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ABSTRACT High battery voltages increase inverter switching and harmonic losses of the electric machine.
These losses dominate at low speeds in the partial load range, where the customer relevant Worldwide
Harmonized Light Vehicles Test Procedure (WLTC) driving cycle is located. By installing a bidirectional
DC/DC converter between the inverter and the battery, the input voltage of the inverter can be adjusted
to various torque/speed conditions, thereby enhancing the efficiency and range of the electric sports car.
Outside of the WLTC, the DC/DC converter is not operated and is short-circuited by a bypass. Additionally,
the utilization of synchronous modulation methods, as opposed to space vector pulse width modulation
(SVPWM), within the WLTC is made possible by the variable DC-Link voltage, further reducing switching
and harmonic losses. In this paper, different topologies of DC/DC converters are proposed. The investigations
are conducted on an 800 V system. To facilitate this, a script-based toolchain was developed based on analytic
and fast calculating waveform models. The impact of the DC-Link voltage on energy efficiency during the
WLTC is examined, and sensitivities are presented. A multi-objective optimization is carried out based on
the WLTC driving cycle to demonstrate the maximum trade-offs between increasing the electric range and
the power density of the DC/DC converter.

INDEX TERMS Automotive, buck, ĆUK, dc/dc converter, DC-Link voltage, electric drive, electric sports
car, electric vehicles, mission profile, multi-objective optimization, power converters, silicon-carbide.

I. INTRODUCTION
Currently, the typical state-of-the-art electric drives consist
of a three-phase (3-φ) synchronous machine with interior
permanent magnets (iPMSM) and a 2-level voltage source
inverter with a DC-Link capacitor (2LVSI), which forms the
reference system for the work presented in this article. The
high battery voltage in modern electric vehicles (EV), up to
800 V, offers advantages, especially in the high-load range
and at high speeds. These advantages include smaller cable
cross-sections, reduced DC charging currents, and the shift
of the more loss-intensive field-weakening region. Currently,
800 V is the highest DC charging voltage available on the
market, but in the future, there will be a trend towards higher
voltages for shorter charging times [1], [2].

A higher voltage also poses challenges in the design of
electrical components and systems. Higher voltages imply
higher stress on the passive components and the winding
insulations of the iPMSM [3], [4], [5], [6], [7], or a higher
cosmic ray failure rate of the semiconductors [8], [9], which
can lead to a reduced lifetime of the components. Moreover,
the high battery voltage, and thus the DC-Link voltage, leads
to disadvantages during the operation of the electric drive. A
higher DC-Link voltage causes higher switching losses in the
2LVSI [10] and higher harmonic losses in the electric machine
(EM) [11], [12], [13], [14], [15], [16], [17]. Therefore, the
design and energy efficiency become increasingly critical with
the trend of increasing voltages. The energy efficiency of a
3-φ iPMSM 800 V silicon carbide (SiC) electric drive was
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FIGURE 1. Block diagram of an electric drive with an 800 V HV-battery, an integrated DC/DC converter with a bypass circuit, a 2LVSI, and a 3-φ iPMSM.

FIGURE 2. Center pulse triple clocking (CP3) with switched half-bridge
voltage vu,M, phase voltage vu, and common-mode voltage vM of the
electrical machine in a 3-φ star connection, including the switching angle
α, with quarter- and half-wave symmetry for controlling the fundamental
amplitude.

measured in [18], which demonstrated that the DC-Link volt-
age has a significant impact on the energy efficiency. In [19],
[20], [21], the influence of the DC-Link voltage on the losses
of the inverter and the electric machine was investigated. A
DC/DC converter to adjust the DC-Link voltage can be im-
plemented between the battery and the inverter. In [21], [22],
[23], [24], [25], [26], the efficiency improvement, including
the losses of the installed DC/DC converter, was analyzed and
demonstrated with experiments.

A variable DC-Link voltage also opens new possibili-
ties regarding modulation and control to increase the overall
system energy efficiency, which was analyzed with a 3-φ
iPMSM 800 V Si e-drive in [27] using synchronous mod-
ulation methods [28], also known as optimal pulse pattern
(OPP) or selective harmonic elimination (SHE). To adjust the
DC-Link voltage, a 100-unit cascaded multilevel converter
was developed. Additionally, in [29], block commutation was
investigated in combination with a variable DC-Link voltage.

The DC-Link voltage, as an additional parameter of free-
dom, enables the use of synchronous modulation methods
in the WLTC range instead of the space vector pulse-width
modulation (SVPWM).

Fig. 2 shows the time characteristic of switched voltage
waveforms of one phase for block commutation with an addi-
tional center pulse of opposite polarity (CP3). The pulse width
of the triple clocking can be used to adjust the fundamental
amplitude. On the one hand, this increases the modulation
index [29], [30]. On the other hand, the iron harmonic losses
can be further reduced [31].

Previous literature deals exclusively with the influence of
the DC-Link voltage on the efficiency of the inverter and
electric machine. No statements are made about the maximum
achievable range increase based on energy efficiency. Previous
studies were limited to a battery voltage in the range of 235 V
to 400 V and for electric drives with very low output power
that are unsuitable for an electric sports car. No statements
are made about the design of the integrated DC/DC converter,
such as the chip area, the total volume, or the weight. Due
to the extremely high currents and power in electric sports
cars, approaches to design a DC/DC converter for maximum
power are not sensible, as this would require an extremely
high installation space or additional weight. The use of boost
and buck-boost converters is not necessary due to the gear
ratio, the high power, and the non-existent field weakening
operation in the customer WLTC cycle. A tradeoff between
efficiency and power density always arises in the design of an
optimal power electronic system. Furthermore, the calculation
of losses for different electrical operating points for the WLTC
cycle is necessary to make a statement about energy efficiency.
This must be considered in the virtual design routine and
included as a quality criterion in an optimization. For this, a
script-based fast calculating tool chain is necessary. Also, no
studies are made about the influence of the hardware design
on the DC/DC converter when other modulation methods as
SVPWM for inverter control are used. In addition, the DC/DC
converter must be considered as an integrated system in the
electric vehicle in order to make statements about the overall
system performance, such as electric range. Fig. 1 shows a
block diagram with the electric drive topology that is further
investigated in this work.

To address the gaps in research and contribute from indus-
trial research for high-performance electric sports cars, the
following new questions are answered from a holistic perspec-
tive:
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� Investigation of the influence and sensitivity of the
DC-Link voltage on the efficiency in an 800 V
system.

� Studies of the effect on energy efficiency based on the
WLTC driving profile of a constant and operating point-
dependent optimal DC-Link voltage.

� Virtual hardware design of the DC/DC converter with a
bypass for WLTC operation only [32].

� Investigation of the maximum trade-off between power
density and efficiency with multi-objective optimization.

� Comparison between optimizations for efficiency and
energy efficiency with the WLTC driving cycle and the
effect on the design and power density of the converter.

� Comparison between optimizations with SVPWM and
CP3 inverter control and the effect on the design of the
DC/DC converter.

II. VARIABLE DC-LINK VOLTAGE
In general, both low and high settings of the DC-Link voltage
can offer advantages in terms of efficiency. In the high-load
range, a boost converter can compensate for the voltage drop
across the battery that is related to high current. Boosting the
voltage is beneficial when no optimal current combination can
be found using the Maximum-Torque-Per-Ampere (MTPA)
method due to the inverter’s voltage limit [23]. In the base
speed range, forward losses, copper, and iron fundamental
losses are voltage-independent, except for losses in the ca-
pacitor. However, since switching losses, current ripple, and
harmonic losses increase with higher voltage, the following
strategy can be derived: At each operating point, provide the
minimum DC-Link voltage without the machine reaching the
inverter’s voltage limit and entering field-weakening mode.
Otherwise, additional d-current would need to be applied,
resulting in higher losses in all components. In the WLTC,
therefore, reducing the voltage is the logical approach.

First, the influence of the voltage adjustment on the losses
of the reference electric drive is investigated. Fig. 3 displays
a normalized machine characteristic diagram over speed and
torque with the loss-optimal DC-Link voltage VDC for the
reference system (3-φ iPMSM 800 V SiC electric drive). The
load spectrum of the WLTC cycle is depicted in white, where
the density of the points is an indicator of the dwell time of
the operating point. In the base speed range, due to the volt-
age limit, the loss-optimal voltage has an approximate linear
relation to the speed of the machine. Operating the electric
drive with this voltage map reduces the losses in the WLTC
by up to 30–40%.

It can also be observed from the figure that no torque/speed
point in the WLTC driving cycle operates in field-weakening
mode. Therefore, a DC/DC converter with the capability to
increase the voltage is not beneficial. In electric sports cars,
the ratio of maximum power to power in the WLTC is very
high. This is evident from the maximum torque/speed curve
of the iPMSM and the design point of the DC/DC converter.
Due to this fact, the DC/DC converter is exclusively designed

FIGURE 3. Operating point-dependent loss-optimal DC-Link voltage for
the electric drive and torque/speed points of the WLTC driving cycle
(white). The driving cycle displays the torque/speed tuples based on the
velocity curve calculated with a vehicle model. The dwell time of the cycle
is mostly located in partial load operation, where harmonic iPMSM and
2LVSI switching losses have the highest contribution to the overall e-drive
losses. The blue line represents the boundary of the field-weakening
mode. The hardware design point for the DC/DC converter between the
battery and the inverter is highlighted (red diamond).

TABLE 1. Electrical Parameters of the Design Point of the DC/DC Converter

for WLTC operation, which enhances its power density. Addi-
tionally, from the perspective of extending the electric range,
it only makes sense to use the converter in this range. The
electrical parameters of the design point for the DC/DC
converter, highlighted as a red diamond, are presented in
Table 1.

Fig. 4 illustrates the sensitivity of losses to voltage, consid-
ering a constant operating point. It can be observed that for the
best efficiency of both the inverter and the electric motor, the
lowest voltage must be set. It is also evident that the optimal
voltage changes once the losses of the DC/DC converter are
taken into account. Furthermore, the harmonic Pv,EM,OS and
switching losses Pv,Module,Sw of the electric motor and the
inverter are depicted.
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FIGURE 4. Losses dependent on the DC-Link voltage ranging from 170 V to
800 V. The upper plot depicts the losses of the electric drive with and
without the DC/DC converter. The middle plot illustrates the harmonics
and switching losses of the EM and the 2LVSI, while the lower plot
represents the losses of the DC/DC converter. The upper and middle
graphs are normalized to losses at 800 V.

Based on the map in Fig. 3, a WLTC simulation was con-
ducted using the loss-optimal voltage. The reference is the
simulation with a constant voltage of 800 V. The graphs depict
the harmonic losses of the motor and the switching losses
of the inverter. The graphs are each normalized to the max-
imum occurring losses in the WLTC driving profile at 800 V.
Fig. 5 illustrates the significant proportion of dynamic losses
due to SVWPM in the WLTC driving profile. By reducing
the voltage, both harmonic losses and switching losses are
significantly reduced. The substantial reduction in switching
losses is attributed to the need for a large chip area in the
power module design to remain thermally compliant at maxi-
mum current. In the WLTC driving profile, very high dynamic
losses occur, which are proportional to the installed chip area.

The virtual design of the DC/DC converter used for the
calculations in this section is presented in Table 2. The de-
sign is carried out without optimization using the models
presented here to satisfy the respective electrical and thermal
constraints.

III. TOPOLOGIES
Requirements must first be defined for the DC/DC con-

verter. To enable recuperation, the circuit must be bidirec-
tional. Resonant converters are discarded due to the associated
greater component expense of the magnetic transformer. Gal-
vanic isolation would not bring any further advantages for
safety. To ensure that the DC/DC converter does not com-
pensate for the loss advantage of voltage matching compared
to the reference with its own losses, it must have very
high efficiency at all WLTC operating points. Therefore,

FIGURE 5. Simulation results of the WLTC driving profile. The upper
representation depicts the constant DC voltage of 800 V and the
loss-optimal voltage. The middle representation illustrates the harmonic
losses of the electric machine. The lower graph displays the switching
losses of the power module.TABLE 2. Virtual Design of the DC/DC Converter With 3rd Gen. SiC MOSFET

SiC metal-oxide-semiconductor field-effect transistors (MOS-
FETs) are used for the power switches. Fig. 6 shows two basic
circuit topologies. The buck converter, as the basic circuit of
the step-down converter, has the lowest component cost but
carries a non-continuous input current. This is critical for the
input voltage ripple. In contrast to the buck converter, the Ćuk
converter also has an input inductance. The special feature
of the topology is that the energy is transferred capacitively
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from the input to the output via a fly capacitor, resulting in
an inverted output voltage. Additionally, both coils can be
magnetically coupled on one core. Other basic circuits with
similar low component complexity, such as the Zeta or SEPIC
converter, each have a pulsed input or output current. For
this reason, the buck and Ćuk converters are selected for the
Pareto-based comparison. Both converters can be multi-phase
interleaving. nphase groups, each consisting of the half-bridge
switches and the inductors, are connected in parallel and re-
combined at the input and output, as shown in Fig. 6 as an
example for the buck converter. By separately driving them
out of phase with each other by 2π/nphase, the effective cur-
rent ripple can be reduced by superposition of the individual
phase currents. The following relationship applies to the cur-
rent ripple of the buck converter:

�iLout = VBat

Lout fsw
· di(1 − nphasedi ) (1)

di = d − 1

nphase
�nphased�, (2)

where Lout is the output inductance, VBat battery voltage, fsw

switching frequency and d duty cycle [33].

IV. MODELLING
In power electronics applications, many effects must be
accounted for by loss, fluid dynamic, magnetic, and wave-
form models to enable a holistic multi-objective optimization
(MOO). For design-oriented calculations, suitable models for
multi-objective optimization must be developed. A combi-
nation of analytical and semi-analytical waveform models is
used to ensure the fastest possible computation time with an
acceptable level of accuracy [34], [35], [36], [37].

A. WAVEFORMS
For fast design-oriented calculations, all relevant state vari-
ables of the DC/DC converter are computed using time-
averaged state space models [38], [39]. Equations (4) and
(5) shown at the bottom of this page, show linearized time-
averaged state space models derived from the equivalent
circuit diagram of a single-phase buck and Ćuk converter, as
shown in Fig. 6, which also illustrates all relevant state vari-
ables. The duty cycle d is defined as the ratio of turn-on time

d

dt

⎛
⎜⎜⎜⎝

�iLout

�vDC

�vCin

�ibat

⎞
⎟⎟⎟⎠ =

⎛
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−RLout
Lout

− 1
Lout

d
Lout

0
1

Cout
0 0 0

− d
Cin

0 0 1
Cin

0 0 − 1
Lk

− Ri
Lk

⎞
⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎝

�iLout

�vDC

�vCin
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⎞
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⎞
⎟⎟⎟⎟⎠

⎛
⎝ �vbat

�iPWR

�gT1

⎞
⎠ (4)

iLout = iLout,0 + �iLout vBat = vBat,0 + �vBat

vDC = vDC,0 + �vDC iPM = iPM,0 + �iPM

vCin = vCin,0 + �vCin gT1 = d + �gT1

iBat = iBat,0 + �iBat

d

dt

⎛
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iLin = iLin,0 + �iLin iPM = iPM,0 + �iPM

iLout = iLout,0 + �iLout gT1 = d + �gT1

vCin = vCin,0 + �vCin vBat = vBat,0 + �vBat

vDC = vDC,0 + �vDC

vCfly = vCfly,0 + �vCfly

iBat = iBat,0 + �iBat
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FIGURE 6. (a) Buck Converter with HV-network and battery, (b) Ćuk Converter with HV-Network and battery, (c) Buck Converter simplified with 2LVSI,
(d) Ćuk Converter simplified with 2LVSI. The HV-network and the internal resistance of the battery are modeled by Ri and Lk , which are important for the
analysis of resonance effects. Both converters use the input capacitor of the 2LVSI as an output capacitor, as this provides a sufficient energy buffer for
each DC/DC converter design, since it typically has a value of 500–800 μ4F due to the large phase current and low switching frequency at the corner
point at maximum power of the motor map. The DC/DC converters are used in the WLTC cycle and otherwise bypassed by a suitable bypass.

to the period of a switching cycle Ton/T of the gate signal gT 1

for both topologies. The small signal approximation is only
valid for small current and voltage ripples. The waveforms of
one fundamental electric period calculated by the state space
model are validated in a SPICE SIMetrix simulation. The
calculation is performed in the frequency domain to account
for frequency-dependent parameters, such as the real relative
permeability of the inductor, serving as a scaling factor for
each harmonic of the signal in the quasi-steady state. Due to
linearity, the output variable results from the superposition
of the individual transmitted input variables. An operating

point with all relevant state variables, losses, and temperatures
can thus be calculated in MATLAB on a standard industrial
computer in less than 300 ms.

B. LOSSES
The relevant loss effects in the DC/DC converter include
losses occurring in the semiconductors, the capacitors, the
core, as well as the core winding. Since these effects are
well-researched, this paper will only briefly touch upon
them. For a more in-depth study, relevant literature is refer-
enced. The foundation for calculating losses lies in waveform
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models, which are crucial in power electronics. When com-
bined with knowledge of component behavior and material
parameters, these models allow for quick calculation of
losses.

1) POWER MODULE
The losses in the power modules consist of the conduction
losses Pv,Cond and the switching losses, which are further
divided into v-i overlap switching losses Pv,Sw and the COSS
losses due to charging and discharging the output capacitance
of the semiconductors Pv,SwCoss. The on-state losses are cal-
culated using the channel resistance RDS in the first and third
quadrants, depending on the current direction and the junction
temperature TJ.

Pv,Cond =
√

1

T

∫ T

0

(
RDS(IDS, TJ ) · i2DS

)2
dt . (3)

The switching energies Esw = Eon + Eoff and their dependen-
cies on drain current IDS, DC-Link voltage, voltage switching
gradient dv/dt , and junction temperature are extracted from
simulative double-pulse tests with behavioral SPICE models
provided by the semiconductor manufacturer. The integration
bounds of the waveforms in the double-pulse test are set based
on IEC 60747-8. By accumulating the switching energies over
the current waveform of a fundamental electrical period iDS,
the switching losses can be calculated, where nchip is the
number of parallel chips per topological switch. Since the
current commutates to one of the two body diodes during the
dead time, the reverse-conducting MOSFET enforces quasi-
zero-voltage switching (ZVS). In this paper, it is assumed that
complete ZVS occurs. Therefore, the switching losses can be
halved [40].

Esw,High = fel

fsw
·
∑

Esw

(
VBat, iDS,HS, TJ, dv/dt

)
(6)

Esw,Low = fel

fsw
·
∑

Esw

(
VBat, iDS,HS, TJ, dv/dt

)
(7)

Pv,Sw = nchip · fsw · (Esw,High + Esw,Low). (8)

In addition to the v-i overlap losses, also capacitive switching
losses appear

Pv,Coss = nchip fswCoss,QqV 2
DC (9)

due to the discharging and charging of the parasitic output
capacitance Coss across the channel [41], which can be calcu-
lated from the charge equivalent output capacitance [42]

Coss,Qq =
∫ VDC

0 Coss dV

VDC
. (10)

Fig. 7 displays the relevant semiconductor properties that are
pertinent for electrothermal loss calculations. As mentioned
earlier, the switching energies are extracted from a SPICE
behavioral model provided by the semiconductor manufac-
turer. This is highly advantageous when various dependencies
need to be extracted. All remaining data is obtained from

FIGURE 7. Relevant semiconductor data for the thermally coupled loss
model: (a) Displays the on-state resistance in the 1st and 2nd quadrants.
(b) Shows switching energies at VDC = 400 V and dv/dt = 5 V/ns.
(c) Depicts the temperature dependence of on-state resistance as a
normalized factor. (d) Illustrates the temperature dependence of switching
energies as a normalized factor. (e) Shows the dependence of switching
energies on the switching rate at VDC = 400, V and IDS = 140A. (f) Depicts
the voltage dependence of switching energies at IDS = 140A. (g)
Demonstrates the voltage-dependent output capacitance COSS. (h) Displays
the stored charge in the output capacitance COSS. It should be noted that
all data plotted dependent on electrical parameters are always given at a
constant temperature of TJ = 25 ◦C. dv/dt represents the switch-off
gradient (10–90)%.

static SPICE simulations or digitized from the manufacturer’s
datasheet. Since the component physically exists, and both
the SPICE model and datasheet information are based on
measurements, the confidence level in the accuracy of the
loss model is very high. Fig. 8 depicts the waveform model
for conduction losses. The current per semiconductor com-
ponent is calculated based on PWM and current ripple. The
effective on-state resistance is extracted from semiconductor
data using lookup tables based on the component’s average
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FIGURE 8. Waveform model for conduction losses. The upper
representation shows the currents iT 1 and iT 2 in a buck converter and the
corresponding resistance at mean current and TJ = 25◦C. The lower
representation shows the respective switching energies that can be
extracted from semiconductor data in the form of a lookup table.

FIGURE 9. Waveform model for switching losses. The upper
representation shows the current iT 1 in a buck converter and the
corresponding switching time points. The lower representation shows the
respective switching energies Eon and Eoff .

current, as shown in Fig. 7. Losses are calculated using (3).
Thermal feedback is taken into account according to Fig. 12.
Fig. 9 illustrates the waveform model of the buck converter
for a high-side switch, used for calculating switching energies
according to (8). Based on the current waveforms of individ-
ual switches, switching energy is extracted at the respective
switching time points using a lookup table. The same proce-
dure is applied for other switches and topologies.

2) CHOKE
In the choke coil wound with round copper wire on a
nanocrystalline toroidal core, the losses are composed of the
copper losses Pv,Cu and core losses Pv,Core. In the copper
losses, both the DC and AC components are considered due
to the skin effect. The core losses can be calculated using the
Steinmetz parameters, the magnetic flux density B in the fre-
quency domain, and the core mass mCore [43]. Fig. 10 shows
the core loss model waveforms.

Pv,Core = mCore · k · f α · Bβ (11)

To ensure that the DC component at f = 0 is also con-
sidered, the Steinmetz parameters are adjusted according to

FIGURE 10. Waveform model for inductor losses. (a) Current and flux
density. (b) Frequency-dependent inductance. (c) Amplitude spectrum of
the current, DC losses, and accumulated AC losses. (d) Amplitude spectrum
of the flux density and accumulated core losses.

FIGURE 11. Waveform model for capacitor losses. (a) Capacitor current.
(b) Amplitude spectrum of the current and accumulated resistive losses.
(c) Frequency-dependent ESR.

the DC bias [44]. Linearization of the hysteresis loop up to
the saturation flux density Bsat provides a sufficiently good
approximation in the context of multi-objective optimiza-
tion [46].

3) CAPACITORS
The polypropylene film capacitors at the input and output
use the DC-Link capacitor CDC connected in parallel via the
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FIGURE 12. Thermal feedback routine for temperature-dependent power
loss calculation.

bypass. Since these capacitors only carry the alternating com-
ponents of the current, the losses can be determined by the
capacitor current iC and the frequency-dependent equivalent
series resistance (ESR) in the frequency domain. The ESR is
extracted from the manufacturer’s K-SIM online design anal-
ysis tool for a single capacitor. The ESR is scaled according to
the number of paralleled capacitors ESR/ncap to achieve the
overall required capacitance.

Pv,Cap = 1

2 · ncap

∑
f

ESR( f ) · FFT{iC}2( f ). (12)

Fig. 11 shows the capacitor loss model waveforms.

C. THERMAL
The thermal models are needed, on the one hand, to pro-
vide feedback to the electrical loss model in order to adjust
temperature-dependent parameters accordingly [45]. Fig. 12
shows the implemented electrothermal model, which is real-
ized by a for-loop in Matlab. On the other hand, maximum
temperatures of individual components form the boundary
conditions for the design. For the polypropylene film/foil
capacitors used, the static thermal resistance is taken from
the online library of various capacitor manufacturers. For
polypropylene material, the thermal coefficient for the ESR
is negative; therefore, the thermal feedback can be neglected.
With the nanocrystalline core material Vitroperm 500 F/550
HF from Vacuumschmelze, the thermal feedback can also be
disregarded in an initial design to keep the model complexity
low [47]. The parameters of the used semiconductors show
a strong dependence on the junction temperature; therefore,
a feedback model is necessary. Fig. 13 shows the one-
dimensional stack structure of a chip with a copper heat sink
and direct water cooling. The steady-state junction tempera-
ture is calculated based on the fluid temperature Tfluid and the

FIGURE 13. Equivalent thermal circuit diagram of one-dimensional heat
sink with water cooling.

FIGURE 14. CFD simulation of a simplified choke where the core losses
are distributed homogeneously over the volume, and thus, no local
saturation effects are taken into account.

losses per chip Pv,Chip.

TJ = Tfluid + Pv,Chip ·
∑

i

Rth,i, (13)

where Rth,i is the thermal resistance of each layer. The ther-
mal transfer coefficient α = 15000 W/(mK2) is validated by
a computational fluid dynamics (CFD) simulation and is a
typical value for automotive power modules cooled with a
50/50 water/glycol mix at volume flow rates from 6 l/min
to 12 l/min, depending on the cooling structure. The choke
with a core and copper winding is modeled in an analogous
way with a homogeneous copper layer. For forced air con-
vection with a fluid velocity of 10 m/s, the CFD simulation
provides a thermal transition coefficient α = 100 W/(mK2).
This extracted heat transfer coefficient is used for an analytical
lumped RC thermal model. The results for one operating point
are shown in Fig. 14. Fig. 15 displays a pie chart with the
percentages of the loss mechanisms of an exemplary four-
phase buck converter at the high-load point at VDC = 170 V.
The bar chart compares the total losses of the e-drive with the
reference. This shows that the DC/DC converter compensates
for half of the loss advantage in the drive with its own losses.
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FIGURE 15. Loss distribution of the DC/DC converter (pie chart) and
comparison of e-drive losses to reference (bar chart). It can be observed
that using the DC/DC converter at a reference point reduces the losses in
the inverter and the electric machine. The losses of the DC/DC converter
do not offset the savings, resulting in an overall increase in the system’s
efficiency.

V. DESIGN
For the hardware design, there are a total of seven degrees of
freedom, consisting of six hardware design parameters and the
global switching frequency of the converter. Both converter
topologies, the core geometry with core material, and the
modulation method are available as specifications. Geometric,
magnetic, electrical, and thermal constraints are imposed on
the DC/DC converter [48], and these are listed along with
all degrees of freedom and specifications in Table 3. In order
to make the best use of the seven degrees of freedom, it is
advisable to design the DC/DC converter using MOO tech-
niques [49] to meet the requirements of the WLTC. In this
process, the design space is transformed into the performance
space, considering quality criteria such as efficiency ηDCDC
at the high load point, mass, volume, power density ρDCDC,
chip area AChip, material costs of the converter, and energy
efficiency, or the WLTC range gain �ηWLTC of the EV in
the WLTC cycle. MOO not only aims to find the optimal
design that balances several objective functions but also fa-
cilitates a fair comparison between different topologies using
appropriate objective variables. It highlights sensitivities and
trade-offs during the design process, contributing significantly
to technology understanding.

For integrating the loss and design models in Matlab, a
genetic optimizer is a suitable choice. In principle, in a model-
based design, each individual component can be iteratively
designed for electrical, magnetic, and thermal boundary con-
straints independently. However, since all components of the
DC/DC converter are interconnected via individual variables
such as the choke current, an independent iterative design is

TABLE 3. Specifications, Degrees of Freedom and Design-Relevant
Constraints

only possible when certain degrees of freedom are fixed. This
approach may lead to a loss of performance.

Therefore, a brute-force approach is chosen here, which
restricts the design space only by nonlinear boundary condi-
tions as well as upper and lower bounds. Fig. 16 illustrates
the schematic structure of the design routine, implemented in
Matlab. The gamultiobj genetic algorithm, a variant of NSGA-
II, is used for MOO. Constraints are evaluated based on the
degrees of freedom and specifications from Table 3. Once
all constraints are satisfied, quality criteria (e.g., Efficiency,
WLTC consumption) are assessed using a fitness function.
In cases where constraints are not met, the optimizer adjusts
the degrees of freedom independently until compliance is
achieved.

To simplify the optimization problem and reduce its com-
plexity, the capacitors are designed iteratively within the
optimization process. Capacitor losses have a minimal impact
on efficiency. Therefore, designing for the minimum possible
capacitance at the design switching frequency while satisfying
the constraint consistently leads to maximum power density.
Also, the DC/DC converter utilizes the inverter’s DC-link
capacitor as its output capacitance, and the constraint that the
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FIGURE 16. Simplified MOO mission profile based design routine for a
DC/DC converter.

DC/DC output capacitance must be less than or equal to the
DC-link capacitance must be met. The input capacitance is
designed based on the constraint of maximum voltage ripple.
Because of this constraints, the design of the capacitor in
the DC/DC converter is limited by the design of the 2LVSI
DC-Link capacitor. The design point is a worst-case point in
terms of power losses, electrical waveforms and maximum
steady-state temperatures. This design point corresponds to
the high load point of the WLTC with a maximum mean
choke current of IL = 230 A. The output power in the WLTC
is at its maximum, reaching Pmech = 62 kW at this operating
point. For the worst-case scenario, a maximum current ripple,
independent of the output level, is assumed.

VI. COMPARISON
A. CORE GEOMETRY
First, an optimal core geometry with material is selected for
both topologies. In this process, ten nanocrystalline core ge-
ometries from the manufacturer Vacuumschmelze [50] are
multi-objectively optimized for minimum high-load DC/DC
converter losses Pv,DCDC and weight mDCDC . The Pareto
fronts for the buck converter are shown in Fig. 17. This in-
dicates that the L2102-V346 Vitroperm 550 HF core exhibits
the highest performance for the buck converter and is used for
further optimization.

B. TRADE-OFF HIGH LOAD VS. WLTC EFFICIENCY
Fig. 18 shows a 3D Pareto front of the buck converter with
8 kHz-SVPWM inverter control, with each design parame-
ter shown in a separate color. The chip area is chosen as
the third target parameter, which predominantly determines
the material costs. As is typical in power electronics, the
power density increases with increasing switching frequency,

FIGURE 17. 2D Pareto front of DC/DC converter losses Pv,DCDC vs. converter
weight mDCDC for the buck converter with different core geometries using
nanocrystalline Vitroperm 550 HF material from Vacuumschmelze.

FIGURE 18. 3D η-ρ-AChip Pareto front of the buck converter with 8 kHz
SVPWM inverter control and L2102-V346 core considering high-load
efficiency. The relevant parameters of the DC/DC converter design are
shown in the colormap.

whereas the high load efficiency decreases. The six-phase
converter achieves the highest efficiency. Despite the larger
DC copper resistance, a high number of windings is more
efficient in the overall optimization, which is due to the lower
current ripple. The air gap to be sawed into varies only slightly
but ensures the right balance between saturation current and
inductance of the coil. Fig. 19 shows the same MOO with
the high load efficiency replaced by the WLTC efficiency. In
contrast to high load efficiency, WLTC efficiency optimisation
requires the chip area to be reduced to the minimum thermally
permissible area in order to achieve the highest range gain.
This can be justified by the fact that the switching losses dom-
inate on average in the WLTC cycle, which behave linearly to
the chip area in a simple approximation.
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FIGURE 19. 3D �ηWLTC-ρ-AChip Pareto front of the buck converter with
8 kHz SVPWM inverter control and L2102-V346 core considering WLTC
energy efficiency of the overall e-drive with the buck converter. The
relevant parameters of the DC/DC converter design are shown in the
colormap.

FIGURE 20. 2D Pareto-based comparison of the Buck and Ćuk converters
with the L2102-V346 core. For the Buck converter, the two Pareto-optimal
designs are shown for 8 kHz-SVPWM and CP3 inverter control.

C. TOPOLOGY AND MODULATION METHOD
For the comparative analysis, both DC/DC converter topolo-
gies are optimized for maximal WLTC efficiency, power
density, and minimal chip area using 8 kHz SVPWM inverter
control. Fig. 20 shows that the buck converter clearly outper-
forms the Ćuk converter in all three performance parameters.
The efficiency disadvantage of the Ćuk topology is due to the
necessary serial connection of two 1200 V MOSFETs in series
to block the high fly capacitor voltage VCfly = VBat + |VDC|.
When combined with the buck converter with CP3, the WLTC
range can be increased by up to 4 % compared to the refer-
ence. However, using this modulation method can result in
very low switching frequency in the WLTC range, which may
affect the stability or dynamics of the current controller and

FIGURE 21. Parameterized trajectory of the Pareto front of the Buck
converter with 8 kHz-SVPWM inverter (solid line) and CP3 control (dashed
line), both with the L2102-V346 core. The upper-left representation shows
the losses for the Buck converter with 8 kHz-SVPWM inverter, and the
upper-right shows losses for CP3 control.

lead to abnormalities in the acoustics of the electric drive.
Therefore, the use of higher-order modulation methods such
as quintuple clocking or more may be necessary. For a detailed
analysis of the buck converter with 8 kHz-SVPWM and CP3
inverter control, the design points on the Pareto front are
shown as a parameterized trajectory in Fig. 20 and Fig. 20,
inspired by the representation in [35], [36]. The x-axis corre-
sponds to the Pareto points from left to right, with decreasing
WLTC efficiency. While the copper TCu and core TCore steady-
state temperatures at the high-load point are not critical, the
semiconductor chips are designed to the thermal limit.

VII. CONCLUSION
This paper presents efficiency optimization using a variable
DC-Link voltage for an 800 V system. It is shown that in
modern electric sports cars, only lowering the voltage causes
an increase in efficiency. The gear ratio is designed such
that no field weakening operation occurs in the WLTC cycle.
The effect of the operating point efficiency-optimal DC-Link
voltage is investigated based on the WLTC cycle. Two DC/DC
converter topologies are virtually designed to provide the vari-
able voltage. Based on a requirements analysis, the DC/DC
converter is designed for customer-oriented operation only.
With multi-objective optimization, it is shown that a range
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increase of up to 3% is possible with SVPWM inverter control
for the Buck converter at a power density of 5 kW/kg. For the
Ćuk converter, a range increase of 3% is possible at a power
density of 3 kW/kg. This paper shows that optimizing the
converter to one efficiency point does not lead to the optimal
design for a converter used for variable-speed drives. There-
fore, for the optimizations, the complete cycle must always be
calculated for a virtual design to obtain energy efficiency. The
application of other modulation methods in the inverter also
leads to a change in the performance space of the designed
DC/DC converter. With CP3 modulation, a DC/DC converter
is designed, which results in a range increase of 3% at a power
density of approximately 8.3 kW/kg.
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