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Abstract— Transmission efficiency is one of the most
important characteristics in dynamic wireless power transfer
for battery electric vehicles. In this paper, the LCC-LCC
compensation topology, which does not require complicated
control in a transmission system, is used as the compensation
topology. To facilitate laying and maintenance, the transmission
system should be as simple as possible in configuration and
control. On the other hand, there is no problem even if the
receiving side uses a slightly more complicated control than the
transmission side. Therefore, on the receiving side, a coupling
coefficient is estimated in real time from the voltage and current

values measured between the rectifier and the DC/DC converter.

Then, maximum efficiency control is achieved by updating the
duty ratio of the DC/DC converter to follow the optimum load.
The effectiveness of the proposed method was demonstrated
through the simulations and experiments.
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I. INTRODUCTION

In recent years, battery electric vehicles (BEVs) have been
attracting attention from the viewpoint of environmental
issues. However, the drawbacks of BEVs are their short
cruising range, long charging time and lack of charging spots.
One of the solutions to these problems is the dynamic wireless
power transfer (DWPT) [1][2]. The power transmission
circuits of DWPT include the S-S (Series-Series)
compensation topology and the LCC-LCC compensation
topology that incorporates LCL filters with gyrator
characteristics [3][4]. The S-S compensation topology is a
common circuit in the DWPT, but it is subject to an AC short-
circuit state in which large current flows from the power
supply when there is no vehicle on the transmission coil, i.e.,
when the coupling coefficient is zero. On the other hand, there
is no danger of an AC short-circuit condition in the LCC-LCC
compensation topology. In addition, control is important for
DWPT, where system conditions are constantly changing, to
improve safety and efficiency. There are various maximum
efficiency controls for circuits other than the LCC-LCC
compensation topology [5]-[7]. However, a system that
simulates battery charging while controlling maximum
efficiency through coupling coefficient estimation has not yet
been proposed for the LCC-LCC compensation topology. The
transmission side of the DWPT system must be easy to install
and maintain, so it is necessary to use a simple configuration
and control. Therefore, in this paper, a method to maximize
the transmission efficiency using the LCC-LCC compensation
topology, which does not require coil switching control and
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has the advantage that multiple transmission circuits can be
connected to a single inverter is proposed. In order to confirm
the usefulness of the proposed method, simulations and
experiments are conducted.

II. WIRELESS POWER TRANSFER FOR LCC-LCC
COMPENSATION TOPOLOGY

This chapter presents the circuit configuration used in the
proposed method and its characteristics. Fig.1 shows the
schematic of the LCC-LCC compensation topology. The input
voltage is represented by v;, the output voltage by v,, the
inductance of the transmitting and receiving coils by Ly and
Ly, the capacitance of the resonance by Crp,,Crs, Cgs and Cgy,
the inductance of the resonance by Ly and Ly,, the mutual
inductance by L,, and the load by R; . The LCC-LCC
compensation topology has LCC filters with gyrator
characteristics as compensation circuits. By inserting Crp, it
has the effect of reducing the value of L1, and increasing the
transmission power. The inductance and capacitance satisfy
the resonance condition (1) shown below with the angular
frequency w,. Mutual inductance L,,, can be expressed by (2)
using the coupling coefficient k, so the current [;;,, flowing
from the power supply is shown in (3). From (3), when the
coupling coefficient k between the transmitting coil and the
receiving coil is 0, the current I;;, flowing from the power
supply is 0 and the closed loop Lt including the transmitting
coil is in an antiresonance state. Therefore, the LCC-LCC
compensation topology is considered practical as it does not
draw excessive current even if the system malfunctions.
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Fig. 1. The LCC-LCC compensation topology.




III. CALCULATION OF MAXIMUM EFFICIENCY POINT

In order to obtain the maximum efficiency point in the
DWPT, a simple model is used to derive the equation. Fig.2
shows the equivalent circuit of the LCC-LCC compensation
topology with a constant voltage.

In Fig.2, R; indicates the equivalent load resistance in the
LCC-LCC compensation topology. The internal resistance of
each inductor is represented by Ry, Rp, Ryo and Rgy. The
transmission efficiency 7 in the LCC-LCC compensation
topology is shown in (4).
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From (4), the transmission efficiency 1 depends on the
equivalent load resistance R; in the WPT. Therefore, by
differentiating the transmission efficiency n with respect to
R, the point Ry;,q, at which the efficiency is maximized at
R}, is shown in (5).
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Maximum efficiency of the system can be achieved if the
equivalent load resistance can be varied according to (5).
However, it is difficult to directly manipulate the equivalent
load resistance on the receiving side. When considering the
WPT to BEVs, the load is a constant voltage load such as a
battery or capacitor after rectification, so the DC/DC converter
is placed in front of the constant voltage load to control the
receiving side voltage. Equation (6) shows the relationship
between the equivalent load resistance R; and the receiving
side voltage V/, derived from Fig.2 and the receiving side
voltage that maximizes transmission efficiency Vo4, from

().

Deriving the relationship between the equivalent load
resistance R;, and the receiving side voltage V, from Fig.2 and
using (5) to formulate the receiving side voltage that
maximizes the efficiency Vpmay, (6) can be obtained.
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Fig. 2. Equivalent circuit of the LCC-LCC
compensation topology with a constant voltage.
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IV. ESTIMATION OF COUPLING COEFFICIENT

A. Derivation of coupling coefficient

In maximum efficiency control, the DC/DC converter is
controlled using V5,4, as the command value. However,
information on the coupling coefficient k is necessary to
calculate Vypmay from (6). In this paper, a method of
estimating the coupling coefficient k by sensing only the
voltage and current on the receiving side without using
information on the voltage and current that change on the
transmission side. As a precondition, the transmission side
voltage V; is standardized to a constant voltage for each road,
and V;, Ly and Ly are known information and can be
obtained in advance. Deriving the receiving side current I,
from Fig.2 and converting it to the coupling coefficient k can
be expressed as (7). Here (7) has two solutions, but since k is
positive, only the solution with positive sign is used.
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B. Noise reduction in coupling coefficent estimation

Considering the introduction to an actual system, noise
always occurs in the measured values read from the
voltage/current sensors used for coupling coefficient
estimation. In the proposed control method, (7) is used to
update the command value of the duty ratio of the DC/DC
converter, so it is necessary to reduce the influence of noise as
much as possible. Hence, the coupling coefficient is estimated
using the method of statistically correcting the estimated value
by the recursive least squares filter. Outputs y[i] and regressor
@[i] are defined as in (8) and (9), where i is represents a
sampling point.
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The estimated values of the coupling coefficient k[i], y[i] and
@[i] are successively updated according to the algorithms
shown in (10) to (12). Where, A is an oblivion coefficient,
k[0] = 0 and P[0] = 0.

Ri] = ki = 1] + 520 eli] (10)
elil = y[i] — plilk[i — 1] (11)
Pli] = 2{Pli 1] —%} (12)

V. CONVERSION TO DC VALUE

In (6) and (7), effective values such as V;, V, and I, were
used to simplify the derivation. However, since the inverter
shown in Fig.3 is driven at 85 kHz, the transmission side
voltage and the receiving side voltage become rectangular
waves, which cannot be used for control as they are.
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Fig. 3. Overall circuit configuration including transmitting and receiving
side circuit.

Also, considering the measurement with the sensor, it is
easier to measure the DC portion than the AC portion.
Therefore, the average value of i, in Fig.3, 74, and v, are
used to converter the AC values to the DC values. As
described above, since the transmission side voltage is a
rectangular wave, using Fourier series expansion, the effective
value V; of the fundamental wave component of the
transmission side voltage can be expressed as (13) using V.
Similarly, the fundamental wave component effective value
V, of the receiving side voltage can be expressed as in (13)
using the smoothing capacitor voltage v, . Since the
receiving side current is the sine wave, I, can be expressed as
in (13) using 74 from the relationship between the average
value and the effective value of the sine wave. Using (13),
Vanmax shown in (6) can be rewritten as Vgepmax shown in
(14). Also, (7) indicating the coupling coefficient k can be
expressed as (15).
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VI. CONTROLLED BY DC/DC CONVERTER

In the DC/DC converter shown in Fig.3, C.,, is the
smoothing capacitor after the rectifier, L,, is the inductor
after the DC/DC converter, E is the battery voltage, and i; is
the current flowing into the battery. Also, let R.,;, be the sum
of the internal resistances of the inductor and the battery. In

the proposed system, i, has the full-wave rectified waveform,

but the frequency used for DWPT is 85 kHz, which is
sufficiently higher than the switching frequency of the DC/DC
converter. Hence, iy, can be treated as the average value,
denoted as 74.

A. Modeling by state averaging method

In this section, the DC/DC converter is modeled using the
state averaging method. The two switches of the DC/DC
converter in Fig.3 operate reciprocally. d(t) is defined as the
ON time duty ratio of the upper side switch. The state
averaging method is a method of formulating circuit equations
for the two states when the upper side switch is ON and OFF,
and averaging them weighted by the duty ratio. Modeling the
DC/DC converter by the state averaging method yields (16)
and (17).
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However, this model is a nonlinear model. Therefore, to
apply linear control theory, linearization is performed by
dividing the equilibrium point and the minute fluctuations
around the equilibrium point. The equilibrium points of d(t),
i, (t), v4.(t) and T4 (t) are respectively denoted by D, I,
Vi and T,., and the minute fluctuations around the
equilibrium points are respectively denoted by Ad(t), Ai,(t),
Avy.(t) and Atz (t). Linearizing the model of (16) and (17)
yields (18) and (19). Also, from (16) and (17), the equilibrium
point of this satisfies (20) and (21).
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Furthermore, as can be seen from Fig.3, I is determined by
the convenience of the power transmission side, and is
expressed as (22). Using (20) and the state equations
expressed by (18) and (19), the state equation of the small-
signal model around the equilibrium point is obtained.
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B. Duty ratio, which is the command value for control
From (20) to (22), the command value for the duty ratio D
of the upper side switch that gives the equilibrium point when
performing maximum efficiency control is given by (23).
Where I, demaz) is obtained by substituting vgepmax for

Tz in (22).

Ei\/EZ+4'RconVdcnmaxldc(vdcnmax)
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(23)
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In (23), there are two solutions for D, but 0 < D < 1 and the
solution with the larger value is used. Also, the transfer
function from Ad(s) to Avy.(s) is obtained as shown in (24)
from the Laplace transform of the state equation.
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C. Feedback system design by pole placement method

The pole placement method is a control method that
regards the controller that performs PID control and the
controlled object as a single transfer function. By moving the
pole of the transfer function to an arbitrary position, the
objects is controlled to a stable as quickly as possible. In this
paper, since (24) is a second-order transfer function, by
designing the PID controller shown in (25) using the pole
placement method, a feedback system of Av,.(s) are
designed with a pole w, at the arbitrary position. In (25), Kp,
K; and K}, are the coefficients of the PID controller, and a4,
b.o, b1 and b, are used as the coefficients when expressing
these in a more organized form. Here, the transfer function
from the target value Vgepmqx(s) to the controlled variable
v4.(s) is given by (26). Where AP, (s) is the plant model of
the DC/DC converter, which is the object to be controlled,

and here refers to Avd—C(s).
Ad(s)
K KpS  beps?4+beiS+b
Cpip(s) = Kp +?I+ﬁ = CZSTC;SCO (25)
Vac(s) Cpip(5)APy(s) (26)

Vdcnmax(S) 1+Cpip(S)APy(s)

When (26) is rearranged, the denominator becomes a fourth-
degree polynomial. The pole placement method is designed so
that the fourth-order polynomial in the denominator of (26)
and (s + w,)*, which has a quadruple root at the pole w,, are
the same. The Sylvester matrix for determining whether two
polynomials have a common root is represented by (27). By
solving this matrix for a.q, b.g, bs1 and b.,, it is possible to
perform feedback control with poles always at the set

positions.
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Fig.4 shows a block diagram showing the flow from coupling
coefficient estimation to maximum efficiency control. The
coupling coefficient k is estimated from vz, and ig4.
measured by the sensor. Next, calculate the smoothing
capacitor voltage Vgcymax that provides the maximum
efficiency, and obtained and output D shown in (23).
Furthermore, the transfer function of the small-signal model
of the DC/DC converter is updated in real time from (24),
each coefficient is calculated form (27), and Ad is output.
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Fig. 4. Block diagram showing control flow.

VII. SIMULATIONS AND EXPERIMENTS

In this chapter, simulations and experimental results of the
proposed “maximum efficiency control on the receiving side
using LCC-LCC compensation topology for DWPT” are
presented.

A. Simulations and experimental conditions

Table 1 shows the parameters used in the simulations and
experiments. The duty ratio of the DC/DC converter stands by
at d(t) = 0.95 when not receiving the power, and starts
coupling coefficient estimation as soon as it senses the power.
The oblivion coefficient A of the recursive least squares filter
was set to 0.95, and all the poles of the feedback loop were
arranged as quadruple roots at w, = —2m X 1000 rad/s. The
sensor sampling period is 50 ps. The size of the transmitting
side coil is 250 mm % 500 mm, and the size of receiving side
coil is 250 mm x 250 mm. DWPT was simulated by moving
the receiving side coil at 20 km/h in the simulations and 3.6
km/h in the experiments. Fig.5 shows the positional
relationship of the coils in the simulations. In addition, Fig.6
shows the state and equipment of the experiments.

Receiving side coil 20 knvh
250 mm X 250 mm _—)
Road i ®
! i i\ Transmitting side coil
P | 250 mm % 500 mm
Position (m) N :
0 035 085

Fig. 5. Conditions of simulations.

TABLE L. PARAMETERS USED IN SIMULATIONS AND EXPERIMENTS
Value
Parameter Transmitting | Receiving
side side
Inductance Ly, L [pH] 206.7 111.4
Resistance Ry, Rg [Q] 0.30 0.15
Compensated capacitance Crg, Cgg [nF] 22.35 56.36
Compensated inductance Lyg, Lgo [uH] 49.81 49.23
Compensated resistance Ry, Rpo [Q] 0.13 0.15
Compensated capacitance Crp,, Cgp, [nF] 70.39 71.22
Operation frequency f, [kHz] 85
Input voltage V; [V] 20
DC/DC converter frequency fs [kHz] 10
Smoothing capacitance C.,, [1F] 11
Battery voltage E [V] 10
DC/DC converter frequency L, [1H] 2180
DC/DC converter frequency R, [2] 0.72
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Fig. 6. Experimental equipment.

B. Simulation results

Fig.7(a) shows the graph of coupling coefficients in the
simulation. The red line shows the true value of the coupling
coefficient k, and the blue line shows the graph obtained by k
estimation. No significant delay in estimation was observed in
the simulations. Since the coupling before and after the null
point, which occurs at the beginning and the end of the power
feed, affects the estimation of the coupling coefficients, a
threshold value is set according to the current value. This
indicates that the estimation is performed only between 0.06 s
to 0.155 s. Although the estimated values of the coupling
coefficients show a certain degree of followability, the
estimated values have an error of 0.03 at the maximum with
respect to the true values. This may be due to the fact that the
coupling coefficients calculated in Chapter 4 were calculated
using a model in which the voltage source is after the rectifier,
without considering the effect of the DC/DC converter for the
sake of simplicity.

Fig.7(b) shows the graph of the upper switching duty ratio
d(t) of the DC/DC converter and Fig.7(c) shows the graph of
the smoothing capacitor voltage vy, . The fact that d(t)
decreases to reach the maximum efficiency and v, increases
accordingly indicates that the control is adaptive. Fig.7(d) also
shows graphs of the transmission side power P; and the
receiving side power P,. Fig.7(e) and (f) show that the
proposed maximum efficiency control improves the efficiency
by about 10 % in all regions compared to the case without the
control. The simulation results show the effectiveness of the
proposed control method in the DWPT system.

C. Experimental results

In the experiments, DWPT was performed for three
transmission circuits. Fig.8 shows the experimental results of
the proposed maximum efficiency control. Fig.8(a) shows the
graph of coupling coefficients. It can be seen that the
estimated coupling coefficient shown by the blue line follows

the true value of the coupling coefficient shown by the red line.
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Fig. 7. Results of maximum efficiency control and simulation results of
efficiency withouot control.

This allowed the operability of the coupling coefficient
estimation to be verified by experiment. Fig.8(b) shows
graphs of the receiving side DC voltage v, in the red line,
and the receiving side DC voltage Vgcpmax during maximum
efficiency control in the blue dotted line. The comparison of
the graphs of v4¢ and Vycymax shows that the actual measured
voltage value v follows the voltage Vgcpmay that calculated
at maximum efficiency control point, indicating that the
DC/DC converter can be controlled according to the command
value. Fig.8(c) shows the DC current on the transmission side
of the blue line and the DC current on the receiving side of the
red line. Fig.8(d) shows the duty ratio, Fig.8(e) shows the
power transmitted on the blue line and the power received on
the red line, and (f) shows the efficiency graph. From Fig.8(d)
and (f), it can be seen that the efficiency can be kept above
80% in the power transmission section. To demonstrate the
effectiveness of the proposed method, Fig.9 shows graphs for
a constant duty ratio of 0.95, i.e., the voltage on the power
receiving side is always kept constant around the battery
voltage and no control is applied. Fig.9(a) to (c) show the
graphs of duty ratio, power, and efficiency, respectively, and
will be compared with Fig.8(d) to (f). From Fig.8(e) and
Fig.9(b), the instantaneous power obtained is twice different
with control. From Fig.8(f) and Fig.9(c), it can also be seen
that the efficiency increased by about 10% with the control.
Thus, the experimental results show the effectiveness of the
proposed control method in the DWPT system. Although the
efficiency is lower in the experiment than in the simulation, it
is considered to be due to switching losses in the inverter and
DC/DC converter and losses due to heat generation in the
elements.
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Fig. 9. Results of maximum efficiency control and simulation results of efficiency withouot control.

VIII. CONCLUSION

In this paper, a control method for DWPT systems was
proposed to maximize transmission efficiency using the LCC-
LCC compensation topology , which has the advantages of
being safer than the S-S compensation topology and not
requiring complex control on the transmission side. The
maximum efficiency control was achieved in real-time by
estimating the coupling coefficient using the known values of
the circuit constants and the values measured only at the
power receiving side. In addition, the simulation and
experiments showed that the efficiency was increased when
maximum efficiency control was performed compared to the
case without control, demonstrating the effectiveness of the
proposed method. Based on the above, future studies include
kW-class experiments in a real environment to verify whether
the system can actually be used in a car.
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