IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS, VOL. XX, NO. X, MONTH 202X 1

Novel Synchronous Rectification and
Receiving Power Compensation Method for WPT
Only by DC Current Sensor

Daisuke Shirasaki, Student Member, IEEE, Toshiyuki Fujita, Member, IEEE, and Hiroshi Fujimoto, Senior
Member, IEEE

Abstract—Dynamic wireless power transfer (WPT) can solve
the shorter cruising range problem of electric vehicles. The
synchronous rectification can improve the efficiency of WPT,
but it costs more because it requires an expensive AC current
sensor. A novel synchronous rectification method is proposed
which only uses an inexpensive DC current sensor, and does
not measure AC current or voltage. This method continuously
searches the synchronous state by the gradient descent method
and the feedforward phase jump control. This method also
compensates the decreased received power caused by the de-
viation of the parameters. In the first part, it is explained
by the equivalent circuit model that the proposed method can
achieve the synchronous rectification by maximizing the DC
received current. Then, the effectiveness of the proposed method
in terms of the efficiency and the received power are verified
in the experiment by comparing with the conventional diode
rectification. The proposed method reduced the loss by 31.77%
and achieve the synchronous rectification 4 times faster.

Index Terms—wireless power transfer, synchronous rectifica-
tion, phase-shift power modulation.

I. INTRODUCTION

N recent years, wireless power transfer (WPT) has become

widely used in the market. One of the most famous
application is Qi which is used in smartphones. It adopts the
electromagnetic induction type. This type is simple but has
the disadvantage of not being able to deliver enough power in
an environment with a large air gap [1]. Kurs et al. published
the magnetic resonance coupling, and it has attracted a lot of
attention. It can transfer large power with high efficiency even
with a wide air gap or misalignment [2].

One of the applications of the magnetic resonance coupling
is a wireless power supply to Electric Vehicle (EV) [3]. EVs
have been widely used in response to the growing awareness
of the environment in recent years. However, EVs still have
problems, and they have not fully replaced the conventional
Internal Combustion Engine Vehicle (ICEV). This would be
due to the shorter range, higher vehicle price, and longer
charging time compared to ICEV [4][5][6].

These problems can be resolved by dynamic wireless power
transfer (DWPT). Power can be transferred from the road side
to vehicles by installing road side coils to intersections in cities
and expressway, and installing vehicle side coils to EVs [7].
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There are some points to be improved for the high efficiency
of the WPT. One technology is the rectifier. Rectifiers use
diodes in general, but diodes lose a certain amount of energy
during rectification due to their forward voltage. The syn-
chronous rectification can reduce the loss because the voltage
drop by the on-resistance in MOS-FET is lower than that by
diodes [8][9]. It uses the full-bridge converter as the rectifier
instead of the diode rectifier [10]. One of the conventional
method is [8], and it uses AC current sensors to get the phase
of the vehicle side AC current. Then the vehicle side controls
the timing of its own converter to sync the phases of its AC
voltage and AC current. Other method in [9] uses the voltage
of vehicle side capacitor instead of AC current to sync the
phases of the vehicle side AC voltage and AC current. The
phase of AC current is indirectly observed by using the fact
that the phase of the capacitor voltage is delayed by 90 degrees
compared to AC current. These conventional methods use
the information of either or both of AC voltage and current.
However, AC current sensor which can measure 85 kHz with
small phase delay is expensive, and this increases the cost of
the synchronous rectification.

A new synchronous rectification method that does not need
any AC current sensors is proposed [11]. This method only
needs a DC current sensor, which is cheaper than AC current
sensor. The controller of the vehicle side converter monitors
the DC current of the vehicle side battery, and adjusts the
timing of the vehicle side converter so that the receiving
DC current is maximized. This method searches maximum
received point by hill climbing method generally used in
maximum power point tracking [12]. As the result, the vehicle
side achieves the synchronous rectification state. However, this
synchronous rectification method adjusts the timing of the
vehicle side converter’s gate signal with the fixed width, and
this leads to the bottleneck to speed up the time to reach the
optimal receiving point.

Another problem with the WPT is the decrease of the effi-
ciency when the coil parameters varies. The self inductances
of the coils varies due to the effect of the ferrite [13], and
the effect is more prominent in the region where the coupling
coefficient is small. The variation of the self inductance leads
to decrease the received power. Several studies to compensate
the decreased received power have been done so far. One
method is to make the phase difference between the voltage
and the current by the converter. It can make the reactance,
and compensate the deviation of the self-inductances. Some
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Fig. 1. Series-Series (S-S) type resonance circuit.

studies simply use full-bridge converter [14][15], and the other
uses semi-brideless active rectifer to simplify the converter
[16]. Another method is to insert variable capacitances made
by semiconductor devices [17][18]. They compensates the
deviations of parameters directly by changing the value of
the variable capacitances. All of methods can compensate the
deviation of the parameters, but they all use the information
of AC voltage and current.

This paper introduces a novel method that can achieve
both the synchronous rectification and the compensation of
the decreased received power caused by the deviation of the
parameters without using any AC information. This method
implements the gradient descent to decide the adjustment
width, and the search speed is improved compared to [11]
when the optimal point is far away. A feedforward phase jump
control method based on the physical properties of the coils
is also implemented. Moreover, this paper elucidates that the
proposed method compensates the decreased received power
caused by the deviation of the parameters in the non-resonant
region.

Section II introduces the principle of the proposed method.
Then, Section III introduces the implementation method of the
proposed method. Section IV verifies the effectiveness of the
proposed method in experiments. Section V concludes that the
proposed method can increase the efficiency and compensate
the decreased received power caused by the deviation of the
parameters.

II. PRINCIPLE OF AC SENSORLESS
SYNCHRONOUS RECTIFICATION

A. Circuit Configuration

Fig. 1 shows a Series-Series (S-S) topology WPT circuit in
this paper. The road side and vehicle side are connected to a
DC voltage source. The road side has a full- bridge inverter,
and the vehicle side has a full-bridge converter. Table I lists the
meaning of each parameter in Fig. 1. Both sides drive inverters
at a duty ratio of one with no pulse width modulation (PWM).
The road side AC voltage ©; is described as the following
equation by using the road side DC voltage V.

22

U = —V (D
T

The vehicle side AC voltage vy is described as following
equition by using V, and the phase lead of vq relative to vy,
0.

2v2

™

Uy Va(cos @ + jsin6) (2)

TABLE I
MEANING AND VALUES OF THE PARAMETERS OF THE COILS

Parameter Meaning Value
Vi DC Voltage of road side power-supply 0V
Vo DC Voltage of vehicle side battery (A%
I DC Current of road side
Is DC Current of vehicle side
V1 AC Voltage of road side
Vg AC Voltage of vehicle side
i1 AC Current of road side
i9 AC Current of vehicle side
Ch Capacitance of road side coil 14.1 nF
Co Capacitance of vehicle side coil 34.5nF
1 Resistance of road side coil 97.3mf2
ro Resistance of vehicle side coil 28.1mQ
Ly Inductance of road side coil 248 uH
Lo Inductance of vehicle side coil 101 uH
Lo Mutual inductance
k Coupling coefficient
7] Phase lead of vy relative to vq
T Distance from the center of the road side coil

The self inductance of each coil L and Lo fluctuates with
the position of the coil due to the effect of ferrite [13]. The
variation are defined as AL; and ALy, and L; and Lo are
described by using the nominal values Li,om, Lonom. The
nominal values are the aligned conditions of the coils.

Ll = Llnom + ALI (3)

L2 = L2n0m + ALZ (4)

B. Proposed Method for Synchronous Rectification in the
Resonant Condition

The value of capacitances in the WPT circuit is set to the
resonance at operating frequency in the nominal condition.
This means that AL; and AL are zero. The circuit equations
in the nominal condition are as follows.

01 = r1i1 — jwhiis )

by = —Toig + jwlmi (6)

By solving (5) and (6) based on Kirchhoff’s law, the vehicle
side AC current 5 is described as the following equation.

10y — jwly, Dy
rire + w22,

)

iy =
By substituting (1) and (2) into (7), i can be described as the
following equation.

2v/2 r1Va cos 0 4 j(r1Vasind — wl,, Vi)
™ r17ro +w2L$n

ig =

(®)

The effective received power of the vehicle side P is de-
scribed as the following equation.

Py = Re(02i2)
L 8Va(r1Va — wL,, Vi sin0) 9)
- w2 (ryre + w?L2)




IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS, VOL. XX, NO. X, MONTH 202X 3

Thus, I, is described as the following equation.
Py
Va

8(r1 Vo — wL,, Vi sin6)

w2 (ryre + w?L2)

From (10), I> depends not only on V;, V5, and L,,, but also
on 6. On the contrary, the communication between the road
side and the vehicle side is offline, the vehicle side cannot get
the value of 8. However, the vehicle side controller is able
to change 6 by adjusting the timing of its own converter. The
switching frequencies of the road side and the vehicle side are
supposed to be fixed to the resonant value. The road side just
transfers power without any feedback controls. The vehicle
side controller monitors the amplitude of receiver DC current
15, and controls 6 to maximize I5. The vehicle side achieves
the synchronous rectification state. I5 is the function of 6 as
shown in (10).

The partial derivative of I with respect to 6 is described
by the following equation.

8wV

1D
— = L,, cosf
00 w2(ryre + w?L2) o8

I, =
(10)

Y

is always positive, so it depends on L, cos 6

8w V;
772(71r2+w2L2 )
is positive, % is

whether %192 is positive or negative. If L,,
positive when 6 is between —90° and 90°. %g? is negative for
other #. The vehicle side monitors I, and changes 6 as to

maximize 5. As the result, § eventually reaches 90°. When

6 = 90°, vy and 75 are described by the following equations.
L 2V2
g = ——Vaj (12)
22wl Vi —riVs |
iy = V2w 1—T1V2 (13)

T rire + w?Ll2

Thus, the phases of ©» and ig are aligned when L,, = Z}“//f
and the synchronous rectification is achieved.

When L,, is negative, % is negative when 6 is between
—90° and 90°. % is positive for other 6. As the result,
by controlling 6 to maximize I, 6 eventually reaches —90°.

When 6 = —90°, ¥, and i’g are described by the following
equations.
2/2

Vg = 7V2( J) (14)
T
2v2 —wL,, Vi — 7"1V2( ) (15)
19 = —
2 T rire +w?l2, /
The phases of ¥ and iz are aligned when L,, < —%, and

the synchronous rectification is achieved.

Thus, the vehicle side achieves the synchronous rectification
state in the end for k£ above a certain absolute value by
adjusting 6 to maximize I, in the resonant condition.

C. Effectiveness of the Proposed Method for Compensating
Received Power in Non-Resonant Condition

On the other hand, ©¥; and vy are described as follows in
the non-resonant condition.

'[)1 = (7‘1 +ijL1)Zl — jWLmiQ (16)

Define initial values.
(6©=0,6=31"=1)
| Change 6. (00 = 6© + () |

I

| Wait T(®, and measure I, as I;l). |

]
|

Calculate

Initialize
L

Prepare values used in the regular cycle

6%°.

10D _ e
o)
W = CHED — g2

l L
| Change 8. 0% = gD + 60 |

]

| Wait T, and measure I as 15,

Regular Cycle

Change 6 continuously to maximize I,

based on the gradient descent

Fig. 2. Control algorithm based on gradient descent.

'[)2 = —(7“2 +ijL2)ZQ +jWLm21 (17)

By solving these circuit equations, I» is described by the
following equation at the same discussion in section 1I-B. A,
B, C, and D are the parameters to simplify the equation.

A= 179 + UJ2(L72n — ALlALQ) (18)
B =w(riALs + 19ALy) (19)
2v2
C = —{Aerg cos @ + Bw(AL1Vacos@ — L, V1) (20)
—AwAL Vasinf + BrqVasin6}
2v2
D = —{Aerg sinf + Aw(AL1 Vs cos6 — L, V1) @1
+BwALVasinf — BrqVa cos 6}
: C+jD
E ey 2 @2)
I _Ccos@—f—DsinG
2= A2+ B2
1
=~ lAne s Beany, 3
—wL,,Vi(Asin + Bcos)}

When either the road side or the vehicle side, or both, are not
in the resonant condition, the vehicle side does not achieve the
synchronous rectification state by the proposed method. The
vehicle side achieves a different state. The partial derivative
of I, with respect to € is described by the following equation.

0ly wL., V1 .
W = m(ACOSH — BSIH 0) (24)
Thus, I5 is maximized when 6 is:
0r1,,... = arctan 5 (25)
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Then, I>,,.x can be defined as:
1
—m(AﬁVg + BwALVy

—wL,, Vi A2 + B2)

On the other hand, # when the vehicle side is rectified by
diodes is described in the following equation by the definition
of 6 in Table I and (23).

Z’Ug = Zig

IZmax =

(26)

D 27
O4iode = arctan —

C
By substituting (23) into (27), Isgiode can be defined as:

ﬁ(/lrﬂ/g + BwAL Vs
AD + BC
Nk
Comparing Iomax and Isgiode, the following equation can be
obtained.

IQdiode =
(28)
+wly, Vi

Iomax — Iadiode
T e PO D)
+(AD+ BD)}
If AD + BD 20, Iopmayx — Iodiode 1S posihtive.
If AD+BD < 0, the positive and negative of (29) is judged
by calculating the following.
V(A2 + B2)(C? + D?) + (AD + BD)
VA2 + B2)(C? + D2)” — (AD + BD)?
\/(A2 + B?)(C?+ D?)— (AD + BD)
(
(

(29)

AC — BD)? G

\/(A2 + B?)(C?+ D?)— (AD + BD)
>0
Therefore, Iomax = Iodiode 18 valid for all ALy, AL,.

Iomax = Iodioge 1S established when AC = BD. This is
realized when:

(A% + B?)r1Vacosby,, . =0 (31)

One of the situation when (31) is realized is 07, ., = 90°.
According to (25), this means B = 0. Thus, the following
equation is realized.

TlALQ + TQALl =0 (32)

This is also realized in the resonant condition when AL, =
AL, = 0.

III. IMPLEMENTATION METHOD

The proposed method of the synchronous rectification is
based on the method of the previous research [11]. The
controller of the vehicle side changes 6 to the positive or
negative direction and measures [, and judges the direction
where the optimal # exists. In the conventional method, the
width of the changed @ is fixed to 3°.

Bidirectional DC power source

R

DSP PE-Expert4 Power Meter

Fig. 3. Controller and measurement equipment.

Fig. 4. Bench for experiment of D-WPT.

A. Gradient Descent Method

The proposed method is implemented in the following
style. There are two important points when implementing the
proposed method. One is the speed of the search for the
optimal 6. The longer it takes to reach the optimal 6, the more
losses occur on the vehicle side. The other is the stability of
0 after 0 settles into the optimal 6. If the # fluctuates around
the optimal 0, it also leads to losses.

To decide the width of the 6, the gradient descent is used.
The algorithm is shown in Fig. 2. The previous values are
needed to execute the cycle of this algorithm, so the initial
setup is executed before the regular cycle. First, () is set to
0°, and I> is measured as 12(0 . Then, the vehicle side adds
9&? ) =3°106 by changing the timing of switching, and waits
T(©) = 1.25ms for the transient response to settle down. The
vehicle side measures I as 1. (1), and this is the end of the
initial setup. The regular cycle starts with k = 2. First, the
vehicle side decide next 6 by using Ig(kfl), 12(’“72) and the
previous fo =V based on the gradient descent. 6,, is decided

by the following equation.
k=1 _ p(k=2)
(k) _ 2 2
0, = ax 2D — g(i=2) (33)

« is a constant parameter which effects the search speed and
the settleness of 6. Then, the vehilce side adds G&k) to 6’(’“*1),
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Fig. 5. Coil parameters of this experiment at each position.

TABLE 11
EFFICIENCY IN STOPPED STATE EXPERIMENT
. k=0.12 k = —0.025
efficiency(%) (x=0 mm) (x=—540 mm)
synchronous rectification 91.26 74.05
diode rectification 87.19 65.05

and measures DC received current [, after certain period 7.
T is the period to wait for the transient response to settle
down. The larger 6,, becomes, the longer the settling time for
waiting the transient response becomes. Thus, T is defined
by the following equation. § is a parameter to determine the
length of T'.

T = 1250 X |0, |°[us] (34)

After waiting T, the vehicle side measures I as Ig(k). This
is the end of the regular cycle. The vehicle side repeats this
cycle endlessly to maximize the received DC current Is.

B. Feedforward Additional Control

In a typical circular coil, L,, is negative when the central
axes of the two facing coils are far apart, and positive when the
central axes are coincident. Thus, L,, changes from negative
to positive, and negative to positive when the vehicle moves.
According to (11), I3 is maximized when 6 = 90° under the
circumstances that L,, is positive. On the other hand, I5 is
maximized when 6 = —90° under the circumstances that L,
is negative. Thus, it shortens the time of searching the optimal
0 to change 6 by 180° at the borderline where the positive and
negative values of L,, change.

T T T T 20
100
50 10
S o 0 =
-50 10
-100 +
| | | | 20
0.398 0.39801 0.39802 0.39803 0.39804 0.39805
Time s
(a) AC waveform of the road side
T T T T 20
100+
50 110
S o o =
-50 10
-100
| | | | 20
0.398 0.39801 0.39802 0.39803 0.39804 0.39805
Time [s]

(b) AC waveform of the vehicle side

Fig. 6. AC waveform of the diode rectification in the stopped state experiment.

T T T T 20
100
50 10
> 0 0 =
-50 10
-100
. . . . 20
0.398 0.39801 0.39802 0.39803 0.39804 0.39805
Time s

(a) AC waveform of the road side

100

50

I\
o

-50

-100

' ' 20
0.39802 0.39803 0.39804 0.39805
Time [s]

(b) AC waveform of the vehicle side

0.398 0.39801

Fig. 7. AC waveform of the proposed synchronous rectification only with the
DC current sensor in the stopped state experiment.

In the proposed algorithm, 6 is temporarily stored at the
end of the power supply section of the first negative coupling
region. Then, at the beginning of the next power supply section
where L,, is positive, the initial # is set to the value that is
obtained by adding 180° to the stored 6. The same process
takes place at the boundary between the positive region and
the latter negative region.
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(b) Received DC current

Fig. 8. The optimal € search speed for the conventional method in the stopped
state.

IV. EXPERIMENT

The effect of the proposed method was verified in the
experiment. The experimental equipment consists of a power
supply, an inverter, coils, and a converter as shown in Fig. 3.
A bench shown in Fig. 4 is used to move the vehicle side coil
at a constant speed.

The coupling coefficient and the self inductances of the
coils used in the experiments is shown in Fig. 5. The gap is
5 cm. The coupling coefficient is positive when the vehicle side
coil is on the road side coil. On the other hand, the coupling
coefficient is negative when the vehicle side coil is on the side
of the road side coil discussed in the previous section III-B.
The distance from the center of the road side coil is defined
as x, and x = 0 mm in the nominal condition when the center
of the vehicle side coil is just on the center of the road side
coil.

A. Experiment in the Stopped State

The stopped state experiment was conducted to ensure the
efficiency of the proposed method. First, the vehicle side coil
is fixed at z = Omm. V7 and V5 are set at 70 V. The diode
rectifier is used for the comparison. The DC-DC efficiency at
the steady-state is measured. It is defined as “fﬁf

The AC waveform of the conventional diode rectification is
shown in Fig. 6, and the AC waveform of the synchronous
rectification is shown in Fig. 7. The phases of the voltage
and current in Fig. 7 are aligned as in the case of the diode
rectification in Fig. 6, and the synchronous rectification is
achieved.

The result of efficiency is shown in Table II. The efficiency
of the proposed method is 91.26 %, and 4.07 % higher than the

100 . . . . . . R

50 .

0 [deg]

-100 !
-20 -10 0 10 20 30 40 50 60

Time [ms]

(a) Phase lead of v2 relative to ¥1

15 T T T T T T T

10| 1

-20 -10 0 10 20 30 40 50 60
Time [ms]

(b) Received DC current

Fig. 9. The optimal 0 search speed for the proposed method in the stopped
state.

diode rectifier. It means that the proposed method can reduce
the loss by 31.77 % compared to the diode rectifier.

The efficiency is also measured at x = —540 mm, where
L,, is negative and small, and L; and Lo variate from the
nominal values. L., at this point is small compared to that
at the center of the coil, so the efficiency is low in both
the proposed method and the conventional diode rectifier.
However, the efficiency of the proposed method is higher than
that of the conventional method also in this negative coupling
region.

The settling time of the conventional and the proposed
method are compared. The optimal 6 search speed for the
conventional method is shown in Fig. 8. The conventional
method changes 6 by 3° to maximize Iy [11]. The waiting
time between the cycles is adjusted to be as short as possible,
and set to 0.5 ms. The optimal # search speed for the proposed
method is shown in Fig. 9. a of the proposed method is set to
150, and S is set to 0.2. The initial 8 is set to —90° in both
methods, which is the furthest value from the target value. The
control algorithm starts from 0 ms in both method.

High peek currents flow at the start of the proposed method
because 6 changes dramatically. This is due to the transient
response. According to the expanded AC waveform in Fig.
10, iy starts vibrating just after 6 changes. However, although
the proposed method flows some peak currents, it improves
the search speed. The conventional method takes 32ms to
reach the target value, and the proposed method takes 8 ms.
The proposed method is 4 times faster than the conventional
method.
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Fig. 10. The expanded waveform just after the start of the proposed method.

B. Experiment in the Moving State

To verify the effectiveness of the proposed method under
more practical conditions, the moving state experiment was
conducted.

1) Experimental Condition: The road side coil is fixed,
and the vehicle side coil is moved at 5km/h by using the
bench shown in Fig. 4. V4 and V, are the same as the
stoppoed condition at 70 V. The diode rectifier is used for
the comparison.

The road side coil transmits power both in the negative and
positive coupling regions. The vehicle side can receive power
both in the negative and positive regions. However, the vehicle
side cannot receive power when the absolute of the coupling
coefficient is near zero. The region is called the null region,
and the road side does not transmit power in the region.

The road side starts to transmit power when z = —630 mm,
and stops when x = —540 mm. This is the negative coupling
region, and it is named the N1 region in this paper. Then
the road side restarts to transmit power when r = —450 mm,
and stops when © = 450 mm. This is the positive coupling

1000 | E
— 500F Q ]
= TN 7,
o 0
€ ) ™
-500 £ E
N1 P N2
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time [s]
(a) received power P>
0.15 T T T T T T
(123 (T3
o %0 000® o
01p b
® °
= 0.05F b
° °
oloel N o P o N2
Pee0 oo’
005 L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time [s]
(b) coupling coefficient k
Fig. 11. The received power and the coupling coefficient in the diode

rectification experiment.
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(a) received power P>
0.15 T T T T T
*%00ee 00
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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100 | B
- -~ \
GJ
= 0 7
ol |
-100F | \'“"1 ]
N . L8 . . N2
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(c) Phase lead of 02 relative to ¥

Fig. 12. The received power and the coupling coefficient in the synchronous
rectification experiment.

region, and named the P region. The road side and vehicle
side coils are symmetrical concerning the direction of travel,
so the road side also transmits power between x = 540 mm
and x = 630 mm, which is another negative coupling region
named the N2 region.

The controller of the vehicle side continuously runs the
proposed algorithm described in Section III-A during receiving
power and changes 6 by 180° before and after the null region
described in Section III-B.
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TABLE III
RECEIVED POWER IN MOVING STATE EXPERIMENT
[W] NI P N2 Total
synchronous rectification | 42.2 | 198.0 | 459 | 286.0
diode rectification 9.2 202.8 7.4 219.5
TABLE IV
EFFICIENCY IN MOVING STATE EXPERIMENT
[%] NI P N2 | Total
synchronous rectification | 59.3 | 90.8 | 68.2 | 80.3
diode rectification 233 | 88.0 | 21.7 72.1

2) The Result of the Experiment: The results of the ex-
periments are shown in Fig. 11, 12. In the experiment of
the proposed method, the initial value of the phase lead of
U9 relative to ¥ is set to 0°, and it is not the synchronous
rectification state. When the road side starts to transfer power
at Osec, the controller of the vehicle side starts to search the
synchronous state point by the algorithm shown in Fig.2. The
0 decreases because the 6 is —90° when the synchronous
rectification is established. The received power P, is negative
during the search, but the vehicle side can receive large power
once the vehicle side achieves the synchronous rectification
state. On the other hand, the amount of the received power of
the conventional diode rectification is lower.

As the result, the received power of the proposed method is
about 4.6 times larger than that of the conventional method
in the N1 region as shown in Table III. The efficiency
of the proposed method is also much higher than that of
the conventional method as shown in Table IV. This is the
advantage of the proposed method explained in section II-C
that it can compensate for the decrease of the received power
caused by the resonance shift.

Fig. 13 compares the received power by the diode rec-
tification Psgijode and the received power by the proposed
synchronous rectification Psp,,x in the calculation and the
experiment. Fig. 13a shows the result calculated by (26), (28),
and L,, in Fig. 5a-5c. Popax and Pagiode are almost same
around the center of the coils where AL; and AL are almost
0. On the other hand, Psnax is larger than Psgioqe around
the edge of the coils, because certain AL; and ALy exist
due to the effect of the ferrite. Fig. 13b compares Psgiode
and Poyax in the experiment. It shows the same trend as the
calculation result in Fig. 13a. The effectiveness of the proposed
method that it can compensate the decreased received power
caused by the deviation of the parameters is proved also in
the experiment.

3) Effect on speedup: The vehicle side coil moves at
5km/h in this experiment. The higher moving speed of
vehicle side affects the algorithm of the proposed method.
The proposed method monitors the change of I; when 6 is
changed. However, I changes not only when 6 changes, but
also when L,, changes. It is needed that %AQ is large
compared to 6851 AL, for the proposed method to work
properly. The maximum speed has been calculated at positive
coupling region where the search is almost done. aaTIanLm

1500 T T T T T T

1000 T

500 -

Py [W]

500 f e

conv.

1000 . . . . . n
-700 -600 -500 -400 -300 -200 -100 0
Distance from the center of the road side coil [mm]

(a) P calculated at each coil position

1500 T T T T T T

prop.
conv.

1000 . . . . . n
-700 -600 -500 -400 -300 -200 -100 0
Distance from the center of the road side coil [mm)]

(b) P> actually measured in the experiment

Fig. 13. The comparison of the received power

in one cycle of the search is affected by the speed of the
vehicle, and it has been calculated by the gradient of k&
in a region 420 mm wide from the coil center. Af can be
adjusted by the controller. The larger Af is, the better the
proposed method works even under faster conditions. When
calculated in the condition of the experiment, %AH is larger
than BSLIZ AL,, if the speed of the vehicle is below 32km/h.
The too small Af makes the proposed algorithm unstable as
mentioned above, so the minimum A#f is set to 3 degrees in the
experiment. This means the minimum (‘)Ef ) in Fig. 2 is limited
to 3 degrees. When the minimum A6 is 1.5 times wider than
the experimental condition, the maximum speed is increased
to 72km/h.

V. CONCLUSION

A novel method that can increase the received power in
WPT without AC current sensors was proposed in this paper.
The method works differently for resonant and non-resonant
conditions.

The principle of how the method works and the effects of
the method are shown. In the resonant condition, it is revealed
that the system ahieves the synchronous rectification state in
the end by maximizing the vehicle side received DC current
I>. This makes the system more efficient compared to the
diode rectification. In the non-resonant condition, the proposed
method can compensate for the decrease of the received power
caused by the resonance shift. This makes the vehicle side can
receive more power.

The implementation method is also devised. To make the
system settles into the best state of the power reception
quickly, the gradient descent and the feedforward change of
between the section are installed.
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Then, the experiment that compares the proposed syn-
chronous rectification and the conventional diode rectification
was conducted. The experiments in the stopped state showed
the proposed method can reduce the loss by 31.77% and
achieve the synchronous rectification 4 times faster. The ex-
periments in the moving state showed the proposed method
can receive 5.3 times more power in the negative coupling
region where the parameters of the coils deviate.
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