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A b s t r a c t A h a r g i n g  batteries in electric vehicles is the subject 
of several recent papers. These include electric safety, the weight 
of an on board charger, different types of chargers needed by 
dinerent types of batteries, low line disturbance with high 
efficiency, and  the influence of the charging process on the 
lifetime of the battery. Another important problem is the 
communication between the vehicle and the outside world 
during the charging process. This paper describes a system 
combining energy transfer and signal transmission in one unit, 
which is able to solve all of the above mentioned problems. 
Minimal power electronic components a re  inslalled in the 
vehicle. The system uses contactless energy transmission 
employing a n  inductive high frequency coupler. The charging 
process is monitored and controlled by an  on board charge 
meter, which can communicate with the converter outside of the 
vehicle via the signal transmission included in the inductive 
coupler. A laboratory set-up able to transfer up to 5kW was 
build to demonstrate the performance of the system. The 
efficiency of the overall system including all filters, converters, 
and rectifiers is a t  a power level of 5kW better than 92%. The 
used gelled lead acid battery, 35Ah and 288V, was made from 
24 battery modules. 

1. The New Motivation to Run Electric Vehicles 

Recently the interest on electric vehicles increases very much. 
Due to the new laws it is the first time that the environment 
for development and producing electric vehicles is stable. The 
renewed Clean-Air-Act of Califomia forces the car makers to 
sale more than 2% of their c m  in 1998 as zero emission cars 
and 2030 more than 10%. Therefore it makes sense 
economical to develop new electric vehicles. 

All big american car makers (Chrysler, Ford, General Motors) 
developed prototypes of electric vehicles and working on 
salable c m  today. The main task is to get the best operation 
behavior of the battery. On one side it is of interest to 
increase energy density of the battery 141, on the other side to 
increase the lifetime. However, a battery monitoring system 
has to be installed and an optimal charging process has to be 
implemented to reach these goals /1/,/2/,/3/J5/,/6/J13/. 

The activities in the field of battery research increased very 
much. Today no save decision can be made which kind of 
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battery is the best for electric vehicles. In addition for dif- 
ferent cars the energy storage capability has to be different. 
Due to these constrains a battery charger for electric vehicles 
has to be flexible. 

I .I The Contactless Charging System 

To achieve a high lifetime of the battery, the battery charger 
and the charging process should adapted perfectly /U. An On- 
Board charger can solve these problems, however the volume 
and weight of this charger is proportional to the charging 
power. For example the weight of a modem 3,5kW On-Board 
charger is about 15kg to 20kg (331bs to 441bs) /9/,/10/. An on 
board cord with a plug is used to connected the charger to a 
230V household outlet. To achieve quick charging ability if 
the battery is completely discharged, results in a very high 
weight penalty. 

Figure 1: Structure of the Contactless Charging System 

A charging system as shown in Figure 1 can be used to over- 
come the above mentioned problems. The contactless 
charging plug (CCP) is the key component in the system 
(Figure 1). It allows to transfer power and information in one 
compact unit. The energy is transferred inductively at a 
frequency of 25kHz. By variation of the tums ratio an 
adaption on the battery voltage can be achieved. To realize 
unity power factor and to get low line disturbances, the 
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convert has to have sine wave input currentFor information 
transmission the system provides two independent channels 
with a bandwidth of lMHz each and a carrier frequency of 
25MHz. They are used by the charge meter to transmit refer- 
ence and measured values and to receive general information 
like amount of transferred energy and the price. 

The charge meter is implemented as software on a PC- 
compatible microcontroller (V25). The information channels 
are used by the serial communication link (RS232) between 
the charge meter and the charge controller. The charge meter 
is sensing the battery current, temperature and module 
voltage. These are inputs of a Kalmann-Filter /2/ which 
calculates an estimation of the left charge and the lifetime of 
the battery. During charging the charge meter generates 
reference and measured values of the battery voltage and 
transmits them to the charge controller. 

The charging process is controlled by the stationary charge 
controller. This structure allows to charge all kind of batteries 
in an optimum manner. Reference and measured value are 
generated by the charge meter. Only the current is controlled 
by the stationary part, because this dependents on the current 
capability of the converter. 

2. Contactless Charging Plug (CCP) 

This CCP (Figure 2) is basically an inductive coupler made 
from pot cores. 

Indchaana 

Figure 2: Contactless Charging Plug (CCP) 
The contactless charging plug (CCP) shown in Figure 2 
contains a femte potcore tr'ansformer and an integrated 
information transmission. One of the two halves belongs to 

the car, the other one to the stationary charging system. A 
similar system for robots is proposed in /14/,/15/,/16/J17/. 

The printed circuit boards placed near by the air gap provide 
signal transmission channels. The inductive channel as well 
as the capacitive channel is independent from the other and 
also from the field produced by the windings used for energy 
transmission. A data rate of up to lMBit/sec is available in 
each channel besides the power transmission of seven1 kW at 
the Same time. This combined energy and signal coupler was 
introduced in /18/. 

2.1 Inductive Energy Transmission 

The inductive coupler for the energy transmission was made 
from the largest available potcore. The exact dimensions, 
including former and antennas, are shown in Figure 3. The 
recommended application for this potcore is the inductive 
switch. The ferrite material is N22 /19/, which is somehow 
similar to the material N27. 

w I It4 I 
Figure 3: The Inductive Coupler 

To investigate the influence of the air gap on the magnetic 
field, a finite element analyses was applied. The used 
software package was EMAS from McNeaVSchwendler. 

The chosen air gap was 0.2". In Figure 4 a plot of the 
main field is shown: Figure 5 shows the leakage field. The 
length of the arrows is proportional to the value and the 
direction indicates the orientation of the magnetic field. 

The disturbances in the main magnetic field caused (Figure 4) 
by the air gap is neglectable. However the field intensity is 
not constant over the magnetic path. Especially at the inner 
comer the value of the induction gets very high. This is 
caused by the geomem of this core. The cross section areas, 
where the flux has to go through, are extremely different. The 
cross section area at the inner comer is only 24% of the outer 
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air gap area. Also the inner air gap area is smaller than the 
outer one (58% of outer area). 

Figure 4: Plot of the Magnetizing Field, Air Gap 0.2" 
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Figure 5:  Plot of the Leakage Field, Air Gap 0,2mm 

The leakage field (Figure 5 )  is like the main field not 
effected by the air gap. The leakage flux path goes through 
the ferrite. The intensity of the flux is effected by the 
geometry, as seen in the main flux. 

The total flux through the core is the superposition of both. If 
the leakage and the main flux are not phase shifted, the total 
flux becomes higher than the magnetizing flux. The losses in 
the material are dependent of the highest value of the total 
flux. This is a principle disadvantage of this type of core. In 
/13/ a new type of transformer (coaxial wound transformer) 
is proposed, which overcomes this problem. 

2.2 Information Transmission 

Two different channels to transmit information are available. 
The inductive channel consists of a single turn winding (s. 
Figure 2) in each halve, which have no flux linkage with the 
main flux for power transmission. The windings have no 
common intersection with the flux leading air gap areas in 
the inductive coupler. 

Figure 6: The Inductive Channel 

The equivalent circuit of the inductive channel is shown in 
Figure 6. This channel is physically an air transformer inside 
the femte transformer. The coupling between these 
transformers is neglectable. The slot flux caused by the main 
field is practically zero (Figure 4). The leakage flux in the 
area of the air gap has a high value. However its direction is 
perpendicular to the winding area of the inductive antenna. 

The capacitive channel is made by lamellated plates 
(Figure 2). The lamellation is necessary due to the field of 
the inductive channel to reduce damping, not due to the 
energy transmission. Assuming a very thin copper layer, there 
is no field to cause eddy currents in the capcitive antenna. 
To &couple the capacitive channel and the electric field of 
the winding for energy transfer, a shield is used. The shield 
can only cause common mode signals. 

I I C S  ! 

Figure 7: The Capacitive Channel 

The capacitors C, (Figure 7) can be used to transfer a 
differential mode signal to transmit information. The parasitic 
capacitors C, are caused by the shield. 

The measured transfer characteristics for both channels is 
shown in Figure 8. The channels both have band pass 
characteristic. At about 25MHz the channels have the lowest 
damping. Therefore the carrier frequency was chosen to 
25h4Hz. The signal to noise ratio was measured with more 
than 2odB. 

1023 

Authorized licensed use limited to: University of Maryland College Park. Downloaded on May 14,2026 at 21:43:15 UTC from IEEE Xplore.  Restrictions apply. 

IPR2026-00379 
Tesla EX1018 Page 3



0 

5 

- 3 0  

0 

20 1 
l5 20 25 30 

l lUI2  

Figure 8: Plot of the Transfer Characteristics of 
a) Inductive Channel 
b) Capacitive Channel 

3. The Converter 

As energy source the three phase 230V, 60Hz system is 
chosen. In regard of the amount of electric vehicles and the 
needed energy a three phase connection is recommended. In 
/11/ a new three phase rectifier is proposed. With only one 
switch power factor improvement and reduction of harmonic 
distortion is possible. The basic principle is described in /12/ 
and named "Dither Signals." 

Figure 9: Converter Topology 

The proposed converter topology for the contactless charging 
system is shown in Figure 9. A filter second order (L,,, R,, 
and Clo) is used to reduce the harmonic distortion. The boost 
choke usually placed on the DC side of the rectifier is 
distributed in the three phases (Lfl, Rf,). The boost converter 
is directly placed on the DC side of the rectifier. So fare the 
topology is identically with /1 l/. 

with the leakage inductance Lo of the transformer. This 
allows to operate the converter with nearly no switching 
losses /14/. The secondary side of the transformer is part of 
the vehicle. The battery (UBall, RBatt) is connected to another 
rectifier with a DC link capacitor q2. 

The whole system was analyzed by simulation. The relation 
between DC link voltage and total harmonic distortion (THD) 
was main point of interest. 

26 
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Figure 1 0  THD Analyses of the Line Current 

The plot shown in Figure 10 is the optimal result to achieve. 
Therefore the current I has to be just on the margin between 
continues and disconfinues mode. For example the line 
current wave form is shown in Figure 11 for to different 
levels of the DC link voltage Uzl. 

I 
U n * 

Figure 11: Line Current 
A half bridge converter is connected on the DC link capacitor 
Czl. The capacitors CR/2 are used to build a resonant circuit 
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The half bridge converter operates in resonant mode. The 
leakage inductance of the transformer (Lo) is used with the 
capacitors CR to build a series resonant circuit. The principle 
wave forms are shown in Figure 12. 

s, $ 2  

c) 8s 8s 

Figure 12: Principle Waveforms of 
a) HF AC-Voltage, 
b) Transformer Current, 
c) Pulse Pattems 

During switching, the current is very small. Only the 
magnetizing current is to switch. 

The flux components in the transformer produced by this 
operation mode is shown in Figure 13. Leakage and 
magnetizing flux are phase shifted with 90°. For example, in 
Figure 13 the induction caused by the magnetizing flux is 
200mT, the leakage induction is 20mT. As it is shown in 
Figure 13 the peak value of the total flux is never greater 
than the magnetizing flux. Since only the peak values are 
responsible for the amount of ferrite losses, the leakage field 
produces no additional losses in this operation mode. 

I I 
0 W m 170 a0 - I*) 

Figure 13: Induction Waveforms 

4. Laboratory Set Up 

The used battery was made from 24 modules. Each consists 
of six cells with a nominal voltage of 2V and a capacity of 

35Ah (EXIDE). The lowest voltage, if the battery is 
completely discharged, is about 1.8V. The highest voltage 
during charging has to be lower than 2.35V. 

Table 1 
Data of the Laboratory Set Up 

Filter-Choke Ll,=L,pL13=l ,316mH 

Filter-Capacitors C ,~20=C20=7 ,912pF 

Boost-Choke Lf1=4,=~,=1M.867pH 

Dc-Link- C z l ~ F  + 2pF 
Capacitor 

Dc-Link- C e l W O $  + 1pF 
Capacitor 

Resonant- CRR=500nF 
Capacitor 

RI 1=R,2=R13=54,7m(l 

&=&+.,= 12 l m n  

The output voltage of the converter has to be in the range of 
259.2V and 338.4V. As Seen in Figure 10 the primary DC- 
Link voltage should be as high as possible. Therefore the 
turns ratio of the transformer was chosen 1:1, because the 
half bridge converter divides the output by factor 2. The 
converter components are listed in Table 1. This values are a 
result of the above mentioned simulation. 

The switching frequency of the boost converter (switch S, 
and diode Dl& was chosen to 20kHz and of the half bridge 
to 25kHz. The line filter was designed with a natural 
frequency of 1.56kHz to damp the switching frequencies 
(>40dB) but not low order harmonics /7/,/8/. 
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Figure 14: FFT-Analyses of the Line Current 
(U,,=650V) 

A FIT-analyses of the system as a simulation result is shown 
in Figure 14. The 5* and the 71h harmonic are dominant. The 
THD is about 7.2%. 
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The transferable power through the transformer is 5kW at a 
temperature rise of about 40K. 

sinusoidal and the voltage rectangular. During switching the 
current is very low and therefore the switching losses 
neglectable. 

I 

Figure 15: Data processing structure 
The charge controller (Figure 1) is realized by a PC 
(Figure 15). The serial port (RS232) is used by the 
information transmission. The parallel port (printer port) is 
connected to a PWM controller which generates the pulse 
pattems for the boost switch and the half bridge. 

4.1 Measurements 

The above described set up was used to charge the battery 
repeatedly. In Figure 16 the plot of the battery current and 
battery voltage is shown. At the begin of charging the left 
charge in the battery was about 10% of the nominal capacity. 
Within the first seconds the current increases (Figure 16) 
until the power limit of the transformer is reached. After this 
a period of about 1S00sec follows where the current is 
constant with 1SA. The very slow decrease of the current 
within this period is caused by the constant power control. 
The battery voltage is increasing very slowly, so the current 
has to be reduced. 

1000sec/Div --> 

Figure 16: Battery Current and Voltage 

If the battery voltage is 32SV (this is less than the absolute 
maximum for safety) the voltage controller reduces the 
current. 

Spsecpiv --> 
Figure 17: Transformer Current and Voltage (P=SkW) 

In Table 2 the volume and weight is listed which is occupied 
by the car side power electronics. The needed weight is only 
10% of the weight of a modem On Board charger. 

Table 2 
Volume and Weight of the Car Components 

Weight of the CCP (one halve) 
including 0,5m wire 

1,066kg 

Weight of the rectifier at the 0 5 0 m  
battery including heat sink and 
wiring 

Weight of the DC-link capacitor 
at the battery 

0,39kg 

Total weight of components to 
install at the electric vehicle 

1,96kg 

Total volume of the components 
to install at the electric vehicle 

2Liter 

The line current at SkW charging power is plotted in 
Figure 18. The FFT-analyses of the line current is shown in 
Figure 19. The THD is 7.496, which is very much the same 
as predicted by simulation (7.2%). 

The efficiency of the whole system, including all filters, 
semiconductors and, transformer is shown in Figure 20. 

The current and voltage of the energy transmission is shown 
in Figure 17. The transmitted power is SkW. The current is 
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5. Conclusion 

2mJec/Div -> 
Figure 18: Line Current I,, (P=5kW) 
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Figure 19: FFT-Analyses of the Line Current I,, (P=SkW) 
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Figure 2 0  Efficiency of the Total System 

A new system to charge b a k e s  in electric vehicles is 
proposed. The contactless charging plug (CCP) is the key 
component of the system. Energy transmission and 
information transmission with one robust unit is possible by 
employing the CCP. 

A three phase rectifier with power factor improvement and 
only one active switch is used to control the charging process 
and to reduce the THD of the line current. 

A laboratory set up was build to verify the results of the 
simulation. Special features are the high efficiency (up to 
93%) and the very low weight of the electric vehicle 
electronic components (2kg at 5kW). 

The data processing is done by a PC, which is suitable for 
communication nets. This could be a link to the utilities to 
control peak power and rates. The information transmis-sion 
is used to transfer reference and measured values to a 
stationary charge controller. In addition a PIN code could be 
used to confm a direct billing by the utility company. 
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