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Abstract .
In order to solve the problem about the brush and slip ring in drive motor of e

magnetic pot transformer could achieve contactless excitation ener r. For
contactless energy transfer (CET) system, its research a ergy a cy quality
still remains a low level because application and res b%{ CET a t integrated,
especially how to improve transmission power andseffigiericy |s still\got#enough. First of
all in this paper, the topology of magnetic pot [ormer ilipto design resonant
compensation circuit. Secondly, mutual induﬂc@: parameter roposed by optimum

energy vehicle, high frequency power magnetic field produced by a nm arable
tr

efficiency analysis through calculation. Thir ircuit si ion model of Matlab and

3D simulation model of Ansoft Maxwell can co e finite element transient
analysis are built to verify the acc op im efficiency analysis. Lastly, the
experiment platform about CET i erator prototype is performed.

increasengxperiment and Matlab, Ansoft 3D

Although the output power c@
simulation research proved tha m efﬂc@ had a quite increase based on optimum
efficiency analysis.

Keywords: contac rgy ransfé®; magnetic pot transformer; optimum efficiency
analysis; finite eI ansient a&atlon

1. Introd

ContactleSs*€nergy
vehicle, underwate
transmission. Thi
coupling theo

ansier technique is widely used in various fields such as electric
egtiipment, portable device, etc. which has need of energy
nique can realize energy transfer based on electromagnetic
ough the combination of electronic power converter and control
technology. (And this kind of method can conquer the defects such as sliding abrasion,
touchin gK&'and carbon deposit in conventional excitation system.

T e brushless excitation, synchronous machine always adopted alternating

réqt fLAC) exciter and rotary rectifier. This technology greatly complicated the machine
%ure and control process. So some papers also report research on brushless excitation.
Nohaka S. [1] proposed a scheme with no brush and exciter. Its stator winding was two
suite of parallel three phase winding and one suite of direct current (DC) winding. This
DC winding would generate static DC magnetic field in air gap. Rotor winding could
make induced electromotive force (EMF) by cutting this magnetic field. Rotor winding
was shortened by diode and then built rotating excitation field. Obviously, excitation
current of machine was fluctuation and interrupt would even occur. Inoue K. [2] proposed
fifth harmonics of magnetic field in air gap to excite. This method was inconvenient to
adjust voltage because it needed to design suitable machine parameters and then assured
the voltage remain stable when machine ran at constant revolutions per minute (rpm).
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Fukami T. [3] proposed an approximate method which placed one suite of three phase
winding to motivate harmonics on stator. The winding was shortened by capacitor with Y
connection. These methods have much in common and there were not only synchronous
rotating magnetic field but also additive asynchronous rotating vice magnetic field.
Although these schemes could realize brushless excitation by electromagnet induction,
they weren’t widely used in industry and science because of their complicated control for
magnetic.

Therefore, new contactless energy coupling technology has been invented to
improve these detects which based on new technology about induction energy
transmission theory. The character by using induction technology is the relative
sites of subsystem are stable, and it can realize closed coupled and high
transmission efficiency [4-5]. As power electronics technology, high-frequency
electronic technology and magnetic materials are advancing dramatically and
demands of contactless power transfer of electrical equipments for
circumstances are increasing, this new energy transmission technology is
increasing [6-7]. The core device of this system to achieve contactl eléctrical
energy transmission is rotary separable magnetic pot transformer, whi tilizes the
benefit about transmission efficiency won’t be infl as%"by r eed when

e tating state.

primary or secondary winding of magnetic pot t riner ke
Figure 1 shows actual object for separable magneti @lran%for igure 2 shows

the diagram of the contactless excitatio ergy sfer system using
electromagnetic coupling theory to realize energy transfer in sgnchronous motor.
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Figure 2. Contactless Excitation Energy Coupling System
Energy coupling diagram is composed of two parts when magnetic pot transformer is

the cut-off point. On the left side of the dotted box is the synchronous motor stator, which
provided DC power by the on-board battery, as the same time it provides high-frequency
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alternating current transformer to primary winding through the high frequency excitation
inverter. Primary winding induces energy to secondary winding by electromagnetic
coupled and then provide energy to the excitation winding of synchronous motor by
synchronous rectification. Secondary winding can determine the increasing magnetic
mode or weakening magnetic mode of the synchronous motor through decoding.

3. Transformer Topology Model

In the power conversion circuit, primary and secondary windings of the transformer
model are used to describe the coupled relationship. This model is suitable for the
condition of primary and secondary tight coupled model in the transformer, primary and
secondary voltage meet the ratio of their turns, meanwhile the leakage inductance is
usually negligible [8]. Mutual inductance model is another way to describe the coupled
between primary and secondary windings of the circuit model. Induced voltage and,
coupled voltage can be fixed by mutual inductance, coupled voltage reflect the f t
of secondary to primary winding which do not need to separate the mutual induc
leakage inductance, all above is the main advantage of this model analysi

essential difference between the contactless transformer and the traditiofa former is
the coupled difference between primary and second pled. traditional
transformer, the coupled coefficient is usually betweem 0.95~0'98, and close to 1.
Contactless transformer belongs to loosely cou em, pled” coefficient is all
below 0.9, sometimes even less than 0.1 [10]. This‘ta sformeN e extensive leakage
inductance and the core always works in th ar sectio the magnetization curve.
Considering the advantages of analysis mutual \ tance model and loosely

coupled characteristic of contactless tr er, it’s ¢ applicable that use the mutual
inductance model to represent the se e tra g&quivalent circuit model. Figure
3 shows the mutual inductance m ircuit to% of contactless transformer. Where
U, is primary winding excitati age, L L, are primary winding inductance and

secondary winding inductan pectivel
transformer, R; and i

respectively, R, is the
ability to power
winding and sec

the mutual inductance of the separable
ding and secondary winding resistance
rder to improve system performance and the

, eg%fmant compensation technology is used in primary

'n@oe tively.

Figure 3. Mutual Inductance Model of Separable Transformer

4. Characteristic Analysis of Separable Transformer

4.1. Analysis of Primary and Secondary Winding Equivalent Circuit Impedance

We could get primary and secondary winding current from equation (1) and (2) when
input voltage U, is sine according Figure 4.
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h-—2 (1)
Z11 +(wM)Yyy
| —ja)MY]_lUl (2)

’ Zyp +(@M)?Yyy

Where, Z;;=R;t+joL; is primary impedance, Y3;=1/Z;;, and Zp=R,+joL,+R, is
secondary impedance, Y ,=1/Z5,.

If Z=(wM)?Y,,, primary input impedance is Z;;+Z, according equation (1). The
influence of secondary system to primary system is reflected by the Z,. In other words, Z,
represents the influence of secondary circuit load on primary circuit current in transformer
and becomes the equivalent impedance in primary circuit. There is contrary quality
between Z. and Z,,. If Zy, is inductive, Z is capactive. While Z,, is capactive, Z; is
inductive. We can ignore winding resistance in order to simplify impedance analysis
because load resistance should be much higher than winding resistance. If Z=R+jX;?
where R, and X, represent reflected resistance and reflected reactance respecv% e
could get:

w’M?R,

Re=—7 =7 *’ @
o°L5 +Rj
« __ wszMzL Q\ V @

So primary impedance reflected by secou@y circuit @paeitive impedance when
secondary circuit has no compensation. | \

4.2. Capacitance Compensation 6\ 0\@
The primary and secondar x reactancse&ﬂ\rease several times over with the
decline of coupled coeffidg% incr operating frequency of the separable

transformer [11]. In order to aCHieve % power output, the power supply voltage

©)

must be raised and the tion rat he system will be reduced greatly. In order to

eactiveqpoweér of primary and secondary circuits must be

imary coffpknsation can improve primary winding at the input

power factor, prove the quality of power supply [12]. Under the

same cond' rimary japut voltage, through secondary compensation, it can improve
the output pwer and th ission efficiency of the system.

Primary winding contactless transformer always connects with the switch of
converter, and th ary voltage will be loaded on the switch directly, so primary
winding curre ow through the switch and lead to the high rating value of voltage
and current, Thwough the resonance of the compensation capacitor C; and primary
winding iﬁ#&ance L4, it will compensate the voltage on primary winding, that is to say
the voI the compensation capacitor C; will offset the voltage on primary winding
L.p or completely and reduce the voltage stress of switching tube at the same time.

g to the conditions of primary series resonance we can get series compensation
C itor C; is:

improve the perfog
compensate. Thr

Ci=——— 5

1 (()2L1 ( )

The contactless magnetic pot transformer secondary windings are connected to the load
directly, the output voltage and current of the converter will change with the change of
load, so secondary system must be compensated. At the resonance of the compensation
capacitor C, and secondary inductance L,, we can take secondary winding as a resistance
which the output voltage doesn’t related to the load. So secondary induction voltage can
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be regarded as constant voltage source. According to the resonant conditions of secondary
series resonance we can get series resonant compensation capacitance C, is:
1
Cr=— (6)
w L2
When the series resonant compensation is used to secondary winding the reflection
impedance is:

_ 0*CIMZR, — jo°C,M 2 (1-0°C,L,)

z (7)
' (1- 0?CyL,)? + w?C2R2
When secondary compensation circuit is in resonant state:
o= ®)
JL:Co
The reflection impedance is simplified : \/0

w*M?
2, -2 v ©
The reflection impedance of secondary winding is resistance yvhen ieg’ resonant
compensation is used to secondary winding. The coup&oeﬁici@ transformer
could be got from equation (10). \/

K:\/Ef_l_z OQ \\, (10)

Magnetic pot transformer and winding siz€, a design@follows: outside diameter

on core, ide diameter 9mmxinside
diameter 4mm x height 8mm on windi ary u of turns and secondary number
of turns are 24. It will get the pararrﬂ % 1=2.76pH, L,=2.63uH, R;= R,=
0.26 Q, Series compensatio (@ or C;=C,=8.67uF. Then we could get resonant
frequency is 50kHz. Figure% the aveform before compensation and after
compensation respectively. Curtent ofi pri winding presents approximate linearity

and the core worked in r area 0 etized curve with no compensation because
transformer has large ge indugtancg. While the current of primary winding appears
erie

approximate sine\% =S ompensation. It could prove series compensation
capacitance woufdv\generate rs&@n with primary and secondary inductance, and then
effectively fweaken the ipfluence of leakage inductance. The voltage amplitude of

secondary gand rt power have raised.

Uy/(5V/dev)
—

Uy/(5V/dev)

Io/(A/dev)

1o/(A/dev)

U,/(5V/dev)

Ahermasvem P e

t/(4ps/dev) t/(4ps/dev)

(a) waveform with no compensation (b) waveform with compensation

3

Figure 4. Input and Output Waveform with Series & Series Resonant
Compensation or Not
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5. Parameters Optimized Analysis Based on Optimum Efficiency
Analysis

Electromagnet induction coupling structure is the core of contactless energy
coupling system and its principle is in accordance with common transformer.
Somewhat differently, common transformer is tight coupling model and its magnetic
flux is distributed mainly over iron core while flux leakage is little because of the
high permeability and low reluctance of iron core, so it has tight coupling extent.
But the magnetic path of CET belongs to loosely coupling model. Magnetic flux
will flow not only in the coil but also in the air magnetic path because the air gap
between primary and secondary coil is big, so CET’s flux leakage is much and
coupling extent is low. The structure of CET has seriously affected power
transmission capacity of system and reduced power transmission efficiency.

0

5.1. Propose Optimum Efficiency Analysis v
only

In order to realize optimum design of system in its totality we should co
how to improve efficiency of system as far as possible but algo vario toss such as
cost, volume, reliability, withstand voltage of implemen 3%?0 on t@n maximum
power transmission in the design process of modern st e assessment
function of system is no longer efficiency which | bjec ve ion but multiple
objective function which have allowed for above Ies @) |zed these objective
function can come to the conclusion that the system is opt order to combine with
variables of system we need a new asseﬁ indicat ause previous efficiency
couldn’t satisfy requirement[13].

It’s not the most ideal result of desi at mutual inductance by taking the
CET ’s maximum transmission po arget gn process of real system. Then a
novel synthetical assessme r, maX| ad ratio & efficiency product which
applied to CET system Was&zsed that* me disadvantage of maximum power or
efficiency as optimized factor. It oul@ze and analyze mutual inductance coupling
parameter of system, the reallzmg Il situation optimum.

We can take outp er of CET, ’s system as design target. In order to analyze easily
and eliminate sy utpu effect of input voltage, output power must be
normalized trea Suppose the ratio of actual output power to maximum output

t WI||

power, tha of system. We take ¢ as system target and load ratio &
ed according to the definition:

eff|0|ency
=nxp (11)

5.2 Optimized@al Inductance Coupling Parameter for Series&Series Type

Circuit o '

Syst iciency is just only 50% in series&series harmonic compensation circuit
und efaximum output power. System could realize maximum output power based on
@ 2d mutual inductance coupling parameter at the expense of dramatic decline of
c ‘f ency. In order to improve efficiency and guarantee certain transmission power,
designer must increase input voltage, raise system cost and decrease reliability. While
system efficiency should be improved as far as possible, cost and volume should be
reduced and then reliability would be increased in the design process of real system based
on certain transmission power. By means of analysis, expression of transmission
efficiency about CET system for series-series type is:

2712
Mo = Pss—out _ oM
ss T -
Pssfin a)ZM 2 + RO Rl
When secondary winding resistance is ignored output power is:

(12)
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®*M2UZR,
(@*M? +R,R,)?
In order to derive the relationship between output power and mutual inductance, we

could make dPg o /dM=0, So we would get optimized mutual inductance under the
maximum transmission power:

P.

ss—out —

(13)

JR R
|Vlss—opt =xol (14)

w
According to equation (15) we could know that optimum efficiency analysis would be
got while system couldn’t obtain optimum efficiency in order to realize maximum
transmission power. We could get the maximum output power according to equation (13)
and (14).

uf
et 1
4Ry \(}).
Load ratio of CET system for SS type on the basis of its definition is: ?“
40’ M?R Ry 0
Pss =
(@*M? + R, Ry)? @
Then load ratio & efficiency product is: \/
40’ ME
Sss =1Tss X Pss = \V (17)
" N+ RoRl)
Q9
dégss — d QSS) (Q (18)
dM ‘\

A e %?@ 09)

Load ratio & efficienc duct Wc&k aximum. Now output power and efficiency
re:
207
'Q\ & o 9R1 20)
O |

Nss—¢ = 3 (21)

Table 1 shows t ntrast of output power and efficiency before and after the new
indicator adopt

Pssfmax =

(16)

We could make:

When:

a

T 1. Contrast of Output Power Units for Magnetic Properties
‘( ) N Po/W nl% | MiuH K
Before & adopted U.°/4R, 50 1.62 0.6
@ After & adopted 2U,%/9R, 66.7 | 2.29 0.918
Enhancement -11.1% 33.3% | 41.4% 53%

From this table we could know CET system realized efficiency improvement of 33.3%
at the cost of output power decrease of 11.1% under maximum load ratio & efficiency
product indicator. Meantime, we can get the mutual inductance M and coupling
coefficient K according to aforementioned transformer parameters. And the mutual
inductance and coupling coefficient all obviously improved at maximum load ratio &
efficiency product.
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6. Experiment and Simulation

In order to verify accuracy of optimum efficiency analysis, the transformer
structure and CET system must be carried out simulation and experiment analysis.
We could make mutual inductance reach the requirement of maximum output power

and optimum efficiency analysis by adjusting air gap of transformer to control
coupling coefficient.

6.1 Maximum Transmission Ability Research Based on Optimum efficiency
analysis

Figure 5 shows simulation model which is built on the basis of work condition.
Mutual inductance of separable transformer would be assured based on maximum
transmission power and optimum efficiency analysis respectively and then
synthetical transmission performance of system would be analyzed.\

|
Mosfetl Eﬁ

FWM Generator

.
iV

N
e &
PWM Generator - A O Mosfeta
Mosfet3 ﬁx \

FigureQ@atiop @el of CET System

We could put parametges, which s@aximum transmission power and harmonic
status into S|mulat|0n Figure 6 shaws the simulation waveform. U, is load voltage.

I, is load current. ‘Q rare mpu%ltage and current respectively.

UV

AVAVAVAVAVAVAVAVA

N =
Bobbbomso®b
T T

o

0 0015 Vm‘ 0.045 0.06 0.075 0.015 0.03 0.045 0.06 0075
t/ms t/ms

O igure 6. Output Waveform in Maximum Output Power

hase of load current and voltage is accordance under ideal circumstance from
orm. Then the efficiency of system is :

Py Ugl, 12x35

Tomax = o =G T 12x7.3

The transmission efficiency is more low in the mode of maximum output power.

Optimum efficiency analysis indicator of transmission ability must be considered in order

to obtain overall situation optimum. Mutual inductance coupling parameter of contactless

transformer could be assured by equation (20), and then altered the transformer
parameter. Figure 7 shows the simulation waveform in optimum efficiency analysis.

=47.9% (23)
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Figure 7. Output Waveform in Optimum Efficiency Analysis

The waveform sequence of Figure 7 and Figure 8 is accordance, and the phase of
output voltage and current of secondary coil don’t shift. So the efficiency of system
is:

Py Ugl, 12x3.4
Temax = Ty T 12x5.2

Primary current decreased and transmission efficiency improved W
transmission power has been slightly reduced. These are accordanc ormer
theory analysis. It’s just because obvious decrease o d reduce

By cur
not only switch loss of former MOSFET but also h of har circuit. So
the transmission quality of system is mcreas@a ically “apdparameters are

=65.4% (24

overall optimized.

6.2. Ansoft Simulation Research
3D simulation model of separable trah f@er thro \soft Maxwell software based

on the edge finite element accordin S|gn ent of CET can be built and
simulate in maximum output powe% optlm C|ency analysis, that’s to say, we
could contrast and analy5|s mu ctance of two kinds of indicator[14]. Figure 8

is Ansoft simulation model Ie tra\

Fi . Separable Transformer Simulation Model

amplitudeMe=:12V. Secondary winding of transformer and rotor of synchronous machine
connect{wIi§h" same axis. The turns ratio is 1:1 and load resistance is 1Q. Figure 9 and
Figu Q (J"are magnetic density distribution in different indicators and different moments.

odld find out clearly from Figure 9 and Figure 10 that the magnetic density of
t ormer in optimum efficiency analysis is higher than in maximum output power.

The freqten of input square wave voltage to primary winding is 100kHz and
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@ms (b) 4ms ©6ms

Figure 9. Magnetic Flux Density in Maximum Output Power

) 6ms\V (d) 8ms

(a) 2ms (b) 4ms
Figure 10. Magnetic Flux Densitéthlmu@iciency Analysis

*

6.3. Experiment Research X

Contactless energy transmi stem It in laboratory under the control of
LM5035B in order to veri dlty of of efﬁaency analysis. Figure 11 is CET
test prototype reallzed b parable er. LM5035B could provide 100kHz and
+12V square wave arable rmer in inverter circuit, then transformer
transports it to rcl n|t whic rotates with rotor of synchronous machine. The
spacing between ary winding, revolution per minute and source
frequency table

Separable Tra rmer Secondary Core

Flgure 11. Excitation System Test Model Realized By Isolable Transformer

LM5035B could provide 100kHz and £12V square wave for separable transformer in
inverter circuit, then transformer transports it to rectifier unit which rotates with rotor of
synchronous machine. The space between primary and secondary winding, revolution per
minute and source frequency are all adjustable. According to the result of experiment, the
efficiency can improve 30% when optimum efficiency analysis was adopted and it’s
identical to the aforementioned analysis.
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7. Conclusions

Performance analysis was more complex to contactless energy coupling system
which had series & series harmonic compensation. So this paper proposed optimum
efficiency analysis indicator which got from maximum load ratio & efficiency
product, realize energy transmission with high efficiency and power, reduce the
investment cost, improve security of system. Then the transmission performance of
CET system achieved optimum operating point.
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