical for the optimum design
of the connected converter. This, combined with the volume and
weight limitations of electric vehicles (EVs), poses a few challenges
in terms of increasing the power density and efficiency of the
auxiliary power modules (APMs) The APM enables power transfer
from the high-voltage traction battery to the low-voltage (LV) loads.
Converter efficiency is generally highest at a selected input voltage,
while the change in battery voltage is often disregarded when
selecting that input voltage. This results in a reduced converter
efficiency over the rest of the input voltage range, thereby reducing
the potential range of the EV. Therefore, this article proposes a
new design approach that considers the electrochemistry of the
battery to weight the operation points of the converter and match
the input voltage of highest efficiency to the voltage of highest
differential capacity of the battery. Hence, the efficiency is better
distributed over the entire operating range. Furthermore, a multi-
winding CLLC converter with increased peak gain is proposed that
distribute the current stress and improve thermal management on
the LV side. Experiments verify the new design approach and the
proposed converter and an efficiency of 96.6% and power density
of 1.36 kW/L including cold plate, microcontroller and protection
circuit are achieved.

Index Terms—Auxiliary power module (APM), CLLC, electric
vehicle (EV), GaN, multiwinding, planar transformer (PT),
resonant converter, topology, battery.

I. INTRODUCTION

HE growth of electric vehicles (EVs) and the demand
for more comfort features is bringing dc/dc converters to
the spotlight as they require increasingly higher total power,
with high efficiency and power density requirements. For this
reason, there is an ongoing development from the typical 12 V
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onboard system to a hybrid 12 V/48 V system or a pure 48 V
system [1], [2], [3]. This offers several benefits, as high power
can be covered with a 48 V system, lighter cabling is required
and higher efficiency can be achieved [1], [4]. The 48 V is
primarily used in hybrid systems for high power applications
such as active roll stabilization or electric power steering
systems [1], [3]. Furthermore, a decentralization of the power in
a hybrid system can be realized, thus better managing the power
losses [4]. In addition, bidirectional power flow converters offer
several advantages over unidirectional converters, as they can be
used to support the startup of hybrid vehicles or as an emergency
backup [3]. Although improvements have been achieved the
effect of electrochemistry in the battery is mainly neglected.

The onboard loads and the electric drive are powered by
a high-voltage (HV) battery on the drive system side, with a
voltage in the range of 400-800 V [5], [6]. Especially in modern
and powerful cars, higher voltages are used on the drive side,
which means that in most cases the voltage is above >600 V [5],
[7]. This offers advantages and disadvantages, as higher voltage
can improve losses by reducing currents, but on the other hand
limits the maximum frequency and therefore the power density,
since commercially available GaN semiconductors are limited
to a blocking voltage of 650 V [8], [9]. In the literature, a method
to overcome these limitations has already been proposed in [10].
It solves the issue by connected half-bridges in series to evenly
distribute the voltage drop across them, effectively addressing
the issue of low blocking voltage in GaN semiconductors.
Making it possible to increase voltage levels and utilizing GaN
semiconductors for higher power density.

A further way of increasing efficiency and power density is
to adopt a multiport topology with a multiwinding transformer.
This allows for the coupling of multiple sources or loads to
a single transformer and control of the power flow between
them [11]. Increased efficiency and power density is achieved
as only one transformer and one input stage are required. It can
improve the integration of power conversion, thermal manage-
ment, control, and efficiency [12]. Many multiport topologies
have been proposed in the literature [12], [13], [14], [15], which
can be adapted or rearranged to obtain new topologies that
can be advantageous for some applications. The multiwind-
ing transformer also has advantages in distributing the current
stress of the switches compared to paralleling semiconductors.
When semiconductors are connected in parallel, current sharing
problems arise due to different threshold voltages and different
ON-state resistances [16]. Furthermore, it can be observed that
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Fig. 1.

Electrochemistry effect on the operation of the multiwinding CLLC converter. (a) Proposed multiwinding CLLC topology for APM with distributed

voltage and current stress and (b) characteristic operating waveforms of the CLLC converter for switching frequency below resonance frequency, (c) at resonance

frequency, and (d) above resonance frequency.

the stray inductance can be reduced by connecting the bridges
in parallel, resulting in a lower current imbalance during the
transient [17].

The state-of-the-art APM focus on the widely used voltage
range from voltage up to 400 V down to 12 V with unidirectional
power flow featuring nonresonant (DAB and TAB) and resonant
(LLC and CLLC) converters [1], [3], [18], [19], [20], [21]. Most
of them following the structure of two-winding transformers,
with only a few employing multiwinding transformers [1], [3],
[19]. They achieve efficiencies and power densities of around
95% and 1 kW/L [1], [3], [19]. While there is a substantial
number of converters in the existing literature for this voltage
range, there is only a very limited selection for the upcoming
voltage range of >600 to 48 V.

Furthermore, most of the converters in this voltage range
are optimized for only one input voltage which, typically is the
maximum or minimum input voltage, where the selection of
the input voltage for the optimization was not driven by the
electrochemistry and the other voltage levels have a degraded
efficiency [22], [23]. In EVs the HV battery discharges overtime
resulting in a varying input voltage depending on the state of
charge of the battery. This influences the optimal operation
point of the converter and has so far not be considered in the
design process of the system. In addition general parameter
optimization for LLC converters are mainly focused on the rms
current [24], [25], [26], which only partially effect the optimal
design of the converter.

These aspects motivates this article to propose a new design
approach that considers the electrochemistry of the HV battery
and to develop a converter that achieves high efficiency and
power density for precisely this emerging voltage range, that
works bidirectionally, and solves the aforementioned problems.
The differential capacity, defined by the chemistry of the battery,
describes the change in charge for a change in battery voltage
and is used to optimize the efficiency of the converter. Therefore,
anovel voltage matching approach is introduced where the peak
efficiency of the converter is matched to the voltage of maximum

differential capacity. Enabling the highest weighted efficiency
over the entire state of charge of the battery. In addition, a
theoretical analysis is carried out to correlate the factor of
switching frequency to resonance frequency with the losses to
determine the peak efficiency of the converter. Furthermore, a
new multiwinding CLLC topology with distributed current and
voltage stress is introduced, enabling the use of GaN HEMTs and
achieving increased efficiency compared to a standard CLLC
converter through increased peak gain. The proposed converter
exceeds the efficiency and power density of current solutions
and offer a more evenly distributed efficiency over the varying
input voltage range.

II. PROPOSED MULTIWINDING CLLC CONVERTER

This section introduces the proposed multiwinding CLLC
converter. A time domain model is derived and the advantages of
the multiwinding CLLC converter in terms of voltage and current
distribution, as well as peak gain, are highlighted. In addition,
the design challenges related to current sharing are examined.
Furthermore, the voltage gain for the converter is derived.

A. Structure of the Multiwinding CLLC Converter

The resonant CLLC converter introduced in this article for an
APM consists of two half-bridges in series on the HV side, a
multiwinding transformer and two full-bridges on the LV side.
A series capacitor and inductance is placed in each branch
to achieve the CLLC resonant converter behavior, as can be
seen in Fig. 1(a). The series connection of two half-bridges
with GaN HEMTs was selected over HV SiC MOSFETs as GaN
HEMTSs enable higher efficiency due to the lower turn-OFF
losses, lower deadtime requirement and lower gater driver losses.
The topology is a combination of several well-known topologies
of ISOS and ISOP converters [12], [13], [14], [15]. However, the
combination and particularly the parallel LV side with resonant
tank in each branch has not been studied in the literature. The
authors already provided deeper investigation into a similar
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Fig. 2.

topology and parameter deviation of the parallel branches in
previous papers [27], [28] as it does not behave like a standard
CLLC or parallel LLC converter. The characteristic waveforms
of the converter are shown in Fig. 1(b)—(d) and illustrate the
square wave voltages across both sides of the transformer and
the sinusoidal-like current in the converter branches. Fig. 1(b)
shows the converter operating below the resonant frequency.
Note that the voltage and current waveforms reach zero before
the end of the half cycle and the primary current is equal to
the magnetizing current. At the resonant frequency shown in
Fig. 1(c) the current is sinusoidal without interruption. Above the
resonant frequency, the magnetizing current has not yet reached
its peak, but the next half cycle is already starting, interrupting
the current flow, as shown in Fig. 1(d). These three operating
modes cause each a different loss distribution and therefore a
different parameter selection for the optimum efficiency.

B. Analysis of the Design Challenges of the Multiwinding
CLLC Converter

A time domain analysis is carried out to demonstrate the
advantages and design challenges of the topology compared
to the standard CLLC converter. The time domain analysis of
the standard CLLC converter is discussed in depth in [29] and
[30]. Based on this, the time domain model for the multiwinding
CLLC converter is derived. The resonant equivalent circuits for
the three stages of the converter are shown in Fig. 2. Given that
the LV side is connected in parallel with a multiwinding trans-
former, the two resonant tanks are also connected in parallel.
Therefore, the time domain model for the multiwinding CLLC
converter must be extended by two more equations describing
the voltage and current relationship between them. The equation
system for the P-stage is given in (1) and can also be used for
the N-stage, except that 1, is negative

‘/in = Lrl M + vUcr (t) + ULm (t)

i () = Ca ducﬂ(t)
iLn(t) = 2M

i (t) = O Zeeslt) (1)
iLm(t) = iLn (t ) i (t) — iLs(t)

ULm(t) = V:)ut + LrJ dzL”(t) + UCTJ( )7Vj € {2’ 3}
L,—2~ dm(t) +ven(t) = L dch'Z:(t) + v ()

(b)

Multiwinding CLLC resonant equivalent circuits of the first half-cycle during (a) P-stage, (b) N-stage, and (c) O-stage.

1.5

Gain
difference

0.8 F

0.5
0.4 0.6 0.8 1.0 1.2 1.4 1.6

Fig.3. Gain curve comparison of the proposed multiwinding CLLC converter
and the standard CLLC converter for Q@ = 0.51 and L,, = 5.

The equation system for the O-stage is given in (2) and is
identical to that of the standard CLLC converter, as no power is
transferred to the LV side

Vin = Ln d“‘rl( ) + UCrl( ) + ULm(t)
Z‘Lrl (t) = Crl dv(%t)

These three equation systems can be used to analyze the
converters behavior at switching frequencies below, at, and
above its resonance frequency. This is achieved by defining
the stages that the converter undergoes in a half-cycle, solving
the equation system using the Laplace transform, defining the
initial conditions, and solving for the variables. Further details
of this process can be found in the literature [29] and will not
be discussed here, as the process for the multiwinding CLLC
converter is similar, except that there are more equations and
initial conditions.

Analyzing the multiwinding CLLC converter reveals that it
provides a higher peak gain than the standard CLLC converter
for the same selected parameters, as shown in Fig. 3. This offers
several advantages in terms of the converters voltage range and
efficiency, as will be discussed in section IV. Furthermore, if
the LV side resonant tanks suffer from a mismatch, it can be
seen that there will be a current mismatch. This is due to the
different impedances and resonant frequencies of the parallel
resonant tanks. This is demonstrated in Fig. 4 through various
case studies. When operating below the resonance frequency
and there is a mismatch between the LV resonance inductances,
it shows that the current sharing between the two ports is
unequal, and they operate at different frequencies, as shown
in Fig. 4(a) and (b). The difference in current is within a few

@
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fn=0.8,(b) Ly, = 0.95Ly at f,, = 0.8, (c) turns ratio of 7:1.02:1 at f, = 0.8, (d) Ly, = 0.8L3 fn = 1.2, (e) Lp = 0.95L3

7:1.02:1 at fr, = 1.2.

percent. However, if the turns ratio is not matched, as shown
in Fig. 4(c), the current mismatch is significant and one port
processes almost the full power. In the case of an operating point
above resonance frequency with a LV inductance mismatch, the
current mismatch is significant, as shown in Fig. 4(d) and (e).
However, it is less sensitive to a turns ratio mismatch, as shown
in Fig. 4(f). Consequently, depending on the operating point
of the converter, the current mismatch depends more on the
inductance mismatch or the turns ratio mismatch. Therefore,
even a small deviation in the inductances or turns ratios can
significantly impact the converters performance and should be
avoided as much as possible.

C. Simplified Gain of Proposed Multiwinding CLLC Converter

The simplified gain of a resonant converter is described in

nVout

M(fsw) V;n(Qb) 3)
where 7 is the transformer turn ratio, Vg the output voltage and
Vi the input voltage. Since the output voltage is a function of
the ac side impedances of the converter, an equivalent circuit is
used to derive an analytical equation for the gain. Analyzing this
network for the output parallel multiwinding CLLC converter

results in the gain equation shown in
X X
Xim(RactXp)
Xim+Rac+Xp

“

Mcruc,p =
Y + X1 + Xen

where R, is the equivalent ac resistance of the load, X, the
impedance of the magnetizing inductance, X, the impedance of

n = 1.2, and (f) turns ratio of

the parallel resonant tank on the LV side of L, and Cpp, X1,
the voltage divider of the impedance of the resonant tank and the
equivalent output resistance, and Xy, and X¢, the impedance
of the HV resonant inductance and resonant capacitor, respec-
tively.

The equivalent ac resistance of the load R, is calculated
by [31]

8n?

Ree = — Ry 5)
™

with Ry, being the load on the output.

There are two key parameters in the resonant converter that
influence the gain of the system. These are the loaded quality
factor @ of the resonant circuit and the ratio of the magnetization
inductance L, to the resonance inductance L,

Ly
Ch
= (6)
Q Rac
LIII
Ly = 7
I @)

where L;; and C}; are the resonance inductance and resonance
capacitance, respectively.

III. ELECTROCHEMISTRY EFFECTS ON THE CLLC
CONVERTER DESIGN

In the following sections, a voltage matching design is intro-
duced that incorporates the electrochemistry of the battery. It is
demonstrated theoretically that there is an optimum operating
point that can be matched to the battery voltage.
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A. Electrochemistry Consideration

The frequency in a resonant converter is directly tied to the
input voltage for a fixed output voltage, as can be seen in
(3) through the gain. This means that the peak efficiency of
the converter can be designed for a specific voltage. This is
shown in Fig. 5(a) and (b), where the gain and the efficiency
is related to different selected input voltages, respectively. The
resonance frequency correlated to the input voltage and therefore
the efficiency will vary depending on the voltage selected for the
transformer design. The differential capacity (dQy/dVi.) for a
selected lithium-ion-battery type is shown in Fig. 5(c). It is a
measure of the change in capacitance at a specific voltage level
in response to a small change in voltage. This means that at
peaks with a high change of capacitance, greater energy can be
extracted from the battery without a change in voltage. Thus, this
differential capacity can be used to weight the operating points
of the converter, enabling the optimization of efficiency through-
out the converters input voltage range. Furthermore, variation
of the resonance tank parameters will also affect the efficiency.
Consequently, it is important to weight the operating points,
since it is not as straightforward as selecting the parameters
with the highest efficiency at the maximum or minimum input
voltage.

The total differential charge of the battery (dQ tota1) can be
calculated by integrating the voltage dependent charge of the
battery over the input voltage range Vin min and Vin max

Vbe,max
AQuiora = [ dQu(0) i ®)
Vbe,min
where Vi is the cell voltage of the battery. By dividing each
point of dQy, by dQp tota1 the weighting factor (ky,) of each
voltage level is obtained
de(Vbc)
by (Vie) = ————=. ©)
( bC) de,total
With N, in series and Vi of 3.0-4.2 V, the input voltage
(Vin) range of this converter becomes Ny V;.. With the calcu-
lated losses (PLoss) at each input voltage step and ky,, the total
weighted losses (Pross,w) Of the converter can be calculated.
Making it possible to select the optimal parameters for the entire
input voltage range

Vin,max
Ploses = / Prow(Vi)kw (Vi) dVin.  (10)

Vin,min

B. Optimal Operation Point of the Multiwinding CLLC
Converter

In an APM, the converter is connected to a battery on the
HYV side. This battery defines the minimum and maximum input
voltage range of the converter. Based on the number of cells
in series (/Vpc) and the type of battery used, the input voltage
range will vary. This input voltage changes depending on the
state of charge of the battery and therefore the operating mode
of the CLLC converter will change between the modes shown
in Fig. 1(b)—(d). This raises the question of which input voltage
the converter should be designed for.
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To find the point of highest efficiency in a resonant converter
the loss equations can be rewritten into a dependency of the gain
(M) and the factor of switching frequency (fsw) to resonance
frequency (fo) fu = fsw/Jfo. The transformer has two main
losses that occur, the core losses and the winding losses. The
core loss density in W/m? can be calculated using the Steinmetz
equation for a square wave signal [32]

S B

SW max

Y

where «, (3, and C}, are the material constants of the selected
core. It is apparent that the losses depend on the frequency and
the flux density. The flux density can be determined as follows:

Vo
4N T fswAE )
The flux density depends on the input voltage of the transformer
V., the number of windings N, the frequency fi, and the size
of the core cross-section Ag.
Rewriting the flux equations yields
k1
M(fafo)fufo
where kp is a constant factor depending on the design of the

transformer and the fixed output voltage of the converter. This
leads to the core losses equation in dependency of M ( f, fo) and

fu

Pv,Corc =

Bmax = (] 2)

Bmax = (13)

B
_ ] . (14)
(fufo)fi nf0>
The winding losses can then be calculated based on the
ac resistance of the transformer and the rms current of each
winding [;

k
Pv,Core = Cm(fnf())a <M !

Peyi = Racl?, Vi € {p, s2,s3}. (15)
For simplicity of the analysis only the primary current is
considered. The current on the primary of the converter can be
estimated by dividing the operation modes into above and below
resonance frequency.
For the above and below resonant mode the current can be
approximated by the FHA as long as the converter operates in

inductive region
AnVou
V21 M (fufo)Z(fafo)
AnVou
’ V21 M (fafo)Z(fufo)
L AnVou
V2rM(fo)Z(fo)
1

where Z(fu fo) is the impedance of the converter and (7~ — 1)
is a correction term for the below resonance frequency for the
time interval where no power is processed.

The same applies for the conduction losses that are dependent
on the ON-resistance (245 on) Of the device and the current in the

converter

(16)

)

a7)

Irms_p,abovc =

Irmsfp,below =

Peona = Rds(on)IQ- (18)
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charge and discharge.

The switching losses are function of the switching frequency
and the switching energy of the device (Ff)

Py, = offfsw = offfnfO‘ (19)

Only the switch-OFF losses are considered, as the primary side
is switched ON with ZVS and the secondary side is switched ON
by rectification. The switching energy changes in dependence
of the voltage and current but will be neglected here. The
rectification losses are not taken into account as they are typically
very low compared to the rest of the losses.

For inductors, the flux density is calculated using the peak

current and the inductance value as follows:

L. .
= kol

Nt Ag N 20)

Bmaxjnd,i =

where k5 is a constant dependent on the selected inductor design.
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The total losses of the converter are then simplified as a
function of the change in operating frequency only

increasing

ki )"
P ve — Cm n ¢ I AYEN
total,above (.L{O._)/ (M(fnfo)fnfo
inereasing small variation
1 2
k k
+ (k3 + ka) ’M(fnfO)Z(fnfo)
increasing &amp; small decrease for low @ and L,, combinations
« k2 ’
—|—E0ff(fnf0) + (fnfO) (M(f fO)Z(f f())) (21)
increasing
decreasing

Rotal,below = CVm

B
(ofo)® (S (Fufolfofo)

decreasing
increasing &amp; varying for low @ and L,, combinations

2
1
ks + k
s S G 20 o) — D)
increasing
i B

a 2

+ Eott(fufo) + (fufo) M(fnfO)Z(fnfO)(f% _ 1)
increasing
(22)

where k3 and k4 are the resistance values for the semiconductors
and the windings of the transformer.

From this analysis it can be seen that the optimum efficiency
of the converter will always be at or below resonance frequency.
This is due to the fact that all terms for f, > fo increases.
Only for a minority of cases, where a small value of () and
L, combinations are used and conduction and inductor losses
are dominant this might lead to a small increased efficiency.
However, it must be noted, that small values of () and L,, leads
to a small impedance Z and therefore the base conduction and
inductor losses are already high compared to other solutions. For
the case of fs <= fo the switching and core losses decrease
and the conduction and inductor losses increase. Therefore, we
can conclude that in a high step down converter as used in this
article the highest efficiency will be at resonance frequency as
the conduction and inductor losses are dominant. Hence, the
resonant frequency and input voltage of the transformer should
closely match the voltage of the highest dQy,.

IV. OpTIMAL CLLC CONVERTER DESIGN CONSIDERING THE
ELECTROCHEMISTRY OF THE BATTERY

The optimization of the converter has to be done in two sepa-
rate steps. The transformer contributes significantly to the losses
of the converter and the individual losses at a given operating
point are dependent on the switching frequency. Therefore, the
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Fig. 6. (a) Geometry of the PT with optimization parameters. (b) Flowchart
for the optimization procedure.

design of the transformer should be considered first, as the
switching frequency at a given operating point will vary for each
combination of resonant tank parameters. Then, the resonant
tank parameters should be selected taking into account the losses
of the switches, transformer, and inductor. The optimization
parameters for the transformer are depicted in Fig. 6(a) and the
optimization process is shown in a flowchart in Fig. 6(b).

A. Optimization of the Multiwinding Planar Transformer (PT)

For a comprehensive optimization of the PT multiobjective
optimization can be considered. This optimization approach
has many advantages as it includes the many variables needed
for optimization such as the core size, the flux density, the
number of cores, the number of windings, the copper thickness
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and the current density. A np-pareto optimization is such an
multiobjective optimization approach which has been many time
showcased in papers [27], [33], [34].

The core losses of the transformer are calculated by (11) and
the flux density by (12). The frequency and the input voltage are
specified by the application range of the converter and only the
number of windings and the size of the core cross-section are
available as unconstrained variables for optimization. The input
voltage is selected to match the voltage of highest differential
capacity of the battery.

The resistance of the windings of the PT can be calculated
using the equation from [35]

Roe €
Ree 2

5 sinh(2€) + sin(2¢)
cosh(2€) — cos(2€)

sinh(€) — sin(€)
cosh(&) + cos(&)

where £ is the ratio between copper thickness H¢, and skin
depth ¢ and H.y, and Hjy represents the magnetic field strength
at the bottom and on top of the layer. The skin depth is fixed by
the specified frequency and € is therefore only dependent on the
copper thickness

(Hext - Hint)

+ 2Hexi Hine (23)

H Cu
§=—5
The internal and external magnetic fields are calculated based
on the current [; flowing through the winding, the width of one
track Lcy, and the number of consecutive layers m [35]

(24)

L .
Hiy = (m —1)—,Vi € {p, 52, s3} (25)
LCu
Lo,
Hex = m——,Vi € {p, s2, s3}. (26)
LCu

The dc resistance of each of the winding for PTs can be
estimated by
p-MLT - Nt ;

LCuHCu
where p is the resistivity of copper and MLT the mean length
track of one turn. The winding losses can then be calculated
based on (15).

The final limitation when optimizing the transformer is the
steady-state temperature of the transformer. This is essentially
determined by the losses and the volume of the transformer. A
simple approximation of the temperature with natural convection
can be made as follows [36]:

Rpc,; = ,Vi € {p, 52, 53} (27)

94 0-54

Tmax = (V) (PV,COI‘Q‘/Q + PCu) + TA (28)
e

where V is the core volume in cm® and T the ambient temper-

ature, set to 20 °C.

A comprehensive 7np-brute-force optimization is carried out
to ensure that all relevant parameters are considered simultane-
ously in the optimization. In this optimization, the parameters
J, Hey, and By, are varied and swept through all possible
E-cores available on the market. Note here that for the E-cores
even nonplanar cores were considered as a PT design can still
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Fig. 7. Pareto front of all available solutions within the acceptable design area for the multiwinding PT.
TABLE I TABLE II

ELECTRICAL SPECIFICATIONS OF THE CONVERTER

Parameter [

Output power Pyt 2 kW
Minimum input voltage Vin, min 540V
Maximum input voltage Vin max 760V
Nominal input voltage Vin,nom 650V
Nominal output voltage Vout,nom 48 V
Maximum output voltage Vout,max 52V
Minimum output voltage Vout,min 46 V
Nominal switching frequency fo 250kHz
Transformer turn ratio 7:1

be achieved with nonplanar cores. The specifications of the
converter are given in Table I and the parameter range of the
optimization is given in Table II. The maximum acceptable
temperature is limited to 125 °C. All acceptable solutions are
plotted on a graph as a function of power density, efficiency and
temperature. The final result of this np-brute-force optimization
is shown in Fig. 7. The adopted design is marked with a star
and is located at the upper front of the np-pareto front. The
parameters of the selected design are shown in Fig. 7. The
designs highlighted in red circles were not selected because they
are conventional rather than planar E-cores and therefore space
utilization and final temperature with a cold plate are worse than
the selected design.

B. Optimal Parameter Selection for the CLLC Resonant
Converter

The efficiency and power density of a resonant converter is
influenced by @ and L, shown in (6) and (7), respectively.

Since a CLLC converter has a resonant circuit on both sides
of the transformer, it can be designed symmetrically L, =
L/n?,Cyq = n?Cyy or asymmetrical Ly # Lp/n?, Cyy #
n?Cy [37]. For the optimization in this article, only the case
of symmetrical design is considered.

The first step in optimization is to consider the maximum
converter gain. The converter must provide sufficient gain of the
output voltage to be able to cover the entire required operating
range given in Table I. The maximum gain required is obtained

PARAMETER RANGE OF THE VARIABLES FOR THE 7)p-OPTIMIZATION

Parameter [ Range [ Step size
Current density J 2-8 A/mm? 1 A/mm?
Copper thickness Hcy, 0.07-0.28 mm 0.035 mm
Flux density Bmax 0.05-0.3 T 005T

from the operating point of 540 to 52 V with a gain of gy =
1.348 and a minimum gain through the operating point from 760
to 46 V of gmin = 0.847. The maximum gain of the converter
for different values of @ and L,, is shown in Fig. 8. It can be
observed that the CLLC converter achieves the highest gain
at low values for () and L, and the gain decreases as () and
Ly, increase. In addition, in Fig. 8 a red line is drawn on the
plane which shows the limit of the maximum required gain.
All converters with parameter combinations below the line meet
the requirement for the maximum gain. All others are unable
to achieve the maximum gain. This leads to the first constraint
on the parameter selection for the optimum converter design.
An additional important feature to consider is that the converter
should be able to operate at very low power levels, down to
100 W. Therefore, the converter must be able to reach all the
gain points, even in these operating conditions. However, this
high load operation is a special case. As can be seen from (6),
changes with the load. This causes the () to become very low at
high load. Using the equation for the gain of an LLC converter,
a formula can be derived that calculates the minimum gain at
maximum frequency [38]

L,
L,+1

Gmin,oo = (29)

This minimum gain requirement at low power limits the L,
to values below 5.5, as marked in Fig. 8 with another red line.

In addition, the gain limitations for the standard CLLC are
mapped onto the gain of the multiwinding CLLC converter. It
is noticeable that lower values of () and L, must be selected to
achieve the peak gain.

In the next step, the maximum primary rms current can be
considered with respect to both parameters. The rms current
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Fig. 8. Maximum attainable gain of the multiwinding CLLC converter for
different combinations of ) and L,, and additionally the gain limitation of the
standard CLLC converter mapped to the gain curve.
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Fig. 9.  Maximum primary RMS current at resonance frequency for the mul-
tiwinding CLLC and the standard CLLC converter.

has a significant influence on the conduction losses of the
semiconductors, the winding losses of the transformer and the
inductor losses. The rms current should therefore be as low as
possible in order to generate the lowest possible losses. The
primary rms current is shown in Fig. 9 for different values of
Q@ and L,,. It is evident that the primary rms current decreases
with increasing ) and L. Thus, only when considering the
primary rms current the largest possible combination of () and
L,, parameters should be selected that still achieves the required
maximum gain. When doing so, the largest L,, should be selected
first and then the largest (), as a higher L,, in combination with
the () can achieve a lower current. This results from the fact
that a higher L,, reduces the maximum gain less than a higher
. Compared to the multiwinding CLLC converter the standard
CLLC converter requires smaller values for Q and L,, increasing
the primary rms current.

Further influence comes from the ) and L, parameters,
which determine the frequency range of the converter required
to achieve maximum and minimum gain. A very low frequency,
far from the resonance point to obtain the maximum gain, results
in very high primary rms currents, which in turn is undesirable,
as mentioned previously. Furthermore, the lower the minimum
frequency, the higher the core losses of the transformer. A very
high frequency, far away from the resonance point, increases
the switching losses of the switches, but decreases the core
losses of the transformer slightly. In addition, with a wider
frequency range, the microcontrollers control effort is greater
and small step sizes are difficult to implement. The maximum
and minimum frequency to cover all operation points is shown
in Fig. 10(a) and (b), respectively. It is apparent that a high L,,
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Switching Frequency [kHz]

Minimum required Ly
to achieve Guin
at maximmum frequency

/

Switching Frequency [kHz]

(b)

Fig. 10. Switchingfrequency required to achieve all operating points: (a)
maximum frequency to achieve lowest required gain and (b) minimum frequency
to achieve highest required gain.

and a low @ results in a very high maximum frequency and
also a very low minimum frequency. Accordingly, the smallest
frequency band can be achieved with a very large () and a small
Ly.

As a final step, the total losses of the converter can be calcu-
lated for the individual points of the parameters () and L, . For
this purpose, the main losses of the converter have to be taken
into account. The conduction losses and the switching losses of
the semiconductors are calculated by (18) and (19), respectively.

The rectification losses can be approximated as follows [39]:

o 1VaVeVe BDVE D1 LouCy fswd
P =2 v

where Vj, is the MOSFET threshold voltage, V; the gate voltage,
Vr,BD the body diode voltage drop, Vi p1 the voltage drop of the
energy delivery diode, V,, the output voltage, d the duty cycle,
and C, the input gate capacitance.

The transformer losses can be calculated using (11) and (15).
Finally, the core and winding losses of the inductors must be
calculated. The flux density of the inductor is calculated by (20).

(30)
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Fig. 11.

As can be seen, the losses of the inductor depend on the
value of the inductance, which is influenced by (). This makes
the optimization process more complex as they are coupled
together. To decouple them a simplification is used to calculate
the inductor losses. The power of an inductor depends on the size
of the inductance and can therefore be calculated as follows:

Paai = 27 faw L I2, Vi € {p, 52, s3}. 31)

From this power, a fixed efficiency of 99.7% is assumed in order
to calculate the losses as a function of the inductor power.

Based on the individual losses, the total losses for the most
important operating points can then be determined. For this
purpose, the points 540, 650, and 760 V to 48 V are considered.
The losses for the individual points of () and L, at a voltage of
540to0 48 V are plotted in Fig. 11(a). It can be seen that the losses
initially decrease with increasing ) and L, but then increase
again in both directions. This is a result of the change in rms
current, minimum required frequency and resonance inductance
L, as Ly, and @) are changed.

In Fig. 11(b), the losses are plotted for 650 to 48 V. It can be
seen that the losses decrease with increasing L,, and (), but start
increasing again with higher values of (). This is again due to
the change in rms current and L., though this time the minimum
frequency is not affected and therefore continuous to decrease
with larger L.

Finally, the losses from 760 to 48 V are shown in Fig. 11(c).
A trend similar to Fig. 11(b) can be observed, except that the
minimum losses are shifted toward higher ). Again this is due
to the change in rms current and L.

As illustrated in Fig. 11(a)—(c), the optimal parameter selec-
tion for the resonant tank depend on the input voltage of the
converter. Therefore, it is important to consider the differential
capacity of the battery shown in Fig. 5(c). The individual losses
at each voltage step will then be weighted with (8)—(10).

The weighted total losses for different points of () and Ly
are plotted in Fig. 12 . As can be seen, the lowest losses occur
with a high L, and a low Q). The shape of the curve is similar to
Fig. 11(b), as most of the energy can be drawn from the battery
at around 3.55 V which is around 639 V input voltage for the
converter. Therefore, the highest possible L, with a @ in the
range of 0.4-0.55 should be selected for the highest efficiency.
Before selecting the parameters, it is also important to note that

(®)
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Total losses of the converter for the different input voltages at (a) 540, (b) 650, and (c) 760 V.
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Fig. 12.  Weighted losses of the converter according to available energy at
different cell voltages in lithium-ion batteries.
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Fig. 13. Loss breakdown at 2 kW output power for the three individual
voltages.

the converter must be able to withstand an overload of 110%.
As aresult, a () must be selected which, after multiplication by
afactor of 1.1, still remains below the marked gain line for max-
imum gain. The optimum design can then be selected based on
these limitations. For this converter, L, = 5and ) = 0.51 were
selected. This point fulfills all the requirements and achieves
the lowest losses. Based on these parameters, the final inductors
design is selected and the losses and efficiency of the system
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131 mm

Fig. 14.  Prototype of the multiwinding resonant CLLC converter with dis-
tributed voltage and current stress including the cold plate (295 mm x 131 mm
x 38 mm).
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Fig. 15.
converter.

Simplified control block diagram of the multiwinding CLLC resonant

can be determined. The loss breakdown for the individual input
voltages at 2 kW is illustrated in Fig. 13 . The lowest losses
occur at 540 and 650 V where an efficiency of 96% is achieved.
At 760 V the efficiency is lower as the high switching frequency
degrade the efficiency and all losses are increasing or remaining
similar. It shows that below 650 V, conduction losses are the
main limiting factor, followed by transformer losses.

V. EXPERIMENTAL RESULTS

The multiwinding resonant CLLC converter was built using
the parameters obtained from the optimization to validate the
benefits of the design approach and the proposed converter topol-
ogy. The specifications of the converter are listed in Table III.
The HV side consists of GS66508T from GaN systems, which
offers low ON-resistance, small package size and low switching
losses. The LV side employs IPTCO14NO8NMS from Infineon,
featuring very low ON-resistance, but also low capacitance com-
pared to other solutions, providing a good trade-OFF between
low conduction losses and low switching losses in the reverse
direction. The auxiliary supply can be provided externally or
directly from the LV of the converter.
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Fig. 16. DC-link voltages of the series connected half bridge at 650 V and

236 kHz (a) without balancing control and (b) with implemented balancing
control.

TABLE III
ELECTRICAL SPECIFICATIONS OF THE BUILT CONVERTER

Parameter [

HV Mosfets GS66508T

LV Mosfets IPTCO14NOSNMS5
Transformer Core 2x ELP38 in Parallel
Magnetizing Inductance 74.3 uH
Primary Inductance, Secondary Inductance 14.8 uH, 303 nH
Primary Capacitance, Secondary Capacitance 27.3 nF, 1.3 pyF
Minimum Switching Frequency fsw, min 150 kHz
Maximum Switching Frequency fsw, max 400 kHz
Power Density 1.36 kW/L

The converter is shown assembled with the cold plate in
Fig. 14. In addition, the converter includes a dc-link overvoltage
protection circuit and an overcurrent protection circuit for each
port, interrupting the PWM signals in case of a fault. A 480 MHz
STM32 M7 Cortex controller is implemented to control the
PWM signals and monitoring the protection circuits. A closed
loop control is implemented to control the output voltage. A
simplified block diagram of the control is shown in Fig. 15.
The control consists of an outer voltage loop, which controls
the output voltage, and an inner current loop, which controls
one of the secondary resonance currents. The transfer functions
G+ (s) and G;(s) in between convert the voltage difference into
a current reference and the current difference into a frequency,
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Fig. 17.

LV-Mosfet LV-Mosfet
Secondary Secondary
Port 2 Port 1

Fig. 18.  Thermal profile of the LV switches at 1.5 kW power after 10 min.

respectively. The modulator then sends the pulses at the calcu-
lated frequency to the gates of the HV switches. The converter
achieves a power density of 1.36 kW/L including the cold
plate.

Two distinctive features of the converter are the voltage and
current distribution on the semiconductors on the HV and LV
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Waveforms of the prototype at (a) 650 V and 2 kW, (b) 760 V and 1.5 kW, (c) 540 V 1 kW, and (d) 600 V and 620 W.

sides. The voltage distribution on the HV side and the current
distribution on the LV side are essential for the converter to
operate above 650 V, reduce the stress on the switches and
maximize the efficiency of the system.

The dc link voltages of both half bridges on the HV side for
650V at 720 W with 236 kHz in closed loop control are shown in
Fig. 16(a) for the upper and lower half bridge in yellow and red,
respectively. Note that the voltage is distributed between the two
half bridges within a deviation of 4%. The voltage distribution
depends on the operating point and therefore on the frequency.
However, at all operating points there is a maximum deviation of
4% between the dc link voltages. In case a smaller deviation is
required, a simple P-controller as proposed in [40] and [41] can
be implemented. The dc link voltage with implemented voltage
balancing control is shown in Fig. 16(b) and shows that the
deviation between the two dc link voltages has been reduced to
less than 1%.

The current distribution on the LV side has a significant impact
on the efficiency of the overall system, as conduction losses
account for the majority of the losses and have a significant
impact on the heat distribution of the semiconductors. Various
operating points of the converter are shown in Fig. 17. From
Fig. 17(a) it can be seen that at 650 V 2 kW the current
distribution of the two LV sides is equal and there is no deviation.
For input voltages of 540 V at 1 kW and 760 V at 1.5 kW, there
is a deviation in the current distribution of 6%, as can be seen
in Fig. 17(b) and (c), respectively. This deviation is caused by
the fact that the switching frequency is well below or above
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TABLE IV
CONVERTER SPECIFICATION COMPARISON

Efficiency variation
Input voltage at based on
Topology Input voltage | Output voltage Power / fsw peak efficiency . Peak efficiency
and 50 % load input voltage
at 50 % load
3p-DAB [42] 100-170 V 10-16 V 2 kW /100 kHz 140-150 V 87.5%-95 % @ 14 V 95 %
QSC [43] 300-400 V 12V 1 kW /500 kHz 300 V 88 %-92 % @ 12 V 92 %
ifilstfl::;‘a?élc:hPT [44] 400-800 V 13-15 V 2.1 kW /200 kHz 400 V 94.5%-952 % @ 14 V 95.4 %
g‘et:f)f:;fdcincvle‘ger (2] | 250-400V 12V 1 KW / 170-280 KHz 400 V 94.8 %-96.4 % @ 12V 96.7 %
]Egrl;irifs["z‘gm 250400 V 12v 500 W / 110-250 kHz 400 V 95.4%-96.1 % @ 12V 96.4 %
Borgwarner Gen5 [45] 220-800 V 11-13.4 V 1.2 kW / N/A 500 V* 89 %-92 % @ 13.4 V 92 %
gf]“érlf’l‘;‘sc%_ 400 [46] 200-470 V 2-15V 15 kW / N/A 200 V 92.5%-95.9 % @ 12 V 96 %
Multiwinding CLLC
Resonant Converter 540-760 V 46-52 'V 2 kW / 150-400 kHz 650 V 95.6 %-96.6 % @ 48 V 96.6 %
(this work)
* Not reported for higher voltages
1.5 98
1.4 e = 1.348 === Theoretical| | 96 F _— o~ xﬁ-——"lzﬁuf_ﬁ Y
. =® = Measured - | - -
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Fig. 20. Measured efficiency of the prototype for different input voltages.

Fig. 19. Measured gain of the prototype compared to simulated gain. The
green lines shows the minimum and maximum required gain and the red lines
show the frequency limits of the controller.

the resonance frequency, and therefore the parameter deviations
between the inductors and capacitors used for the resonance tank
have a greater impact on the current distribution. The biggest
deviations in current distribution occur at low power levels, as
shown in Fig. 17(d) at 600 V and 620 W. The deviation between
the currents is around 10%.

This can also be attributed to the parameter deviation of the
resonance components. Throughout the entire operating range of
the converter, it is evident that the most significant deviations in
current distribution occur at low powers. However, at high pow-
ers, the current distribution is within a few percent. In addition,
the worsening of the current distribution at lower power levels
can be explained by deviations in the semiconductors and the
rectifier circuit, since at very low power levels the rectification
is only active on one side before the other side is also switched
ON. However, since larger deviations only occur at lower power
levels, the deviations in current distribution have only a minor
effect on efficiency and heat distribution, as conduction losses
are no longer dominant at low power levels. The even switch
utilization and heat distribution is also confirmed by the thermal
profile of the switches at 1.5 kW in Fig. 18. Generally, the
distribution over the entire operating range deviates by no more

than 6% in most cases, but can deviate by up to 10% at lower
power levels. More severe current deviation can occur where
the power is extremely low and the switching frequency is far
from the resonance point. The employment of the multiwinding
PT ensures that the current deviation is kept within reasonable
limits over the entire operating and load range of the converter.
Compared to a conventional litz-wire transformer, this is clearly
superior, as already shown in [28].

Since the converter is connected to a HV battery, it has to cover
a wide input voltage range. Therefore it is important that the
converter it is able to provide the full gain range. The measured
gain of the converter compared to the simulated gain is shown in
Fig. 19. The curve follows the shape of the simulated curve, but
shows a smaller increase below the resonance frequency than
expected. In addition, the slope above the resonant frequency
is less steep than expected. These deviations can be explained
by the high output capacitance of the Si-MOSFETs [47] and
the component tolerances and the deviation in the measure-
ment of the magnetizing inductance of the transformer. As a
result, the maximum gain is not quite reached, but this can
be resolved by slightly reducing the magnetizing inductance.
The less pronounced decrease above the resonant frequency
can also be explained by the same reason and additionally
by the parasitic capacitance of the transformer, which affects
the decrease in gain above the resonant frequency, as shown
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in [48]. Nevertheless, the shape of the curve correlates well with
the simulation and deviations can be explained by component
tolerances.

Finally, the efficiency of the system is measured. This is done
by selecting different load points for different input voltages
down to 48 V in closed-loop control. The efficiency of the system
for these different points is presented in Fig. 20. From this, it
can be seen that the efficiency curves all have a similar shape
and efficiency regardless of the input voltage. This shows the
effectiveness of the design approach of taking into account the
electrochemistry of the battery. Achieving an evenly distributed
efficiency over the entire operating range. The lowest efficiency
athigh power is found at an input voltage of 540 V, as conduction
losses are very high at this point. In the partial load range,
the lowest efficiency is recorded at 760 V, as a relatively high
switching frequency is required to achieve the 48 V output
voltage, because the LV switch and transformer capacitance re-
duces the reduction in gain. However, in general all curves from
300 to 1800 W have similar efficiencies with slight differences.
The peak efficiency of 96.6% is achieved at 650 V and 1 kW
power, although the converter can still achieve 96% efficiency
at 2 kW and 700 V. The weighted efficiency is therefore similar
to the previous curves, and most closely resembles the curve
from 650 to 48 V, where most energy from the battery can be
extracted.

A comparison of this work with published literature is shown
in the Table IV. This highlights that most converters are op-
timized for the maximum or lowest input voltage and not for
the voltage with the highest (J},, and have a high variation of
efficiency over the entire input voltage range. Demonstrating that
this work achieves one of the narrowest efficiency ranges over the
entire operating range and one of the highest peak efficiencies.

VI. CONCLUSION

In this article, a bidirectional multiwinding CLLC resonant
converter with a wide and high input voltage range and dis-
tributed voltage and current stress was presented. A multiwind-
ing CLLC topology is introduced that achieves higher peak
gain compared to the standard CLLC converter, enabling higher
efficiency. The topology employs two series half bridges on the
HV side to distribute the voltage, opening the potential for the use
of GaN semiconductors. It also has a parallel LV side to improve
efficiency and heat distribution. Furthermore, a time domain
analysis is presented to demonstrate the design challenges posed
by the topology. A novel design procedure considering the
electrochemistry of the battery for the selection of the input
voltage for the transformer and for the converter parameters
was proposed to achieve an optimal efficiency distribution for the
varying input voltage of the battery. This is achieved by matching
the input voltage of the highest efficiency of the converter
to the voltage of highest differential capacity of the battery.
In this context, a np-pareto-optimization for the multiwinding
transformer was presented and a parameter optimization for
the converter was carried out, considering the rms current and
the switching frequency variation, and thus the transformer
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and inductor losses. A prototype was built to demonstrate the
effectiveness of the proposed design approach and topology.
The even distribution of voltages and current in the series and
parallel connection was shown, respectively. Finally, it was
demonstrated that the converter achieves an evenly distributed
efficiency, a peak efficiency of 96.6% and a power density of
1.36 kW/L, including protection circuits, microcontroller, and
cold plate, outperforming previous solutions.
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