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Iñigo Kortabarria, University of the Basque Country (UPV/EHU), Spain, inigo.kortabarria@ehu.eus.

Abstract

The aim of this work is to design a DC bus for
a silicon carbide power converter whose applica-
tion is the automotive sector. This power converter
works at high voltage and current levels with high
frequencies signals, so a DC bus design with low
impedance is necessary. Moreover, current has to
flow homogeneously to avoid imbalances between
bus capacitors. In order to get this goal, different
design criteria are explained. These criteria are
based on the theory of semiconductor paralleliza-
tion, where the control and equal distribution of par-
asitic impedances is fundamental to get a modular
bus structure, where the symmetrical design and
mutual coupling effect of different layers produce a
current balance over the wide and long copper ar-
eas of this DC bus.

1. Introduction

DC bus is an important component of power con-
verter to exchange current between the different
power sources. Nowadays, automotive and trac-
tion converters work at higher switching frequen-
cies producing high dv/dt and di/dt [1, 2]. These
effects are more critical in converters of silicon
carbide MOSFETs [3] than in silicon IGBT con-
verters [4], so decreasing stray impedance, espe-
cially inductances, is fundamental to avoid over-
shoots, overvoltage spikes across power semicon-
ductors and resonance effects between bus capac-
itors [5]. Apart from restricting the stray impedance
with the DC bus shape and dimensions, using a
multilayer structure [6] minimizes total parasitic in-
ductance due to coupling effect between layers.
Moreover, applying the semiconductor paralleliza-
tion technique [7] by means of the concept of a
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Fig. 1: Schematic of the DC bus with its main parts.

symmetrical design, the internal current imbalances
are reduced. These imbalance effects can produce
thermal problems in capacitors, instead of making
a modular design that can be expanded easily.

This work presents a multilayer DC bus rated at
400/500 V taking into account the parallelization
technique of power devices [8] in order to make
a balanced design between capacitors with low
stray impedances. For this, the DC bus design
is made with Keysight ADSTM software to obtain
the electromagnetic model [9] based on equivalent
S-parameters, thus this non-ideal model allows to
analyse 3D current density distribution. Finally, the
simulation results are validated with different exper-
imental measures obtained from the prototype.

2. DC bus design

The design presented in this work has the goal of
improving the DC bus behaviour by means of [10]:

a) Decreasing stray impedances, especially induc-
tances.

b) Balancing current capacitor branches [11, 12].

c) Allowing scalability to obtain a standard struc-
ture for multiple applications.

This document is the Accepted Manuscript version of a Published Work that appeared in final form in PCIM Europe 2018; International 
Exhibition and Conference for Power Electronics, Intelligent Motion, Renewable Energy and Energy Management, Nuremberg, 
Germany, 2018, pp. 1-8.  © 2018 VDE. To access the final edited and published work see https://www.vde-verlag.de/proceedings-
en/564646249.html



PCB Cells

Copper Plates( + / - )
&

(a) Bus designed by PCB and Copper Plates.

Capacitor Capacitor

Copper

SilkScreen

PrePreg

Copper

FR4

Copper

PrePreg

Copper

SilkScreen

LAYER THICKNESS

20 μm

210 μm

210 μm

210 μm

210 μm

350 μm

350 μm

20 μm

1570 μm

PCB CELLS

Copper

LAYER THICKNESS

300 μm

COPPER PLATES

Nomex
Aramid 250 μm

300 μmCopper

n

mutual coupling

current loop

(b) Multilayer stackup with the internal current loop.

Fig. 2: DC bus main structures and its multilayer substrate.
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Fig. 3: Layout of each layer of the PCB cell.

In order to take these objectives, the present design
has two main parts, as Fig.1 shows:

1. PCB Cells (Fig 2(a)): consisting of a PCB with 5
isolated capacitor cells [6]. Each cell has two ca-
pacitors (C4ATHBW5200A3NJ, 20 μF , 600 V and
29 A) in series, to get the range voltage for auto-
motive (400/500 V) and traction (1000 V) appli-
cations, and resistances (1 MΩ ) to balance the
voltage between the two serie capacitors. Fig
2(b) shows the different layers and thickness of
this power PCB (3.2 mm).

2. Copper Plates (Fig 2(a)): these two copper
plates (Fig 2(b)), with a dielectric in the middle,
connect the 5 parallel capacitor cells of PCB, re-
ducing the ripple current of capacitors, with and
homogenous current distribution [11].

In the following sections, the design criteria of each
part is explained to understand the design benefits
of this DC bus made with a PCB and copper plates.
These criteria are based on the device paralelliza-
tion technique [7, 8], specially when different cuts
are applied in order to get symmetrical paths with
stray impedances as identical as possible.

2.1. Power multilayer PCB

The capacitor cells have been designed with a PCB
multilayer structure to satisfy the next criteria:

1. The material has to show facilities and flexibility
for designers, so a PCB structure (Fig. 2(b)) is
cheaper than a lamited busbar based on copper
plates with dielectrics [13].

2. The design has to offer an easy scalability to be
applied in other power applications. For this rea-
son, this DC bus is divided in basic cells (Fig.
2(a)) to be add or subtracted according to appli-
cation requirements.

3. The power connectors must be ready for
high voltages and currents, present low stray
impedances and be easy assembly over PCB.
This way, the REDCUBE PRESS-FIT connec-
tors (300 A and 8 nH at 10 kHz) of CuZn39Pb3
(0.062e-6 Ω · cm) have been selected.

4. The design must benefit from mutual coupling
effect to reduce stray inductances, thus a mul-
tilayer structure has been defined. Inside each
capacitor cell, the current flows with opposite di-



rections through each layer due to an internal
loop (Fig 2(b)), getting a high coupling effect.

5. The current distribution inside the cell has to
be as homogenous as possible to avoid thermal
problems. Moreover, PCB designs cannot sup-
port high temperature, so an equal current distri-
bution is fundamental. With this aim, the differ-
ent layers of the capacitor cell (Fig.3) have spe-
cial cuts to get a good current distribution over
these copper areas:

a) The top and bottom layers have a cut in front
of power connector (Fig.3- 1©) to avoid a high
current in only few connector pines, so current
flows with better distribution through power
connector.

b) The four layers (top, inner1, inner2 and bot-
tom) have soft edge in the power connector
clearance (Fig.3- 2©) to avoid high current den-
sities due to vertex.

c) The top and bottom layers have wide and long
copper areas, to find a good current distribu-
tion without high current densities in borders of
these areas, rounded cuts (Fig.3- 3©) are done
to control current density instead of increasing
stray inductance.

d) The inner1 and inner2 are electrically con-
nected. Due to the current loop, inner 2 has a
higher current density. However, current must
be distributed as equal as possible between
the two inner layers, so the solution is to apply
rounded cuts (Fig.3- 4©) in inner2 to distribute
the current between the layers.

The design criteria mentioned and layer cuts in
the PCB capacitor cell produce an improvement of
current distribution as Fig.4(a)- 1© and Fig.4(a)- 2©
show. Layer cuts improve the current distribution,
but they increase the parasitic inductance of each
layer (Fig.4(b)). However, this increase of stray in-
ductance is assumable to get a better current distri-
bution. Moreover, the effect of mutual coupling in-
ductances due to internal current loop reduces the
total parasitic inductance value, as Fig.4(b) shows
in the total value, which is less than the sum of each
layer (1).

Ltotal < Ltop + Linner1 + Linner2 + Lbottom (1)

0 A/m 2 A/m

PCB Cell without layer cuts

PCB Cell with layer cuts

0 A/m 6 A/m

1

2

(a) DC current density distribution with/without cuts.
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(b) Inductance values of each layer with/without cuts.
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(c) Inductance values of between power connectors.
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(d) Resistance values of between power connectors.
Fig. 4: Capacitor cell simulations and experimental data.
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The PCB capacitor cell is a circuit with low
stray inductance (Tab.1) and low resistance val-
ues, according to simulation and experimental data.
Fig.4(c) and Fig.4(d)) compare the experimental to-
tal values (P+/P- experimental) with different simu-
lation measures between main terminals: positive-
negative (P+/P- load), positive-neutral (P+/Pn load),
negative-neutral (P-/Pn load) and positive-negative
(P+/P- short-circuit). It is important to indicate that
test and simulations are done with 1.5 Ω and 8 nH
to be able to obtain the inductance values of PCB
without high-pass capacitor effects.

2.2. Low inductance Copper Plates

These two copper plates (positive and negative,
Fig.5) connect in parallel the isolated capacitor cells
of the power PCB. As in the case of PCB capacitor
cells, the copper plates have been designed to sat-
isfy the next design criteria:

1. The structure has to present low resistance
and inductance values to minimize the total
impedance of DC bus, so two copper plates of
300 μm have been used (Fig.2(b)).

2. The mutual coupling effect has to be used in or-
der to reduce the total inductance value. For this
reason, both copper plates have to be as sym-
metric as possible with same dimensions (Fig.5).
Moreover, the current of each layer must flow

Tab. 1: Parasitic impedances values at 10 kHz.

L (nH) R (m )
PCB cell 64.8 126
Copper plates 18.4 67

17.2 68

Full structure (with stray
capacitor impedances)

30.3 145

Frequency: @10kHz
Structure

Full structure (without stray
capacitor impedances)

with different direction, so a high coupling effect
appears between both plates.

3. The plates must distribute the current as equal
as possible between capacitor branches, since
a higher current in a particular cell or a wide im-
balance between them could produce the PCB
crystallisation and capacitor thermal break. To
get these goals, the design must implement the
next cuts, as in Fig.5:

a) The holes, which connect copper plates with
the positive and negative terminals of PCB cell
power connectors, must be circles to improve
the current flowing.

b) The copper cuts must be used to make as
equal as possible the distances and dimen-
sions between PCB cells connectors and the
main power DC bus inputs/outputs.

According to these requirements, the copper lay-
ers present an improvement in the current distri-
bution due to the holes and cuts, as Fig.6(a)- 1©,
Fig.6(a)- 2© and Fig.6(a)- 3© show. The rounded
holes are necessary to be able to connect copper
plates with PCB cells. They produce by default a
good current distribution (Fig.6(a)- 2©) because cir-
cular structures are not major obstacles for current
flux. However, this current distribution can be im-
proved with the copper cuts (Fig.6(a)- 3©). These
cuts increase the stray inductance value of each
copper plate (Fig.6(b)), but they improve current
distribution. Moreover, the high mutual coupling ef-
fect produces a low stray inductance (Fig.6(b)) (2).

Ltotal < Lpositive + Lnegative (2)

Finally, different measures between the main termi-
nals (Fig.6(c) and Fig.6(d)) with/without and exter-
nal load (1.5 Ω and 70 nH) verify the low resistance
and inductance values of these copper plates, ap-
proximately, 2 mΩ and 15 nH in short-circuit.
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Fig. 6: Copper plates simulations and experimental data.
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Fig. 7: Impedance values of PCB cells + Copper plates.

2.3. Total DC bus structure

The union of the two parts of the design, PCB ca-
pacitor cells and copper plates, forms the total DC
bus structure (Fig.2(a)). The positive and negative
copper plates connect in parallel the 5 PCB cell
branches of DC bus. The stray impedance value
of the full structure is lower than each part of the
design due to this parallel connection with its cou-
pling effects [14]. For example, Tab.1 shows a com-
parative of each partial structure and the full design
taking into account or not the values of ESL and
ESR capacitors. The parasitic inductance and re-
sistance values of the full structure with/without the
stray impedance of the 10 capacitors are shown in
the Fig.7(a) and Fig.7(b), respectively.

These stray impedances of this DC bus are higher
than some market solutions, which have induc-
tances between 15-20 nH. However, these solu-
tions cannot be customized easily depending on
voltages and currents of the power applications.
In this DC bus, the current level can be modified
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Fig. 8: Current measures in copper plate and PCB cell.

adding or subtracting the number of PCB capacitor
cells and voltage levels using different capacitors.
Moreover, the design has a symmetrical layout to
balance the current in each part, so capacitors are
going to provide a similar current, the same concept
than in semiconductor paralellization.

3. Testing current balance and cur-
rent density distribution

In this design is fundamental to find a current dis-
tribution as homogenous as possible to avoid prob-
lems with PCB cell branches, since they are made
of FR4 dielectric and any current imbalance or
higher concentration can produce a thermal break-
down. For this reason, copper plates have to divide
the current as equal as possible between PCB cells.

In order to check that copper plates divide equally
the current, a signal of 16 App at 660 Hz flows
through one copper plate. Different current mea-
sures are made in the points where PCB cells have

to be connected. The results of each partial cur-
rent are shown in the Fig.8(a). These results ver-
ify that the copper plate makes a good current di-
vision, since high imbalances are not appreciated.
Moreover, Fig.8(b) shows a comparative between
the total current and the sum of each partial cur-
rent, this test indicates that losses are very low be-
cause both signals have the same amplitude. Fi-
nally, Fig.8(c) shows the current per each PCB cell
when the DC bus is connected to a power converter
with 600 V dc and a current in the inductive load
as in Fig.8(d). The signals of Fig.8(c) are similar,
without wide current imbalances, so the 5 PCB cell
branches are balanced and each one provides, ap-
proximately, the same current for DC bus.

Other important point to be tested is the current
density distribution. A single PCB cell and the cop-
per plates have been tested independently (to avoid
long computing times in ADSTM simulation plat-
form). Each part of the design is connected to a
simplified circuit emulating a power converter. This
circuit consists of a voltage source of 600 V (1 Ω
and 2 μH) and a current source of three spectral



(a) DC current density. (b) 1 kHz current density. (c) 20 kHz current density.

Fig. 9: Current density distribution at different frequencies in the layers of PCB cell capacitors.

(a) DC current density. (b) 1 kHz current density. (c) 20 kHz current density.

Fig. 10: Current density distribution at different frequencies in the positive copper plate.

components: DC (0 Hz), 1 kHz and 20 kHz with
amplitude of 200 A, 50 A and 5 A, respectively.

The current density simulations of the PCB cell
at different frequencies (Fig.9(a), Fig.9(b) and
Fig.9(c)) allow to detect areas with a higher current
density. Due to design criteria, specially internal
cuts of layers, the PCB cell does not show wide cur-
rent imbalances. In Fig.9(c), Fig.9(b) and Fig.9(c),
the critical points are PCB vias and power connec-
tors, but these always have higher current density
because of being points with high current flux.

Finally, the Fig.10(a), Fig.10(b) and Fig.10(c) show
the current density distribution of the positive cop-
per plate. The negative copper plate has not shown
because of its symmetry, which presents identical
current density values. As in the PCB cell case, due
to holes and cuts, the current does not show wide
current imbalances at different frequencies. More-
over, the Fig.10(a), Fig.10(b) and Fig.10(c) show
similar current distribution at different frequencies,
so copper plates produce a good current division
between the 5 cell branches. It is obvious that cell

branches of borders do not have the same current
than the centre branch. However, the difference is
not critical as Fig.8(a) and Fig.8(c) demonstrate.

4. Conclusions

This DC bus design, based on the parallelization
technique, gets a balanced design where each ca-
pacitor provide the same current level. According
to simulation data and experimental results, the de-
sign shows a low stray impedance with and ho-
mogeneous current distribution. These parasitic
impedances are very similar to commercial solu-
tions with the advantage of scalability and cus-
tomization.

This design has two main parts with different tech-
nologies: the power PCB and the copper plates.
The power PCB allows using the printer board tech-
nology to design the symmetric cuts in copper ar-
eas to avoid skin effects. Moreover, with the mul-
tilayer stackup is possible to reduce total stray in-
ductance thanks to coupling effects of current loop.



The copper plates allow connecting capacitor cells
of PCB distributing the total current as equal as
possible between parallel cells thanks to the differ-
ent cuts and holes over copper area of low stray
impedance.

Finally, this DC bus design is possible to expand
easily because the number of isolated cells can be
increased without modifying its design. Only the
copper plates should be changed to connect the
number of total capacitor branches.
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