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Multiport Converters for Fast Chargers of
Electrical Vehicles -- Focus on High-Frequency
Coaxial Transformers

G. Waltrich, J. L. Duarte, and M. A. M. Hendrix

Electromechanics and Power Electronics group
Department of Electrical Engineering
Eindhoven University of Technology, Eindhoven, The Netherlands

Abstract—A  bi-directional multi-port converter can
accommodate various energy storages and sources.
Therefore, a multiport converter will be a good candidate
for application as a future universal converter for (hybrid)
electrical vehicles or local distribution systems. For the
multiport converter proposed in this paper, the main design
challenge is the design of its three-phase symmetrical
transformer. In this converter, symmetry of the leakage
inductances is essential to ensure balanced three-phase
currents (transferred power). These currents are
interconnected by three single-phase high-frequency link
transformers. To realize the equality of the leakage
inductances a specific transformer design is necessary. Since
conventionally wound three-phase transformer core shapes
suitable for high-frequency are expensive and difficult to
build, a coaxially wound transformer will be designed in this

paper.

Index Terms-- Coaxial transformers, electrical vehicle,
fast charger, multi-port.

I. INTRODUCTION

As a possible alternative to internal combustion engine
vehicles, research, development and investments on
electric vehicles (EVs) is increasing and a few EVs can
be found in the market nowadays. The power train in a
full electric vehicle is mainly composed of an electric
motor, a battery, and a converter to control the power
flow between motor and battery and charge the battery.

The vehicle battery can be fast or slow charged [1]. If
the battery is slow charged the converter to manage the
power flow is inside the vehicle and it is usually called an
EV on-board charger, where the vehicle can be direct
charged from a utility grid. It can take between 6 to 8
hours to charge the battery. On the other hand, a fast
charger can charge a vehicle battery in only 15 minutes. It
is called EV off-board charger because the charger
converter is outside of the vehicle. In this case, the
vehicle battery is directly charged using direct voltage.

Fast chargers require high current in a short time and
thus the converter which manages the power flow
between grid and vehicle battery has to be able to control
the power flow and supply high currents. However, most
of the plugs, connectors and the utility grid itself are not
designed to supply high current peaks. This means an

978-1-4244-5393-1/10/$26.00 ©2010 IEEE

extra power source for shaving peak power will be
necessary. As an alternative, battery storage could be
connected to the off-board charger and be used as an
extra source. In the future grid network system the
vehicle battery and the storage battery could be connected
to the utility grid, becoming part of the system. These
batteries will be used to store and supply energy when
necessary, enhancing the performance of the utility grid.

A similar idea was proposed by [2] where a storage
battery is used to supply extra power in a fast charger
system network. In [2], only one stationary battery
storage is connected to a dc bus in parallel with many off-
board charger converters. Because the dc bus voltage is
obtained by rectifying the grid voltage, bidirectional
power flow is not possible. Thus the energy storage in the
stationary battery cannot supply the grid, this being a
drawback of such a configuration.

A converter to connect these three ports - the off-board
charger, the grid and the battery storage - is proposed in
this paper, as shown in Fig. 1.

The interconnection of the three-port converter as
proposed is achieved through a high frequency
transformer, which uses three separate windings as shown
in Fig. 1. The main design challenge of the proposed
high-power three-phase three-port converter is the
realization of this transformer, where low and symmetric
leakage inductances are essential to ensure balanced
three-phase currents (transferred power).

Transformers that can provide low valued natural
symmetric leakage are either conventionally or coaxially
wound. Since conventionally wound high-frequency
three-phase transformer core shapes are expensive and
difficult to manufacture, a coaxially wound transformer is
proposed and investigated in this paper.

To check the theoretical and simulation results, a
simple one turn and two-winding coaxial transformer
prototype was constructed. Two prototypes were made,
one using a tube of 28.6 cm long and another using two
tubes, each with a length of 14.3 cm. Both prototypes use
toroidal ferrite cores, with a relative permeability (1) of
700.
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Fig. 1. Proposed bi-directional high-power three-phase three-port converter.

Results obtained from experimental measurements
using an impedance analyzer were compared with
theoretical and simulation results, showing good
equivalence.

II. BI-DIRECTIONAL HIGH-POWER THREE-PHASE
THREE-PORT CONVERTER PROPOSAL

The proposed converter is composed of three ports: the
vehicle battery, the utility grid and the stationary storage
battery.

The storage battery port is implemented with a six-leg
inverter to have the possibility to use soft switching
techniques between the stationary storage and off-board
charger port without necessity of resonant circuits. Thus,
it is possible to avoid extra passive components
(inductors and capacitors) and also to increase the power
delivered by this port. The method used to obtain soft
switching is presented in [3]. The power flow through
these two ports is controlled by means of the phase-shift
between the two ports [4][5].

The port connected to the grid is implemented by a
cycloconverter [6], due to the necessity of alternating
current in this port. A cycloconverter was used to avoid
using a back-to-back converter with its big bank of
electrolytic ~ capacitors and inductors. In the
cycloconverter it is possible to use three different switch
configurations - a diode bridge with a single IGBT, two
anti-paralleled IGBTs with series diodes or two anti-
paralleled IGBTs with reverse blocking capability - as
represented in Fig. 1. The power flow between the

storage and grid port is again obtained through phase-
shift voltage between the ports.

In the topology of Fig. 1 all the ports are bi-directional,
giving the possibility be use the vehicle or storage battery
to supply the utility grid when it is necessary.

In Fig. 2 the current and voltage in the vehicle battery
are presented for a power level of 40 kW and a switching
frequency of 20 kHz. The bus voltage is 400V and the
average current inject in the vehicle battery is 100A.

Fig. 3 shows the waveforms of the current drained
from the grid using a phase shift of 5 degrees between the
fundamental voltage in the output of the cicloconverter
and the utility grid, again for a power level of 40kW.
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Fig. 3. Three-phase current drained from the grid when a phase shifted
of 5 degree is applied between the fundamental voltage in the output of
the cicloconverter and grid.

III. COAXIALLY WOUND TRANSFORMER

Transformers that can provide natural leakage
symmetry are either conventionally [4] or coaxially [8]
wound, as shown in Fig. 4. Since conventionally wound
high-frequency three-phase transformer core shapes are
expensive and difficult to build, a coaxially wound
transformer is proposed in this paper. Coaxial winding
techniques are commonly used in radio-frequency
transformers, offering a feasible solution to confine the
leakage flux within the inter-winding space. This
prevents the core from being saturated locally [8]. As a
result, the core and copper losses are lower, and local
heating is avoided. Furthermore, from a mechanical point
of view, this technique results in reduced forces within
the transformer and a robust construction. In [8], it has
been demonstrated that coaxial windings can lead to low
loss and low leakage inductance power transformers in
high-frequency soft-switched dc-dc and resonant
converters. Some of the important loss aspects such as the
influence of skin effect on winding resistance, the
variation of core loss caused by non-uniform core flux
density, and the choice of the dimensions and aspect
ratios for maximum efficiency were examined in [9].
Coaxial winding techniques therefore provide a viable
method for the construction of the converter transformer
in Fig. 1.

As demonstrated in Fig. 1, a multi-port three-phase
transformer can be thought of as three separate phases for
analysis purposes. Thus, the study of only one single-
phase transformer is enough in the following.

A Two windings coaxially wound transformer

To start with, the calculation of leakage inductances is
considered only for two windings: the primary winding as
an outer tube and an inner tube as the secondary, as
shown in Fig. 5. To make the calculations easier, the
secondary is considered as a solid tube.
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Fig. 5. Coaxial cable view with magnetic field profile, considering

direct current circulating in the primary winding and this same current
returning from the secondary winding.

The methodology presented in [10] was used to
calculate the leakage inductance in the coaxial
transformer. In Fig. 5, a view of the coaxial cable with
the magnetic field profile is shown.

To determine the total leakage inductance in Fig. 5 the
calculation of the magnetic field in zones 1 to 4 is
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necessary. Because the cable is coaxial, in zone 4 the
magnetic field is zero. By means of the magnetic field
values it is possible to calculate the total energy in Fig. 5
using

1

W=
2 Jvol

—=— 1
BHd,,, =—1L,,i". 1
2
After some mathematical manipulations the total
leakage inductance per meter is found to be

bt [[i““ @J[@R&) 1(2](&3’”]] @)

4(R}-R;)
where y, is the permeability of free space, which is equal
to 4n x 107 A/m, and N is the number of turns (made
equal to 1 in Fig. 5). Equation (2) was developed
considering direct current circulating in the primary
winding and this same current returning from the
secondary winding.

A 2D numerical model of the coaxial transformer in
Fig. 5 was developed with Maxwell software, to calculate
the energy in the four zones of the transformer. When a
current with the same value in the outer tube and inner
tube is imposed with opposite direction, the energy will
be concentrated in the zones 1 to 3, as shown in Fig. 6.
The numerical calculations confirm that the result found
in (2) is correct.

If high-frequency current is used, skin effects should
be considered. The magnetic field profile will change, but
it can be estimated as illustrated by the dotted line in Fig.
5. Thus, to calculate the leakage inductance at high
frequency, radii R1 and R3 must be recalculated by
subtracting the skin depth as defined by

5= |—2 3)
wa#ﬂﬂcu

where the terms w, ¢ and x,, are, respectively, the angular
frequency, which is equal to 2mf, the conductor’s

conductivity, in Siemens/meter, and the relative
permeability of copper.
The magnetizing inductance
N> (R
L. =Mln S (4)
“ 2z 8

where, p. is the relative permeability of the ferrite, can
be calculated considering current only in the primary
(outer tube) or secondary (inner tube) winding. Therefore,
all energy will be concentrated in the toroidal core, as
demonstrated in Fig. 7, and only a small amount of
energy will concentrated in zones 1 to 3. However, to
keep (4) simple, only the core was considered.

Using the same procedure, as before, the magnetizing
inductance observed from the secondary side was
calculated, leading to the same result. Once the
magnetizing and leakage inductances are known, it is
possible to determine the 2 by 2 inductance matrix of this
transformer.

A 3D model (Fig. 8) was also made to evaluate the
fringing flux from the external cables. In the next sections
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an experimental set up will be build and the fringing flux
will be compared with this model.
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Fig. 6. 2D model, developed with Maxwell software, assuming the
current in the outer and inner tubes to have the same value and opposite
directions.
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Fig. 7. 2D model, developed at Maxwell software, considering current
only in the outer tube or inner tube.

B Three windings coaxial wound transformer

The procedure explained in subsection 4 was repeated
here, however, using three windings instead of two.

A 3 by 3 inductance matrix can be calculated.
However, to obtain this matrix it is necessary to find six
parameters, i.e., the magnetizing and leakage inductances
observed from each side, as discussed in the next section.

Fig. 8. 3D model from Maxwell software.
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IV. INDUCTANCE MATRIX

Now we have a method to calculate leakage and
magnetizing inductances of a multi-port coaxial
transformer, the related inductance matrix can be defined.

Based on Faraday’s Law, the voltage across the
terminal of a winding composed of several turns,
considering the magnetic flux equal in all turns, is
defined as

-y 0, (5)

Assuming it is composed of several windings, the
voltage across a terminal winding 7 is described by

i

U, = Z%[cpﬁ,l +D,, ., (6)
J=1

where i is the number of the windings and j is the number

of turns. Thus, @; denotes the flux through the turn j of

the winding number i. The secondary index is referring to

the different currents through winding 1,2,3,...

The flux ®;; is caused by the current i through the
winding j, and is proportional to this current. Thus, it is
possible to write a matrix, normalizing the flux to the
current, as

Y N, T

I
u j=l b j=1 b ;
1 N, N, 1

' q)j2,1 . (DjZ,Z d|.
wy 2|3 Qe § L2 (4 g

I} 2 dt
Jj=1 1 Jj=1 2

where the terms in the diagonal are known as measurable
inductances and will be designed as L;. The others terms
are mutual inductances and will be addressed as M;.
Thus, the matrix can now be represented by

u, L, M, .. i

d|.
u, |=| M, L, .. = i | ®)

It is useful to define coupling coefficients as
M.

;= ©9)
V Lii ij

A Inductance matrix for two-windings transformer

Using the inductance matrix (8) it is possible to
determine the terms of a m-model transformer with i
windings. The inductance matrix

M

represents the m-equivalent circuit diagram shown in Fig.
9. In this figure we assume M;,=M,;=M.

(10)

The primary and secondary leakage inductance
equations are defined in accordance with
L,=L-NM (11)

The 2010 International Power Electronics Conference

M

L, :Lz_ﬁ (12)

respectively, based on Fig. 9.

Because the model has 4 parameters and (10) only 3,
this model is underdetermined. Some designers use this
fact set the primary and secondary leakage inductance
equal.

To measure the 3 parameters in (11) and (12) for a real
transformer, three steps are carried out: measure the
magnetizing inductance in the primary side, leaving the
secondary open, short-circuit the secondary or primary
side and measure the leakage from both sides and
measure the magnetizing from secondary side with the
primary open. Using these three steps is possible to
define the components in Fig. 9.
L-NM

| E—

LZ_ (M/]V) i

| E—

i

1 NM Nif | LN, s

primary secondary

Fig. 9. Circuit diagram of n-model for a 2 winding transformer.

B. Inductance matrix for a three-windings transformer

For a three-winding transformer the inductance matrix
is defined as

U L M, M, i
u, |=|\M, L, M, Z i |. (13)
Uy My M, L iy

The circuit diagram for the m-model using three-
winding is shown in Fig. 10.

LLZ i
| —
| I
L]
N. 2 U
17 Ly
]
| I
* secondary
u; M 1 Ly i
| I
L]
primary
N, 3 Us

terciary
Fig. 10. Circuit diagram of the n-model for a 3 winding transformer.

Because the inductance matrix and circuit diagram
both have 6 parameters, this system is therefore uniquely
determined. The 6 parameters from Fig. 10 are found to
be
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LLI_LI_M12M13 M_M12M13
M23 M23
M, M M
L,=L,- ;[ = N, = M23 (14)
13 13
M .M M
LL3 — L3 _ 13 23 ]\[3 — 23
M M

12

To calculate these 6 parameters in a real transformer, 6
steps must be carried out: measure 3 reflected
magnetizing inductances on each side, considering the
other 2 windings open, then short-circuit two windings
and measure the remaining two leakage inductances for
all windings.

For transformers with more than 3 windings a m-model
is overdetermined. The inductance matrix can, of course,
always be calculated using (8).

12

V. EXPERIMENTAL RESULTS

To check the theoretical and simulation results a
simple one turn and two windings coaxial transformer
prototype was constructed. Two prototypes were made:
one using a tube 28.6 cm long (Fig. 11a) and another
using two tubes, each with a length of 14.3 cm (Fig. 11b).
Both prototypes used toroidal ferrite cores, with a relative
permeability (u,.) of 700.

Results obtained from experimental measurements
using an impedance analyzer are summarized in Table 1.
A 3D Maxwell model was only developed for two tubes
because most of leakage inductance is concentrated inside
of the core, when one tube prototype is used. Thus, the
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TABLE 2
MATRIX INDUCTANCES FOR TWO AND THREE-WINDING TRANSFORMERS.

Two-winding transformers

Theoretical (zH) Simulation (x«H) Experimental (¢H)
2822 2823 2822 2822 27.46 27.57
28.23 28.30 2822 28.29 27.57 27.75
Three-winding transformers
Theoretical («H/m) | Simulation («H/m)

104.51 104.51 104.51
104.51 104.83 104.61
104.51 104.61 104.83

fringing flux of the prototype from Fig. 1la was
neglected.
TABLE 1
EXPERIMENTAL RESULTS FOR TWO-WINDING COAXIAL TRANSFORMER
PROTOTYPES
Leakage Magnetizing
inductance (nH) inductance (¢H)
Theoretical (1 tube) 65.13 28.22
Theoretical (2 tubes)
disregarding external cables 65.13 2822
3D Maxell software (1 tubes) - -
66.4 (internal
3D Maxell software (2 tubes) leakage) +31.21 28.34
(external leakage)
=96.61
Experimental (1 tube) 68.54 27.75
Experimental (2 tubes) 92.99 27.61

Theoretical, simulation and experimental results were
obtained at 10 kHz. Theory and simulation considered the

skin effect.
Table 2

shows the theoretical,

simulation and

experimental inductance matrix of the configuration

described in Fig. 11a.

Because a prototype of a coaxial transformer using
three windings was not yet build, Table 2 only shows
theoretical and simulation results. Since the theoretical
and simulation values were very close to each other, only
one 3 by 3 matrix is shown.

e

b)
Fig. 11. Prototype coaxial transformers using: a) one tube and b) two
tubes.
VI. CONCLUSIONS

Theoretical and simulation results were obtained for a
single phase coaxial transformer which will be used on
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each phase of a multi-port converter proposed.
Experimental results are given for one turn and two
windings. The measured magnetizing and leakage
inductances compare quite well with the theoretical and
simulated values.

Once the dimensions of the coaxial transformer and
some of its desired characteristics, e.g., number of turns
and relative permeability of ferrite, are defined the
leakage and magnetizing inductance can be accurately
calculated.

ACKNOWLEDGEMENT

The authors gratefully acknowledge the financial
support provided by the Eramus Mundus Programme and
Eindhoven University of Technology.

REFERENCES

[1] C. Botsford, A. Szczepanek. Fast Charging vs. Slow Charging:
Pros and cons for the New Age of Electric Vehicles. International
Battery, Hybrid and Fuel Cell Electric Vehicle Symposium.
Stavanger, Norway, May, 2009.

[2] W.D. Buchanan, J. F. Mohos and W. E. Rippel. Battery Charging
System and Method, U.S. Patent Number 7,256,516, Aug. 14,
2007.

The 2010 International Power Electronics Conference

[3] H. Tao, A. Kotsopoulos, J. L. Duarte, and M. A. M. Hendrix, “A
Soft-Switched Three-Port Bidirectional Converter for Fuel Cell
and Supercapacitor Applications,” Power Electronics Specialists
Conference, 2005. PESC '05. IEEE 36th, 2005, pp: 2487 — 2493.

[4] R. W. DeDoncker, D. M. Divan, and M. H. Kheraluwala, “A
three-phase soft-switched high-power-density DC/DC converter
for high power applications,” /EEE Trans. Ind. Appl., vol. 27, no.
1, pp. 63-73, Jan./Feb. 1991.

[5] C. Liu; A. Johnson; J. Lai. A novel three-phase high-power soft-
switched DC/DC converter for low-voltage fuel cell applications.
Industry Applications, IEEE Transactions. Vol. 41, Issue: 6.

[6] T. Kawabata, K. Honjo, N. Sashida, K. Sanada and M. Koyama.
High frequency link DC/AC converter with PWM cycloconverter.
Industry Applications Society Annual Meeting, 1990, Page(s):
1119 - 1124 vol.2.

[7] C. Zhao, S.D. Round, J.W. Kolar. “An Isolated Three-Port
Bidirectional DC-DC Converter With Decoupled Power Flow
Management” Power Electronics, IEEE Transactions on, vol. 23,
Issue 5, Sept. 2008, pp. 2443 —2453.

[8] M. H. Kheraluwala, D. W. Novotny, and D. M. Divan, “Coaxially
wound transformers for high-power high-frequency applications,”
IEEE Trans. Power Electron., vol. 7, no. 1, pp. 54—62, Jan. 1992.

[9] M. S. Rauls, D. W. Novotny, and D. M. Divan, “Design
considerations for high-frequency coaxial winding power
transformers,” IEEE Trans. Ind. Appl., vol. 29, no. 2, pp. 375-381,
Mar./Apr. 1993.

[10] W. H. Hayt, “Engineering Electromagnetics”, Fifth Edition,
Mcgraw-Hill Editions, 1989, pages 387-389.

3157



