Journal of Electrical Engineering & Technology, Vol. 1, No. 3, pp. 351~358, 2006 351

Analysis of the Contactless Power Transfer System Using
Modeling and Analysis of the Contactless Transformer

Myunghyo RyuT, Jonghyun Kim*, Juwon Baek* and Honnyong Cha**

Abstract - In this paper, the electrical characteristics of the contactless transformer is presented using
the conventional coupled inductor theory. Compared with the conventional transformer, the contactless
transformer has a large airgap, long primary wire and multi-secondary wire. As such, the contactless
transformer has a large leakage inductance, small magnetizing inductance and poor coupling
coefficient. Therefore, large magnetizing currents flow through the entire primary system due to small
magnetizing inductance, resulting in low overall system efficiency.

In high power applications, the contactless transformer is so bulky and heavy that it needs to be split
by some light and small transformers. So, the contactless transformer needs several small transformer
modules that are connected in series or parallel to transfer the primary power to the secondary one.
This paper shows the analysis and measurement results of each contactless transformer module and
comparison results between the series- and parallel-connection of the contactless transformer. The
results are verified on the simulation based on the theoretical analysis and the 30kW experimental

prototype.
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1. Introduction of the contactless transformer is

Nowadays, the Contactless Power Transfer System
(CPTS) is widely used in many industrial applications such
as automated guided vehicles and medical applications.
Conventional ones drag long power cables directly to
supply electrical power and produce many particles
because of mechanical friction between power cables and
the surfaces of nearby instruments, whereas CPTS delivers
electrical power to load with the help of the contactless
transformer that has no mechanical contact. In this method,
the CPTS doesn’t produce particles, thereby making it
adaptable to the industrial applications where clean
circumstances are needed such as in the case of semi-
conductors, LCDs, and PDP manufacturing factories.

Fig. 1 shows the structure of the contactless transformer,
which is composed of long primary wire and track over
many meters, several transformer cores with a large airgap,

and secondary winding wound around the transformer core.

Since these kinds of transformers have low coupling
coefficient (k) (normally lower than 0.5) because of the
large airgap, it’s very difficult to transfer primary energy to
the secondary side. Also, since primary leakage inductance
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larger than the
magnetizing inductance, significant magnetizing currents
flow through the magnetizing inductance. To solve these
problems, a high frequency resonant converter (series
resonant converter or series-parallel resonant converter)
has been widely used for the CPTS [1~3].
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Fig. 1. Structure of the contactless transformer

In this paper, the electrical characteristics of the
contactless transformer are presented using the
conventional coupled inductor theory. The contactless
transformer is constructed by adding many I-cores to make
E-shape modules so that it can be fit for the primary track.
To raise the power rating, contactless transformers have
become so bulky and heavy that they are very difficult to
handle and maintain. To solve those problems, contactless
transformers need to be split with several small core
modules to alleviate their weight and size by connecting
these modules in series or parallel. By doing so, there are
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some problems in modeling and analyzing contactless
transformer parameters used for designing CPTS. Fig. 2
shows an E-shape contactless transformer module.

1
i

Flg 2. E-shape contactless transformer module

This paper presents the analytical and numerical method
to predict the parameters of the contactless transformer and
can present design guidelines for designing the CPTS.
Furthermore, the comparison between series connection
and parallel connection of the contactless transformer is
presented. The results are verified on the simulation based
on the theoretical analysis and the 30kW experimental

prototype.

2. Analysis of Contactless Power Transfer System
2.1 Series Resonant Converter

In general, the contactless transformer has a consi-
derable airgap between the primary and secondary side and
long primary wire that does not contact directly with the
transformer core. Therefore, transformer leakage induc-
tance is by far larger than magnetizing inductance. This
results in poor coupling coefficient (k) and the overall
system efficiency is reduced. In order to minimize the
detrimental effects of large leakage inductance, small
magnetizing inductance and poor coupling coefficient of
contactless transformer, a full-bridge series resonant
converter topology is selected for CPTS.

Fig. 3 shows a contactless power transfer system that
adopts a full-bridge series resonant converter, where the
magnetically coupled coil is replaced by a conventional
transformer model containing leakage inductance (Ly),
magnetizing inductance (L,,) and ideal transformer with its

6€,97

turn ratio, “a”.

L 1:a

Contactless transformer

Fig. 3. Simplified circuit diagram of CPTS

2.2 Modeling and Analysis of Contactless Transformer

In this paper, the electrical characteristics of the
contactless transformer are presented using conventional
coupled inductor theory with self inductance (L;, L,) and
mutual inductance (M). Fig. 4 indicates a basic mode!l and
T-equivalent model of the coupled inductor theory. We
cannot ignore leakage inductance of the contactless
transformer because of low coupling factor and small
magnetizing inductance of the contactless transformer
compared with that of conventional ones. Fig. 5 shows how
to measure series inductance (L) and parallel inductance
(Lpar) of the transformer.

Lo
+ L] L] + +
¢} L Ly 6] "

(a) Basic model (b) T-equivalent model
Fig. 4. Coupled inductor theory

L-M

L-M

(b) Parallel inductance (L)
Fig. 5. Measurement of L, Lpar

We can measure self inductances, L, and L,, as Egs. (1)
and (2) from Faraday’s law, when both the primary side
and secondary side remains open. To measure mutual
inductance, M, we must measure L, and L,,, and M is
determined as Eq. (3)

Up a4

V,=L
=g dt

M
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dI dI
V,=M—L4+[,—2 2
2 dt 2 dt ( )
M = Lser - Lpar (3)
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(b) Simplified model
Fig. 6. Equivalent model of the contactless transformer

Fig. 6 shows an equivalent model of the contactless
transformer. In some cases, (L,-M) can be a negative value
because secondary self inductance (L) is less than mutual
inductance (M). To make this value positive, mutual
inductance is divided by arbitrary constant “a” [3]. In Fig.
6(a), its load resistance (Ry) is converted to AC resistance
(R,) as defined in Eq. (4) [2], and arbitrary constant “a”
(ideal turns ratio of the transformer) is shown as Eq. (5).
Here, “a” may not be equal to the actual turn ratio of the
transformer, “N,/N,”, because coupling coefficient “k”,
which is shown as Eq. (6), is less than 1. If “k” becomes
equal to 1, “a” is the same as “N,/N;” . In Fig. 6(b), L\ and
L., are the leakage inductances and magnetizing inductance
of magnetically coupled coils and are shown as Egs. (7)
and (8) respectively

2

Roe = Ry @)
_L
a=? )
M

=L ©)

M
le=L1‘7=L1(1—k2) @

Ly="=L/k* (8)

2.3 Series-Connection of Contactless Transformer

Fig. 7 shows a series-connected contactless transformer,
of which primary and secondary sides are connected in
series with each transformer module, diode rectifier, and
load resistance. Each transformer is divided into two
transformer models that are connected in series, and its
load resistance is converted to AC resistance.

+ +
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T Ry B h Rac
. + +
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Fig. 7. Series-connected contactless transformer
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Fig. 8. T-equivalent model of series-connected contactless
transformer

Fig. 8 shows the T-equivalent circuit model of Fig. 7,
where V,; and V. are the terminal voltages of the series-
connected contactless transformer. From Faraday’s law,
Eqgs. (9), (10), (11) and (12) represent terminal voltages V,
V2, Vi, and Vi related to the terminal currents I; and I,
respectively.

dl d
v, =(L1—M)d—t1+M‘—”-(II+12) '©)
dl d
V2=(L2—M)Tt2+ME(I,+12) (10)
dl d
Vp,,.=2(L,—M)—dti+zM71;(1,+12) (1)
dl,

Veee =2(Ly—M) +2M%(I,+12) (12)

dr
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Fig. 9. Simplified circuit model of Fig. 8

Fig. 9 shows the simplified circuit model of the series-
connected contactless transformer on the basis of Egs. (11)
and (12). Fig. 9(b) indicates the transformer model with
insertion of the ideal transformer.

2Ly

2L
R e

Fig. 10. Simplified model of the series-connected con-
tactless transformer

If we let 2(L_§_£ )=0, then ,_ZLz where “a” is the
a a M

ideal turn ratio of the transformer. Fig. 10 shows a
simplified model of the series-connected contactless
transformer.

From Fig. 10, leakage inductance( L, = L,—ﬂ) and
a

magnetizing inductance( Lm=£) are the measured values
a

of each transformer module. Therefore, overall leakage
inductance and magnetizing inductance of two series-
connected contactless transformer modules become twice
that of the single transformer module, leaving the ideal
transformer turn ratio “a” unchanged. From the above
mentioned result, if we connect the N number of
transformer modules in series, then its total leakage and
magnetizing inductance values become N times that of
each transformer module. Whereas, the ideal transformer
turn ratio remains unchanged.

2.4 Parallel-Connection of Contactless Transformer

Fig. 11 shows a parallel-connected contactless trans-
former in which the primary side is connected in series
with each transformer module and the secondary side is

connected in parallel with each transformer module and
load resistance that is converted to AC load resistance
using Eq. (4). Each AC load resistance is twice that of the
single transformer module because voltage related to
output is half of the total voltage.

=
’ ‘ : 2 Ra“

Fig. 11. Parallel-connected contactless transformer

Fig. 12 depicts an equivalent circuit model of Fig. 11
with its load resistance reflected to the primary side. In Fig.
12, Ly, Ly, and “a” are the measured and analyzed values
of each single transformer module just as in the case of
series-connection. With simple numerical manipulation,
Fig. 12 can be redrawn in Fig. 13 as a simplified
contactless transformer model with its secondary side
connected in parallel. From Fig. 13, the overall leakage
inductance and magnetizing inductance of two parallel-
connected contactless transformers becomes twice that of a
single transformer module as in the case of series
connection, but the ideal turn ratio of the transformer “a”
becomes “a/2”. If we extend this concept to the N
secondary side parallel-connected contactless transformer,
then total leakage inductance and magnetizing inductance
values are N times those of each transformer module.
Whereas the ideal turn ratio of the transformer becomes
“a/N”.
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Fig. 12. Equivalent model of parallel-connected contact-
less transformer
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Fig. 13. Simplified model of parallel-connected contact-
less transformer
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Table 1. Transformer parameters with N numbers of

Module

Parallel
Connection

3@5 I
e[

. . o Iia o 1
Simplified ’

Equivalent
Transformer
Model

Series
Connection

N number
series- or
Parallel-
connected
Transformer

R

N
TR

R il

i zis
&

Leakage
Inductance
L)
Magnetizing
Inductance
(L)

Ideal

Turns Ratio a'=a a'=a/N

Ly/'=NLjy Ly'=NLj

L,=NL, L,=NL,

(@

* N is the module number of the transformer

Table 1 shows each contactless transformer parameter
with N number series-connected transformer and N number
parallel-connected transformer respectively.

2.4 Measurement Method of Transformer Parameters

Fig. 14 shows the measurement circuit of the
transformer parameters. Since the contactless transformer
has a long primary wire, primary winding inductance
without transformer core is somewhat high, compared to
conventional transformers. In Fig. 14, T, represents the
transformer model containing primary and secondary
winding inductances (Lyp, Lys), and Tj, , which represents
the transformer model except for the primary and
secondary winding inductances. Here, L., and L, are
winding inductances without magnetic core, Ty, is
conventional transformer model, and L, and L, represent
primary and secondary self inductances containing L., and
L respectively.

If L. and L, represent series inductance and parallel
inductance of T;,, mutual inductance of Tj, M, is
described as;

Min _ ser ~ ~par (13)

If L' and Ly, represent series inductance and parallel
inductance of T ,, mutual inductance of T ,, M o iS
described as:

L, " —-L,,"
M, = Zser Tpar (14)
4
Here,

L, = pr + Loy + Ly (15)
Lpar = pr + Lpar + Ly (16)

Therefore,
My =M, (17)

If secondary winding inductance (L) can be ignored,
the ideal turn ratio of T .y, a4y iS the same as the ideal
turn ratio of Ty, a;, as Eq. (14)

L, _Li+L, L

a -
out
M oy L M,

= din (18)

Therefore, we can measure the parameters of T;, and T
out T€Spectively.

Fig. 15 illustrates the equivalent circuit of the contactless
transformer containing primary and secondary winding
inductances and the parameters of T;,. Here, Ly and L,, are
leakage inductance and magnetizing inductance of T;, and
“a” is the ideal turn ratio of Tj,.

Consequently, the total leakage inductance of T , is the
sum of L., and Ly, ideal turn ratio of T , is the same as
that of T;,, and magnetizing inductance of T ., is the same
as that of T,

We can measure the parameters of the contactless
transformer, when primary and secondary winding
inductance without magnetic core is measured and the
parameters of T;, with short primary wire are measured.

Mout
{ Tout oo - 5
i pr }Tin M; E

¥y

Fig. 14. Measurement circuit of the transformer parameters

L,, {Tin 1, % L
H -
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3

Fig. 15. Equivalent circuit for measurement of the trans-
former parameters
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3. Measurement Results of Transformer
Parameters

Table 2. Specifications of the contactless transformer

Winding Primary 2turns

number

Secondary | 3.5turns

Primary wire length 120m

360 mm

Core size

115mm

145mm

Primary winding

. 2uH
inductance (Lyp) 72u
Secondary winding

inductance (Lys) 2uHi
Primary winding 47 5m0

resistance

Leakage Inductance (LIk)

Leakage Inductance (LIk)

35 i i »

Table 2 shows the specifications of the contactless
transformer used in the test. Each transformer module was
manufactured with single I-type cores. Measured primary
and secondary winding inductance and primary winding
resistance are 72uH, 2uH, and 47.5mQ, respectively.

Table 3. Measurement results of the series-connected con-
tactless transformer

1 2 3
module module module
Primary self inductance
4 . 15.
(Ly=Li-Lup, uH) 5 10.5 5
Secondary self inductance
. . 100.
(L=Ly-Lo, uH) 33.8 67.2 00.3
Loer=Lger'-Lup (uH) 63.2 124.7 186.2
Lyor=Lpar Lo (uH) 15.7 30.7 45.6
Mutual inductance (M, uH) 11.9 23.5 352
Leakage inductance
1.2 2.3 3.2
(Ly, uH)
Magnetizing inductance
42 22 12.
(L, uH) 8 3
Coupling Coefficient(k) 0.88 0.88 0.89
Ideal turn ratio(a) 2.85 2.86 2.85

Table 4. Measurement results of the parallel-connected
contactless transformer

1 ) / £ /. | module | module | module
’ S Primary self inductance
15 5] : 5.4 10.5 15.5
10 : T 14 7 1— (Lp:L1"pr, UH)
' NmﬂTmsfuimerle(N) ? ' No.MTmnsfofznerNbdus(N) ’ Secondary Self
) ¢ 4 inductance 33.8 17.1 11.5
(a) Leakage inductance vs. No. of transformer modules (L=Ly-L.,, uH)
Magnetizing Inchuctance (Lrj Magnetizing Inductance (L) Lser=Lser-Lup (uH) 63.2 49.2 50.2
= /' Lpa=Lpar'-Lyp (UH) 15.7 2.2 2.7
© Mutual inductance
11. 11. 11.
i / . T (M, uH) ’ i ’
. = Leakage inductance
1.2 2.4 3.2
P (lea uH)
10 15 20 25 0 Magnetizing inductance
No. of Trarsformer Module (N) No. of Transformer Mocule (N} (L guH) g 42 81 123
ms
(b) Magnetizing inductance vs. No. of transformer modules Coupling Coefficient (k) 0.88 0.88 0.89
Ideal turn ratio (a) 2.85 1.46 0.97

Ideal Transformer Tumns Ratio (a) Transformer Tums Ratio (a)

291 - - < 25
g—808— 3
28
27

26

—

1 2 3 1

2
No. of Transformer Module (N} No. of Transformer Module (N)

(c) Turn ratio vs. No. of transformer modules
Fig. 16. Comparison of measurement results between series-
and parallel-connected contactless transformers

Table 3, Table 4 and Fig. 16 show measurement results
of the series- and parallel-connected contactless
transformer. As shown in Fig. 16, measurement results are
the same as the analysis results.

4. Simulation and Experimental Results of
Contactless Power Transfer System

A 30kW experimental CPTS prototype was built and
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tested to verify analysis and measurement results (Fig. 3).
Table V shows the parameters used in the simulation and
experiment. Parameters measured in Section III were used
in the test, too.

Table 5. Parameters used in simulation and experiment

. Primary 2turns
Winding number Secondary 3.5turns
Number of modules 3EA
Resonant capacitance (Cr) 1.32uF
Primary winding inductance (Lwp) 72uH
Leakage inductance of each module (L1k) 1.2uH
Total leakage inductance ((Lwp+3L1k) 75.6uH
Magnetizing inductance of each module (Lm) 4.2uH
Total magnetizing inductance (3Lm) 12.6uH
Ideal turn ratio (a) 2.85

Fig. 17 shows voltage gain and phase response of input
impedance according to frequency and load change using
the equivalent model of the series-connected contactless
transformer and parameters of Table V.

Fig. 18 presents simulation and experimental results of
the full-bridge output voltage and resonant current at 24kW
output power. In the figure, the simulation result and
experimental result are equivalent. This indicates that the
parameters used in the test are suitable for the contactless
power transfer system.
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(a) Voltage gain vs. frequency
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(b) Phase margin vs. frequency
Fig. 17. Frequency analysis results

(b) Experimental result
Fig. 18. Simulation and experimental results
(Vo=300V, Io=80A, Po=24kW)
(voltage: 200V/div. Current: 200A/div.)

5. Conclusion

In this paper, the electrical characteristics of the
contactless transformer are presented using the
conventional coupled inductor theory. Through analysis
and measurement, simplified models of the series- and
parallel-connected contactless transformer were induced
related to the single contactless transformer module. And,
measurement methods of the transformer parameters were
introduced and measurement results verified the analysis
results.

A 30kW experimental CPTS prototype was built and
tested to verify analysis and measurement results. The
experimental results are the same as the analysis and
measurement results.
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