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Abstract: This study presents a characteristic analysis based on stroboscopic mapping modeling method and
fixed poimnts theory in current-fed Contactless Power Transfer (CPT) system. Circulation influence of resonant
converter caused by bypass diode in the switch tube and rectifier in secondary is taken into account for loss
analyzing, so that the main loss of system is analyzed and cuantified. Besides, the piecewise linear stroboscopic
mapping model of system is established for analyzing the characteristics of soft switching frequency, output
voltage and efficiency when load varies. Simulation s conducted to verify the validity of the proposed model
to analysis the output characteristic of current-fed CPT systems.
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INTRODUCTION

With the growing demand for wireless power
transmission, resonant wireless power transfer
technology has become a hot topic n academia in recent
yvears. As a power supply system, efficiency, output
voltage and other characteristics have been the focus of
the wireless power transmission technology research.

There are several methods to model the CPT system
such as AC impedance analysis, Generalized State Space
Average (G5SA) method, various discrete-time modeling
method and stroboscopic mapping method. AC
impedance analysis method 13 often used. However, this
method is developed for analyzing the zero-phase-angle
frequencies of simusoidal AC circuits (Hu ef al., 2000).
The resonant circuits of resonant inverters are often
comected to a switching network whose output 1s
non-sinusoidal. Therefore, this method can only get the
approximation soft-switching operating frequencies due
to the existence of ligh-order harmonic components. The
GSSA method 15 another method for analyzing the
dynamic behavior (Fang et al., 2007; Sun et al., 2005).
However, in order to reduce the number of necessary
coefficient variables for required accuracy, the resonant
period should be known m advance when using this
method.

The current study only focused on the qualitative
analysis of system loss (Zhu er al, 2012), lack of
quantitative analysis of system loss, particularly lack of
loss calculation of primary inverter and secondary
rectifier. Hspecially in the loss calculation in terms of
electromagnetic coupling mechamism, AC resistance

caused by the skin effect is often ignored. But the reality
is that with increasing frequency, the copper loss of
system electromagnetic coupling mechanism  will
significantly increase even seriously affect the system
efficiency.

In this study, cwrent-fed full-bridge resonant
converter topology is taken for the object. Circulation
influence of resonant converter caused by bypass diode
in the switch tube and secondary rectifier 1s taken into
account for loss analyzing. The relationship between
operating frequency and AC resistance of electromagnetic
coupling mechamsm 1s derived. And the mam loss of
wireless power transfer system 1s analyzed and
quantified. Through stroboscopic mapping modeling
method and fixed pomts theory, the piecewise linear
stroboscopic mapping model of CPT system is
established. Soft-switching frequency, output voltage and
efficiency characteristics when load, changes are analyzed
based on this model.

TOPOLOGY OF THE SYSTEM

Typical components of CPT system can be shown in
Fig. 1. The DC mput is formed mto a high-frequency
altemating current through lgh-frequency mverter and
generates high-frequency alternating magnetic field in
the transmitter coil. The secondary pickup device
picks up energy in this high-frequency magnetic field
which 1s supplied for load through the secondary
power conversion. And it mainly includes primary
high-frequency inverter, magnetic coupling and
secondary power regulator.
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Fig. 1: Block diagram of CPT system
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Fig. 2: Topology of current-fed CPT system (E,: DC power supply, Ly DC inductor, R, Resistance of Ly, T,-T,: IGBTs,
C,. Primary capacitor, L: Primary inductor, R Resistance of L, i: Current of the primary inducter L,
M. Mutual inductance, C; Secondary capacitor, L, Secondary inductor, R, Resistance of T,
i;; Current of the secondary inductor L., Cg Filter capacitor, R;: Load resistor)

The typical topology current-fed CPT system is di,, :L(E R, u.)
shown in Fig. 2 which is divided into two parts, primary dv L,V e
and secondary. du,, fi(i i)
In the primary side, the input DC voltage source E,, d¢ c, T
and DC inductor L., form a quasi cwrent source. The di 1 _ _
full-bridge inversion network comprises four switches. d_tp = m(_Lsu* +L,Ryi, + MR, + 0.81R )i, +Mu,, |

Energy transmitter coil L, and resonant capacitor C,

- . . di 1 . .
consist of parallel resonant network, with characteristics 6 m(—MUcp +MRyi, +L, (R, + 081R Ji, + L u,,)
like limiting capability, short circuit protection and high P
reliability. In the secondary side, the energy pickup coil L, %: Ciis

and the resonance capacitor C, consist of series :
resonance network, to ensure that the system has (1)
received a larger output power.
Mode 2: Switch (T,, T;) turn on, (T,, T,) turned off, the
SYSTEM MODELING BASED ON quasi-current source reversely inject energy for resonant
STROBOSCOPIC MAPPING METHOD network. Steady-state mode lasts for £, = T/2. The mode
can be shown as in Eq. 2:
As for multidimensional autonomous nonlinear CPT

system, the capacitor voltage and inductor current are di, 1 ]
taken for state variables in Fig. 2. Sox = [iy, U, i, i, u,]’ o g(E“ Ry )
and input u = [E,.] are state variables of the system and du, 1. .
input variables. According to the equivalent circuit model G~ c Oatiy)
and Kirchhoff's law, each operating cycle of the system di ! |
can be described by piecewise linearization as differential dTp = m(*LSUvp +LRei, + MR, +08IR )i, + Mu Cs)
equation model of two working modes. ) P
A1 (Mu,+MRi,+L,®,+08IR )i, +L,u,,)
Mode 1: Switch (T,, T,) turned on, (T,, T,) turned off, the d M'-L,L,
quasi-current source inject positive energy for resonant du, 1,
network. Steady-state mode lasts for £, = T/2. The mode dec”
can be shwon as in Eq. 1: (2)
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So, the state-space description of system is shown
inEq. 3

x=Ax+Bu (3)
Where:
_Re &, 0 0
Le Lg
cr, L 0 0
CP CP
A- o <L LR, M®R+08IR) M
A A A A
0 -M MR, LR, +08IR ) L, i=12
A A A A
0 0 0 = 0
L Cs -
T
1
BF[— 00 0 0}
de
A=M'-LL,
4
According to the stroboscopic mapping and

fixed-point theory modeling method (Tang et of., 2009),
the cycle fixed-point function is obtained as in Eq. 5

SpefpEa©

Where:

O (t)=e* i=12
ool me (o s,

Take each component of the cycle fixed-pomt
function x* can obtain the steady-state values of the state
variables and thus analyze the operating characteristics of
the system.

SYSTEM CHARACTERISTIC MODEL

According to the stroboscopic mapping modeling
method and fixed-pomnts theory, a precise mathematical
model is established. Each operating frequency and the
steady-state values of system state variables under
different loads are obtamed. Thus soft-switching
frequency model of the system, exciting current model,
load output voltage model and efficiency of system are
obtained to study the system characteristics under
different loads.

Soft switching frequency model: The CPT system must
work in real-time soft switching state, to reduce switching
loss and noise of resonant converter. Therefore, it
i soft-switching frequency
characteristics of the system, when load changes. Based
on the modeling method above, the primary side capacitor

is necessary to analyze

voltage component u, in the fixed-point functions is
taken Make Yu, = [0, 1, O, 0, 0], the system fixed-point
function 1s available to analyzes soft-switcling resonant
frequency and can be expressed as in Eq. &:

£.()=Y., {1 -, &J @, [%]]1 A, (6)

Assume all solutions of the equation f,.(t) = 0 are
T, (1 =1, 2..n). These non-zero solutions are respectively
taken as the system switching cycle, so the system has
n soft-switching pomt. As shown in shown in Fig. 2, for
the current-fed CPT system, the higher the frequency, the
exciting current 13 reduced and the power transfer
capacity becomes weak (Wang et al., 2004). So, the
largest softswitching cycle T, is selected to get minimal
soft switching frequency as shown in Eq. 7:

fmin = 1/Tmax (7)

The Eq. 7 15 shown as soft switching frequency
model of the system.

Output voltage model: Steady-state period fixed-pomnt
x*(T ) can be obtamed by the maximum soft-switching
period T, substituted into the Eq. 11. As thus fixed-pomt
1s the mitial state of the system steady-state period, the
piecewise analytic function of each state within steady
period can be shown as in Eq. &

P ()% (T, )+ (@ () -T)ABE, t€|:O’TTm
x[t)= o, [thTm]X[T;uJ+[m2[t7TTmJ71JA;‘B2E,ﬁ te [TTMTM}

{i=1,2,..,n)
(8)
The secondary side resonant current component is

in the state functions is taken. Make Y1, =[0,0,0,1, 0], so
the output voltage u(t) can be expressed as in Eq. 9:

u,(t)= Y, x(t){0.81R,) (%)

The Eq. 9 1s shown as output voltage model of the
system.
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Fig. 3(a-b). Waveform of switch, (a) Turn-on and (b) Turn-off

Exciting current model: Make Y,, = [0, 0,1, 0, 0], so the
exciting current i,(t) can be expressed as in Eq. 10

i, (£) =Y, x(t) (10)

The Eq. 10 is shown as exciting current model of the
systerm.

Efficiency model: The loss of the system 1s composed of
the inverter loss, copper loss of the coupling mechanism
and secondary rectifier 1s shown m Fig. 2.

inverter: The

Loss model

of primary primary
high-frequency inverter operates at a ZVS condition, so
switching loss should be zero under ideal condition.
However, there are still some on-state loss and switching

loss due to voltage drop and tail current.

*  Conduction loss: There is a certain on-state voltage
drop between the Collector (C) and Emitter (E) when
the switch 1s turned on, so conduction loss of a
switch can be calculated in Eq. 11:

TiZ

P ... :% ! U, (OL(t)dt (11)

where U, and T, respectivel represent on-state
voltage drop and current of the switch while T is
operating cycle

¢  Turn-on loss: Due to the bypass diode in IGBT,
circulation phenomenon exists m the inverter circuit
mevitably (Lv ef af., 2012). Such as T, the tail current
results in turn-off delay of a switch. At the switching

point, induced electromotive force m the primary
inductor L, form a negative current VD~ T;~L,~R,.
As shown in Fig. 3a

So, turn-on loss of a switch can be calculated in
Eq. 12

o
Pr == [ Uyl (bt (12)
o

1
T
where, U, represent bypass diode on-state voltage.

¢ Turn-off loss: As shown in Fig. 3b, the turn-off loss
of a switch can be expressed as in Eq. 13:

1 tegr1 1,
P . TH U, (DL (0dt+ TUWz(t)Icz(t)dt} (13)

b

+  Other loss: Other loss of the inverter includes drive
loss and copper loss of the DC inductor. Drive loss
is caused by the driving voltage charging for the
mput capacitance C,, can be expressed as in Bq. 14:

P (14)

T-g =~ “g-ges

where, C, 1s the equivalent capacitance of the gate
switch, U is driving voltage, f, is the switching
frequency.

Copper loss of the DC inductance can be expressed
as in Eq. 15:

(15)

Pde = chRdc
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Fig. 4: Profile of Litz-wire

where, [, 1s mput current of the mverter, R, 1s internal
resistance of the DC inductor.

The inverter loss during each cycle can be calculated
mEq. 16

P

irverter

=4P,

T-com

+4P,

i H AP AP 4P (16)
Copper loss model of the coupling mechanism: In
order to reduce the impact of skin effect on the system
parameters, Litz wire which twisted together by a plurality
of thin wires 13 usually used for winding coupling
mechamism. The profile of Litz wire 15 shown in Fig. 4.
Assuming N, represents the number of wires, D, 1s the
diameter of a single wire, D, 13 the total diameter of the
Litz wire.

The relationship between high-frequency AC
resistance of Litz-wire and the frequency f of current
flowing through the wire is (Sinha et al., 2010):

R, =R, (KDXf*/ ND, +1) a7

where, R, 18 DC resistance of Litz-wire, K is AC
inpedance coefficient which depends on the number of
wires N,

Thus, copper loss model of the coupling mechamsm
1s shown in Eq. 18:

P,=B +B =IR, +IR, (18)

where I, and I, respectively represent rms current of the
primary, secondary coil, R, and R, respectively represent
high frequency resistance of the primary and secondary
coil.

Loss model of secondary rectifier: There are still some
conduction loss and switching loss in secondary rectifier.

»  Conduction loss: The conduction loss of a switch
can be calculated in Eq. 19:

B

D-con

1
Ly, (19)

where, U and I, respectively represent conduction
voltage and current of the diode

+  Switching loss: Turn-on loss of a diede can be
calculated in Eq. 20

R

D-on

= %fSUFR Lt,, (20)

where, Uy represents overvoltage of diode,
T; represents forward current of diode, t, represents
rising time of diode

Turn-off loss of a diode can be calculated in Eq. 21:
B :iszfUR Lte (21 )

where K; represents reverse recovery temperature
coefficient, U represents backward voltage of diode when
turned off, T represents recovering current of diode,
tg, represents recovering time of diode.

The rectifier loss during each cycle can be calculated
inEq. 22:

Precﬁﬁer = 4PDrcan+4PD—an+4PD—uff (22)
To get an accurate efficiency model, combined with

the loss analysis, system efficiency is determined as in
Eq. 23

n= P _ P (23)
Poater + Prat + Proctsior + P

itrrerter

According to the mutual model and KVL, KCL
equation, the output power P, the primary coil power
loss Py, the secondary coil power loss P, can be
respectively, expressed as in Eq. 24 and 25:

_ 081'MT)R (24)
= (081R, +R)

&' MTR,
P ~TR 4Pt (25)
(0.81R, +R )

where, magnetizing current:

[ LIE,

Tl 2
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the primary coil . resigtance: R, =R, (KDif2 IN'DE 4+ 2) ,
the secondary coil resistance: R, = R (KDSF i NDE 4 2) )

Combined Eq. 11-25, efficiency model of the system
1s obtained.

SIMULATION AND EXPERIMENTAL STUDY

In order to study the characteristic of proposed
system intuitionally, the simulation model is built in
MATILAB, the parameters are shown in Table 1.

According to Eq. 7 and 10, the waveform of soft
switching operating frequency and exciting current with
loads vary is plotted in Fig. 5. As the load varies, there is
certain constant frequency area and constant current area
i the system.

According to Eq. 9, combined the relevant parameters
in Table 1, the waveform of output voltage varying with
loads can be obtained as shown in Fig. 6.

As can be seen from Fig. 6, when the resonance
parameters C, = 0.46 uF, the output voltage at the
load interval [R,, ] exists constant region. But in a

2{®

20

Opreating frequency f (kHz)

0 50 100 150
Load R, (Q)

heavy load(<R,), it does not meet the requirements of
constant voltage region. Through changing the wvalue
of the resonant capacitor C, (increased to 0.5 uF),
soft-switching frequency of the system 1s reduced to
19.4 kHz, the constant voltage region can be broadened to
[R,, +eo] from [R,, +<o]. Therefore, the resonant frequency
can be dynamically adjusted to ensure the system voltage
output in a wider range of loads.

According to the system efficiency model, combined
the relevant parameters in Table 1, the system efficiency
characteristics are shown in Fig. 7. From Fig. 7, as the load

Table 1: Parameters of systems

Parameters Values
DC input voltage Ey, (V) 400
DC inductor Ly, (mH) 6

DC inductance resistance Ry, (€2) 0.2
Primary transmitter inductance L, (uH) 132
Primary coil resistance R, () 0.05
Primary resonant capacitor C, (uF) 0.46
Secondary pickup inductance T, (uLH) 489

Secondary coil resistance R, (£2) 0.6
Secondary resonant capacitor C, (UF) 0.12
Mutual inductance M (uH) 68.7

270

Exciting current I, (A)
[3%]
[39)
1

T T
0 50 100 150
Load R, (Q2)

Fig. 5(a-b): Curves of primary characteristic varying with loads, (a) Soft switclhing operating frequency and (b) Exciting

current
260 C,=05pF
I eialaialaloiaiaioialolole *
ol 4 Constant

e 220 4 /‘ voltage
E h_o_oo_o_oo«yo-ooo—o-oo-o-oo-o-cz-o-oﬂ-o-o-o-o v region
L
g \
S
5 1809 C, = 0.46 uF
j=n
=
e}

1404

T T T T 1
20 60 100 140 180 220
R, R,
Load R, ()

Fig. 6: Curves of output voltage varying with loads
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Fig. 8: Measured efficiency versus operating frequency f
atR, =100Q

changes, there 1s an optimal frequency to maximize
efficiency. When the system operating frequency 1s fixed,
the system efficiency reduces as the load becomes light.
Therefore, when load changes (in particular light load),
reasonable optimized frequency contributes to improve
system efficiency.

Figure 8 shows the efficiency response versus
operating frequency at R, = 1000} Tt can be seen from
experiment results that the proposed efficiency model 1s
accuracy. The maximum error of efficiency s 4.2%.

CONCLUSION

Modeling and characteristic analysis of current-fed
wireless power transfer system are observed in this study.
TLoss model of the system is analyzed quantifiably.
Through stroboscopic mapping modeling method and

fixed points theory, the piecewise linear stroboscopic
mapping model of CPT system 1s established.
Soft-switching frequency, output voltage, exciting
current and efficiency characteristics when load varies are
analyzed based on this model. It can be known that the
operating frequency of the system should be controlled
to adjust the load changes for ensuring that the system
output characteristics remain at a good level.
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