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ABSTRACT To realize the tuning of three-phase dynamic wireless power receivers for rail vehicles, a
non-real-time static self-tuning scheme based on the switched capacitor and the perturbation and observation
(P&O) method is studied. First, the reactance regulation characteristics of the parallel and the series switched
capacitor are discussed and compared. Then, to avoid the sophisticated mistuning detection, in the case
of only observing the output voltage, the feasibility of using the P&O method to tune three phases of the
receiver sequentially is analyzed. Furthermore, theoretical analysis shows that the switched capacitor can
also be used to control the current phase difference between the three phases. Thereby, by introducing
the current phase difference control, a fast three-phase simultaneous tuning strategy is proposed without
additional hardware. Afterward, the self-tuning control scheme for the star-connected series-compensated
receiver with the parallel and series switched capacitor is design in detail and be applied to a scaled-down
prototype of a three-phase dynamic wireless power transfer system for verification. The result shows that
the receiver can be tuned within the £5% deviation of the main compensation capacitance, and the tuning
speed of the proposed simultaneous tuning of three phases is about three times that of the sequence tuning.

INDEX TERMS Perturbation and observation (P&O), switched capacitor, self-tuning, three-phase, wireless

power transfer (WPT).

I. INTRODUCTION

Wireless power transfer (WPT) can transmit electricity
through magnetic field coupling, which has the advantages
of convenience, safety, and beauty [1]. In the field of electric
vehicle application, WPT technology provides convenience
for charging. However, the charging of the battery still takes
a long time. In order to eliminate the time occupation of
charging, dynamic WPT (DWPT) has been proposed [2]-[4].
DWPT refers to powering the vehicle during driving, which
avoids parking to recharge [2]-[4]. Compared with the tradi-
tional contact power supply, DWPT has various advantages
such as all-weather adaptation, no electrocution hazard dur-
ing accidents, lower maintenance, and beauty in the field of
rail transit. Among the existing DWPT systems, the three-
phase meander-type DWPT system shown in FIGURE 1
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is characterized by the low lateral magnetic field exposure
and high power transmission capability [8], [9]. Although
compared with the single-phase system, the structure of the
three-phase system is more complex, which leads to lower
reliability and higher cost, and the interaction and balance
of the three phases need to be considered in the design. The
three-phase meander-type DWPT system still shows high
practical in rail transit due to the steel rail and high power
demand.

Because of the fast speed of the vehicle, the working
frequency and currents of the transmitting coils in the DWPT
system are usually fixed to stabilize the power transmission
[7], [10]. Thus, in the stable coupling, the power receiver with
the series compensation topology can output the constant
voltage to meet the requirement of general power systems.
However, in practical applications, due to the influence of the
manufacturing accuracy, installation environment, aging, and
other factors, the reactive power compensation of transmitters
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FIGURE 1. Coupler structure of the three-phase meander-type DWPT
system for railway vehicle applications.

and receivers may significantly deviate from the ideal value,
and thus mistuning is occurred [11], [12]. The resulting power
transmission characteristics will deviate from the design
expectations, and the active power transfer capacity and sys-
tem efficiency will be reduced. Therefore, it is necessary to
tune the WPT system to achieve efficient and stable power
transmission.

In practice, different installation environments have dif-
ferent effects on the coil inductance. Thus the simple and
straightforward tuning method is to measure the coil induc-
tance and compensation capacitance on-site and then match
them. However, this can lead to high labor costs, so it is not
suitable for large volume applications. Besides, the parame-
ters of coils and capacitors must be highly stable, which leads
to high manufacturing costs. Otherwise, regular calibration is
required, which further increases the labor cost. A better way
is to tune the system by itself.

Self-tuning is usually realized by adjusting inductance or
capacitance. In [13], inductance regulation is achieved by
a magnetic amplifier. However, because the compensation
circuit does not necessarily contain inductors but must have
capacitors, and the adjustable inductor volume is large, the
tuning method by regulating capacitance is more commonly
used. The existing ways to realize capacitance regulating
include the capacitor matrix [14]-[16], voltage-controlled
capacitor [17], and switched capacitor [12], [18], [25]. In
addition to the mentioned three methods, the controlled rec-
tifier or an inductor paralleled with load can also be used for
tuning at the receiver [11], [19].

The capacitor matrix has the advantages of simple and reli-
able control and can realize tuning by selecting appropriate
capacitors. But this requires many switches and capacitors,
and the method cannot continuously adjust reactance [15].
The voltage-controlled capacitor can realize continuous tun-
ing, but it is only suitable for the case of small power [17].
The switched capacitor is investigated to overcome the issues,
which can realize continuous tuning and can be implemented
in high-power applications [12], [18]. However, the existing
studies mainly focus on transmitter tuning and lack in-depth
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consideration of the receiver tuning. In the current receiver
tuning research, the full-bridge controlled rectifier is used for
single-phase receiver tuning, but it is too complex to be used
for a three-phase receiver [12], [18]. The tuning method uti-
lizing an inductor paralleled with load significantly increases
the system volume and structure complexity [11].

Compared with the transmitter, the phase of the induced
voltage at the receiver cannot be measured directly, so it is dif-
ficult to judge the degree of mistuning. [11] and [19] proposed
adding a detection coil to detect the phase of the induced
voltage. But there is a coupling between the detection coil
and the receiving coil. The accurate phase-detection requires
good decoupling, which is difficult to achieve in large volume
applications. Furthermore, in three-phase systems, the phase-
detection of induced voltages is more complicated than that in
single-phase systems due to the mutual interference between
three phases. However, there is little research on the self-
tuning of the three-phase systems at present.

For the three-phase receiver, the mistuning reduces the
system efficiency and causes the three-phase imbalance. To
obtain the accurate degree of mistuning in the three-phase
receiver, the phases of the positive sequence voltage and the
positive sequence current are required to detect simultane-
ously. However, because of the mutual coupling between the
three phases, the positive sequence component of the induced
voltage is challenging to detect. Besides, the detection of the
positive sequence current further increases the complexity of
mistuning detection. Therefore, a practical and straightfor-
ward tuning method for the three-phase system is expected.

In fact, the influence of the manufacturing process and
installation environment on the mistuning is constant, and
the change of parameters caused by the temperature, aging,
and other factors is slow. Thus, the demand for real-time
tuning is not urgent. As a compromise, the DWPT system
can be tuned when the vehicle stops at stations. On the other
hand, the output voltage under the resonance state is the
maximum when the receiver’s induction voltage and load are
constant. Therefore, while keeping the transmitter working
state, coupling relationship, and load state unchanged, the
perturbation and observation (P&O) method (also called the
hill-climbing method) can be used to determine whether
the resonance has been achieved by observing the output
voltage of receivers [20], [21]. The concept of tuning the
three-phase system by the P&O method also can be found in
[21]. However, only simulation analysis is performed in the
paper, and physical experiment verification and analysis of
actual application characteristics (such as adjustment effect
and speed) are lacking.

To realize the tuning of the three-phase receiver, the
switched-capacitor tuning with the P&O method is studied in
this paper. In section II, the reactance regulation characteris-
tics of the parallel and series switched capacitor are analyzed
and compared. In section III, the receiver tuning character-
istics of the P&O method based on output voltage obser-
vation are analyzed to verify the feasibility. Furthermore,
Theoretical analysis shows that the switched capacitor can
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also be used to control the current phase difference between
three phases, and the mistuning degrees of three phases are
identical when the phase differences between the currents
of three phases equal that of the induced voltages of three
phases. Thereby, by introducing the additional current phase
difference control, a fast simultaneous tuning strategy of three
phases is proposed without additional hardware. In section IV,
the self-tuning control scheme for the star-connected series-
compensated receiver with the parallel and series switched
capacitor is designed in detail. The experimental verification
is conducted in section V. Finally, the conclusion is sum-
marised in section VI.

Il. REACTANCE REGULATION CHARACTERISTICS OF
SWITCHED CAPACITORS

A. PARALLEL SWITCHED CAPACITOR

The common connection mode of the switched capacitor and
the main capacitor is the parallel connection. For the switched
capacitor, the switch type can be divided into bidirectional
controllable and unidirectional controllable. Compared with
the unidirectional controllable, the device stress of the bi-
directional controllable switch is reduced by half. However,
unidirectional control is easier to implement and verify, and
thus only the unidirectional controllable switch is analyzed.

FIGURE 2. (a) Schematic of the parallel switched capacitor and (b)
waveforms in the ideal switching process.

The schematic of the parallel switched capacitor and the
waveforms of the ideal switching process are shown in
FIGURE 2, in which C,, is the main compensation capac-
itance, C), is the parallel capacitance, SW is the controlled
switch, ip is the total current, iy, is the current of Cy, i, is
the current of Cp, ug, is the voltage of SW, sy, is the control
signal of SW, D, is the duty cycle of sy, and Cy, is the
equivalent parallel capacitance. As shown in FIGURE 2 (b),
SW can be turned on at zero voltage and turned off with a low
dv/dr rate. Thus the switching loss is small, which is highly
practical.

In WPT systems, the compensation circuit topology is
characterized by band-pass filtering, so the harmonic com-
ponents of ip can be ignored. The current iy can be expressed
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as

io = /21y sin (wot) (1)
where Iy is the RMS of the fundamental component of iy,
and wq is the working angular frequency. Then, i,, can be
expressed as

@

Iy =

_ ioCm/(Cm—i—C,,) SW on
io SW off

According to Fourier expansion, the RMS of the fundamental
component of i,, can be derived as

T
2
I, = —/im sin (wot) dwot
T
0

= {1~ [By —sin (22D,) /4] G,/ (Cu + G)) )

Then, Cy, can be calculated according to the equal voltage
relationship and is written as

a)OCprm = woCp (Io — In)
= Cp = Cu (lo/In—1) 4)

Defining g, as the capacitive reactance gain of the parallel
switched capacitor, we get

1/l (Cn+ Cp)] _ I
1/ (jooCm) Io
=1 —a[D, —sin(27D,) /4] 5

where « = C,/(Cy, + Cp). FIGURE 3 shows the rela-
tionship between g,, o, and D,. As can be seen from
the figure, the parallel switched capacitor can continuously
reduce the capacitive reactance of the compensation capaci-
tors by increasing Dp. When D), = 1, the minimum g, can be
obtained, and the value is 1 — «.

8p =

FIGURE 3. gp vs. « and Dp.

B. SERIES SWITCHED CAPACITOR

In previous literature, most switched capacitors and the main
compensation capacitors are connected in parallel. The par-
allel switched capacitors require the same voltage rating as
the main compensation capacitors, which makes the selection
of capacitors more convenient. However, the series switched
capacitor has a similar capacitive reactance regulation capa-
bility and requires a lower device voltage rating [25]. There-
fore, it can also be used as an alternative or supplement,
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especially for high voltage applications. The schematic of the
series switched capacitor is shown in FIGURE 4, where Cj is
the series capacitance, i is the current of Cy, and C is the
equivalent capacitance of the series switched capacitor. As
shown in FIGURE 4 (b), similarly to the parallel situation,
SW can also be turned on at zero voltage and turned off with
a low dv/dt rate. Thus the switching loss is small too.

FIGURE 4. gs vs. 8 and Ds.

Similarly to the parallel situation, i; can be expressed as

ly =

{O SW on ©)

ic SW off

According to Fourier expansion, the RMS of the funda-
mental component of i can be derived as

7
2
I —fissin (wot) dwpt
T
0

= Ip {1 — Dy — sin[27 (1 — Dy)]/4} @)

Then, Cy; can be calculated according to the equal voltage
relationship and is written as

woCrly = woCsly = Cpy = CSI()/IS 8)

Defining g, as the capacitive reactance gain of the series
switched capacitor, we get

1 1 1
(e Y
* (onCm JwoCrs JwoCrm

=1+B{1—Ds—sin[2x (1 —-Dy1/4} ()

where B = C,,/C;. The relation between g5, 8, and Dj.
is shown in FIGURE 5. Contrary to the parallel situa-
tion, the series switched capacitor can continuously increase
the capacitive reactance of the compensation capacitors by
increasing D;. When Dg = 1, g is maximum, and the value
is1+p.

C. COMPARISON OF PARALLEL AND SERIES SWITCHED
CAPACITORS

The characteristic comparison between parallel and series
switched capacitor circuits can be obtained based on the
above analysis, as shown in TABLE 1. Although one of
the capacitive reactance gain regulation ranges of the two
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(a) ' ®)

FIGURE 5. (a) Schematic of series switched capacitor and (b) waveforms
in the ideal switching process.

TABLE 1. Characteristic comparison of parallel and series switched
capacitor circuits.

- Capacitive ~ Max. voltageMax. current ~ Max. voltage
Circuit . .
reactance gain  stress of stress of  stress of switched
structure . . . .
regulation range switch switch capacitor

Parallel C, 202 I, J2 IC, NG I,
switched 1- C+C " 1 0
capacitor ntCy aC, Gt Cp aC,

Series C 2321 2421,
switched 1~ 1+-2* V2, V2I, 202,
capacitor s wC, wC,

circuits is always greater than land the other is always less
than 1, bidirectional adjustment of capacitive reactance can
be realized by biasing the main compensation capacitance.
On the other hand, compared with using only parallel or
series switched capacitors, the parallel and series switched
capacitors can be used in combination to reduce the device
rating within the same regulation range or obtain a wider
regulation range under the same device rating. Also, it can
be seen that the maximum voltage and current stress of the
switch in the parallel switched capacitor circuit are C;/Cp,
and C,/(Cy + Cp) times those of the switch in the series
capacitor circuit, respectively. The maximum voltage stress
of the switched capacitor in the parallel circuit is Cs/(2C,;,)
times that of the switched capacitor in the series circuit.

IIl. RECEIVER TUNING CHARACTERISTICS OF P&O
METHOD BASED ON OUTPUT VOLTAGE OBSERVATION

In the WPT system, to tune the receiver, besides the specific
means of reactance adjustment, the direction of regulation
needs to be known. The most direct method is to measure
the phase difference between induced voltage and current.
However, this requires an additional induced voltage phase-
detection coil, which increases the complexity of the system.
Moreover, for the three-phase system, the positive sequence
components of voltage and current are needed to be further
calculated. Besides, the actual detection accuracy is difficult
to guarantee. Since the output of the receiver will be affected
by mistuning, it is possible to use the P&O method to search
for the maximum output voltage to realize the tuning of the
receiver.
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FIGURE 6. (a) Schematic of series compensated single-phase receiver and
(b) AC equivalent circuit.

A. SINGLE-PHASE RECEIVER

The schematic of a series compensated single-phase receiver
is shown in FIGURE 6(a), in which L, is the inductance of the
receiving coil, Cg is the adjustable compensation capacitance,
C, is the DC filter capacitance, Ry, is the load resistance,
Uy 1s the DC output voltage, and I, is the DC output
current. FIGURE 6(b) shows the AC equivalent circuit, where
U,-nduced is the induction voltage, jAX is the uncompensated
reactance, and Ry, 4. is the load equivalent AC resistance. In
the ideal case,

RL_ac = IT_RL (10)

2 1
Uour = —

— U 11
) 1+jAX/RL_ac induced ( )

Therefore, when |Umduced| and Ry is constant, U,,; is the
function of AX.

Ur)l/l

AX

-1.0  -05 0.5 1.0 Ry_ac

FIGURE 7. Relationship between normalized U,,; and AX.

The relationship between U,,; and AX after normaliza-
tion is shown in FIGURE 7. It is evident that the receiver
can be tuned by searching for the maximum value of Upy;.
Furthermore, the change of U, is more significant when Ry,
is smaller. Since the tuning process is the process of finding
the maximum output voltage, and the magnitude of perturba-
tion is determined by one step of reactance regulation. The
tuning accuracy will deteriorate when external interference
on output voltage is more significant than that of single-step
capacitive reactance adjustment. Therefore, to improve the
tuning accuracy, a large output current should be maintained
to increase the influence of the reactance regulation on the
output voltage, and external interference should be reduced.
Due to the limitation of the rated output current (Zyus rared)
of the actual system, R; cannot be less than Ugy; /Ious rated-
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Thus, the best tuning effect can be obtained in the regulation
process when I, is equal to loy; rated-

Uy L, JoM 41, +joM 1, Cﬂ,]’ R
X vy I 4

U, Ly joM 1, +joM, I, Cb'jb

<5y I

U. Lo joMm, i +joM "'1'

ac”a bclh
Sl YY Y

(b)

FIGURE 8. (a) Schematic of three-phase receiver with start-connection
and series-compensation and (b) AC equivalent circuit.

B. THREE-PHASE RECEIVER

Compared with the single-phase receiver, the three-phase
receiver is more complicated. For the tuning of the three-
phase receiver, the effectiveness of P&O needs to be explored.
FIGURE 8 shows the schematic of the three-phase receiver
with star-connection and series-compensation and the AC
equivalent circuit, wherein L,, Ly, and L. are the inductance
of three receiving coils, C,, Cp, and C, are the adjustable
compensation capacitance of three phases, I, I, and I, are
the current of three phases, n is the neutral point of three-
phase induced voltage, Ua, U;,, and UC are the induced voltage
of three receiving coils, Myp, My, and My, are the mutual
inductance between three receiving coils, C,/, C}, and C/, are
the ideal compensation capacitance of three phases, jAX, =
J/(@oCa) — j/(woC)), jAX, = j/(woCp) — j/(woCp), and
JAX. = j/(woCc) — j/(woC.) are the uncompensated reac-
tance of three phases, Rypase = 6RL/ 72 is the equivalent AC
load resistance of each phase, and Uy is the zero-sequence
voltage caused by the difference of the self inductances and
mutual inductances. C, C}/,, and C/ can be calculated as [22]

C,=1/[wf (La — Map — Mgc + Myc)]
C) = 1/[wf (L — Map — Mpe + Myc)] (12)
C.=1/[0} (Le — Mae — Mpe + Map)]

According to Kirchhoff’s Law,

Ua = Rphaseja +jAXaja + ijLaI.a +ijMabjb
+jwoMacle + 1o/ (jooCa) + Uo

Up = Rpnaselp + jAXpl), + jwoLply + jooMapl,
+jwoMyele + 1 / (jon Cp) + Uo (13)

Uc = phaseic +jAXcic + ijLcjc +ijMacja
+jwoMpcly + I [ (jwo Ce) + Ug

ia + ib + ic =0
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FIGURE 9. The normalized output voltage for phase a, b, and c are sequentially tuned by searching for the maximum output voltage.

Thereby, I,, I, and I can be solved as
lo = [Ua Zp +2Z0) = UpZe — UeZp] [ Zn
I, = [Ub Zo+2c) —UcZy — UaZc]/Zm (14)
Ie = [Ue (Za + Zp) — UaZp — UpZa] [ Zim
where Iy = ZyZp + ZoZc + ZpZe, 2y = phase + jAXa’
Zp = Rphase + jAXp, and ZC_ = Rppase + jAX.. Furthermore,
in the ideal case, assuming U, = UgZ0°, then
Uy = Ul —120° (15)
U. = Ug/120° (16)

On the other hand, U,,; can be expressed as

17)

U _ Pa+Pb+PC_ 6(Pa+Pb+Pc)
o Ry B 772RPhase

where P,, Pp, and P, are the output power of each phase and
are calculated as

P, = Re[U,IRe[l,] + Im[U,]Im[L,]
Py = Re[UpIRe[lp] + Im[Up]Tm[]}] (18)
P, = Re[U.]Re[l ] + Im[U ]Tm[/.]

Therefore, when Ugr and R; are constant, the relationship
between U,,; and AX,, AXjp, and AX. can be obtained to
further verify the feasibility of tuning by the P&O method.

1) TUNING THREE PHASES SEQUENTIALLY

The most intuitive way is to tune three phases sequen-
tially. The effectiveness of tuning can be evaluated by ana-
lyzing the tuning characteristics in the case of maximum
mistuning. Generally, the operational circuit quality factor is
designed to be less than ten for practical operation conditions
[1], and the error of coil inductances and compensation capac-
itances can be controlled within £5% of the theoretical value.
In this way, AX,/Rphases AXp/Rphases and AXc /Rppage are
in the range of —1 to 1 when the differences between the
three phases are ignored. Thus, we can assume AX, / Rphase.
AXp [Rphases and AXc[Rppase € [—1,1]. Thus, for the
maximum mistuning state, AXq/Rpases AXp/Rphase, and
AXe / Rphase equal to 1 or —1. Only the case of AXy /Rphase =
AXp/Rphase = AXe/Rphase = 1 is analyzed in this paper
here due to the symmetry of the two cases.
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FIGURE 9 shows the output voltage when phases a, b,
and c are sequentially tuned by searching for the maximum
output voltage. As shown in the figure, when AX, / Rphase =
AXp / Rphase = AX, / Rphase = 1, Uy, is the smallest, which
is only 70.8% of the maximum value. After phase a, b, and
c are tune, Uy, is increased to 86.5%, 91.0%, and 97.8%,
respectively. Although the receiver is not fully tuned after a
round of adjustment, the adverse effect of mistuning on the
output voltage has been significantly reduced.

In theory, the mistuning can be calibrated through mul-
tiple rounds of adjustment. However, long tuning time is
consumed. In practice, there is always the uncompensated
residual reactance in each phase due to the restriction of the
measurement accuracy of the output voltage, external inter-
ference, and non-ideal devices. Moreover, the consistency of
the residual reactance in three phases cannot be guaranteed,
which is detrimental to the system’s reliability.

2) TUNING THREE PHASES SIMULTANEOUSLY

When the three phases’ impedance is the same, the phase
differences of the current and induced voltage between the
three phases are identical. Ideally, the induced voltage phase
difference between any two phases equals 120°. Therefore, if
the current phase difference between any two phases could be
maintained at 120°, the three phases’ impedance can be tuned
at the same time. Since the phase detection can be carried out
at high speed, this method can reduce the tuning time and
keeps the three-phase current balance.

Additionally, the current phase detection function has been
provided in the switched capacitor tuning circuit. Hence, it is
easy to judge whether the three-phase balance is realized or
not by detecting the phase difference.

According to (14), the current phase difference between
phase a and b (6,p) satisfies

I,

I,
I |1

o = Ynab % (19)
Iy

Ya_ab

where ¥y, _qp =1 +jAXC/Rphase + +jAXb/Rphase)eijﬂ/3
and Yy o = 1 +jAXa/Rphase + (1 +jAXc/Rphase)eijﬂ/3-
It can be seen that the phase angle of Y, ,» monotonically
increases with the increase of AX;, when |AX;, / Rphase| <
V3 and |AX, /Rphase| < +/3, and the phase angle of Yy _a
monotonically increases with the increase of AX, when
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|AXp /Rohase| < /3 and |AXc /Rppase| < +/3. As mentioned
above, AX, /Rphases AXp [ Rphase» and AXc / Rppase are in the
range of —1 to 1 for general systems. Therefore, 6,5, decreases
monotonically with the increase of AX,, and increases mono-
tonically with the increase of AX}.

In the same way, it can be proved that the current phase dif-
ference between phase b and ¢ (6p.) decreases monotonically
with the increase of AXj, and increases monotonically with
the increase of AX,. Besides, the current phase difference
between phase ¢ and a (6.,) decreases monotonically with
the increase of AX., and increases monotonically with the
increase of AX,.

Therefore, the current phase difference between the three
phases can be maintained constant by increasing or decreas-
ing AXy/p/c and AXp/c/q according to whether 6,p/p¢/cq and
Obc/ca/ac are greater than the set values or not. Combining the
P&O tuning method with the current phase difference control,
the impedance of three phases can be tuned simultaneously,
and the tuning performance is superior to that of tuning three
phases sequentially.

Sa p Sa s
M, M,
AL G G | o
1 I >
Sp p Sbf: Cu :

M,

L AAAAL Gy Gl
. Il |
e ‘.

R RSN Js =

M., .

Cem)
11 1

L.
Fa2'2%

FIGURE 10. Circuit schematic of the star-connected series-compensated
three-phase receiver with parallel and series switched capacitors.

IV. SYSTEM DESIGN
To verify the performance of the parallel and series
switched capacitor tuning simultaneously, a circuit of a star-
connected series-compensated three-phase receiver with par-
allel and series switched capacitors is designed as shown
in FIGURE 10. In the figure, C4 s, Cp_m, and C. ,, are the
main compensation capacitance of three phases; Cy_p, Cp_p,
and C. , are the parallel switched capacitance; C, s, Cp_g,
and C._, are the series switched capacitance; M,_,, Mp_p, and
M,_, are MOSFETs for switching C,_p, Cp_p, and C¢_p; M, s,
My, s, and M, ¢ are MOSFETS for switching C, s, Cp, s, and
Ce_s3 Sa_ps Sb_p» Sc_ps Sa_s» Sb_s» and s._g are the PWM driving
signal of MOSFETs; C,_; and C,_; are the voltage dividing
and stabilizing capacitances.

The design of the control scheme can be divided by
function to make the design more efficient. The con-
trol scheme corresponding to FIGURE 10 consists of the
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capacitive reactance regulation of the switched capaci-
tor, tuning based on the P&O method, and phase differ-
ence control of current, which are respectively shown in
FIGURE 11 (a), (b), and (c). In the figure, CLK is the clock
signal of tuning control, which represents the control speed,
EN1,4/p,. is the control enable signal of tuning of phase a/b/c
based on the P&O method, and EN 2,5 is the control enable
signal of Oup/pe/cq for three-phase balance.

The capacitive reactance regulation of the switched capac-
itor for each phase includes four parts, as shown in
FIGURE 11 (a). Part 1) capacitive reactance gain regulation
consists of a discrete integrator whose output value gq/p/c
represents the capacitive reactance gain. The integrator’s out-
put value can increase or decrease the capacitive reactance
according to different integration directions provided by the
previous stage. The clock signal CLK of the integrator rep-
resents the speed of tuning. Part 2) duty cycle calculation is
used to calculate the duty cycle of the PWM control signal of
the MOSFETSs, according to (5) and (9). Here, if g4/5/c > 1,
g = land g = gapsc. Otherwise, g, = ga/pjc and
gs = 1. Part 3) synchronous sawtooth wave generation is used
to generate the sawtooth wave synchronized with the input
voltage of the rectifier bridge. Part 4) PWM signal generation
is used to generate the control signal of MOSFET according
to the synchronous sawtooth wave and duty cycle. Here, due
to the non-ideal of the actual devices, the propagation delay
of the drive circuit needs to be taken into account to obtain an
accurate synchronous control signal, which can be obtained
through actual measurement.

The tuning control scheme for each phase based on
the P&O method includes three parts, as shown in
FIGURE 11 (b). Part 1) U,,; measurement is used to measure
the output voltage, which is the observed object in the P&O
control method. Part 2) change observation is used to obtain
the changing trend of U,,,. Part 3) perturbation direction
control provides the capacitive reactance regulation direction
according to the changing trend of U,,;.

The control of the current phase difference consists of
1) phase difference measurement and 2) regulation direction
control. The first part is used to obtain 0yp/pc/ca according
to the sawtooth wave Saw, 5/ generated in FIGURE 11 (a).
The second part controls the capacitive reactance regulation
direction according to whether 8,p/pc/cq is greater than 120°.

To compare the effects of the above two tuning strate-
gies, the receiver tuning control flow charts for the tuning
three phases sequentially and simultaneously are designed
and shown in FIGURE 12 (a) and (b), respectively. For
the control of tuning three phases sequentially, the tuning
of three phases is disabled initially. Then, the three phases
are tuned sequentially. For each phase, at the later stage of
tuning, gq/»/c changes stably in a fixed range [ga/b/c_min,
8a/bjc_max]. Therefore, it is possible to determine whether
tuning is completed by determining whether g4/5/c_min and
8a/bjc_max are stable. On the other hand, according to the
characteristics of the P&O method, the final target of gq/p/c
is close t0 (ga/b/c_max + 8a/bjc_min)/2-
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FIGURE 11. Control scheme. (a) the capacitive reactance regulation of switched capacitor, (b) tuning based on the P&0 method, and (c) phase
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FIGURE 12. Control flow chart of receiver for (a) tuning three phases sequentially and (b) tuning three phases simultaneously.

V. EXPERIMENTAL VERIFICATION

The experimental system built according to the design is
shown in FIGURE 13. The switched capacitor was applied in
the receiver of a 1:5 scale three-phase meander-type DWPT
prototype for rail vehicle applications [9]. The main dimen-
sion information of the prototype is shown in the figure.
Besides, the number of turns of the receiving coil is 9. The
specifications of the Litz wire used in the transmitting coil
and the receiving coil are both 0.1mm x 200 strands with an
outer diameter of 2.0mm. The air gap between the transmit-
ting coils and receiving coils is 10mm.

The schematic of the three-phase transmitter is shown in
FIGURE 14, in which Iy, I, and I¢ are the currents of the
three-phase transmitting coil, and Uj, is the DC input voltage.
For simplification, LCC (inductor-capacitor-capacitor) com-
pensation topology is applied to maintain the constant current
amplitude of the transmitting coils [23], [24]. Nevertheless,
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due to the influence of internal resistance and mistuning in
the practical system, the current of the transmitting coil will
be slightly affected by the load. Therefore, the RMS values of
Ia, Ip, and Ic are maintained at 10.0A by slightly adjusting
Ui, under different output currents in the experiment.

The parameters of the experimental system are listed in
TABLE 2 According to the system parameters and (12), the
theoretical compensation capacitances for phase a, b, and ¢
receiving coils can be calculated as C, = 69.8nF, C,
67.8nF, CC’. = 34.3nF. Generally, capacitors with a manufac-
turing tolerance of £ 5% (code J) are easy to produce, and
higher manufacturing accuracy will lead to a significant cost
increase. For example, when the manufacturing tolerance is
+5%, inexpensive film capacitors can be used. Therefore,
for verification of tuning, two sets of capacitors with the
maximum deviation are purposely configured. One set of
capacitances are C, ,, = 73.8nF, C, ,, = 71.2nF, and
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FIGURE 13. Experimental system.

TABLE 2. Parameters Of the experimental system.

Symbol Parameter Value Unit
fo Working frequency 100 kHz
Uin o Nominal input voltage 24.0 \%
Uout 0 Ideal design output voltage 27.0 \%
Ci1,Cis Voltage divider capacitances 10 uF
Lr s Lr g, Lr ¢ Compensation inductances 1.50 pH
Cr 4, Crp, Cy ¢ Parallel compensation capacitances 1.69 pF
Cy4, Cp, Cc  Serial compensation capacitances 1.71 puF
Ly, Lp, Lc Self-inductances of transmitting coils 2.2 pH
L, Self-inductance of phase a receiving coil 39.0 uH
L, Self-inductance of phase b receiving coil 39.2  pH
L. Self-inductance of phase ¢ receiving coil 40.6 uH
Ta Internal resistance of phase @ receiving coil 113 mQ
rp Internal resistance of phase b receiving coil 115 mQ
Ve Internal resistance of phase ¢ receiving coil 117 mQ
M Mutual inductance between phase a and b 226 pH
M, Mutual inductance between phase a and ¢ -152  pH
M, Mutual inductance between phase b and ¢ -157  pH
C,1,C, o Voltage stabilizing capacitance 10 puF

IFﬁ |F'1& IH&

[e;

FIGURE 14. Schematic of the three-phase transmitter with LCC
compensation topology.

Cc m = 36.0nF, which are 5% larger than the theoretical
value, and used to verify the effectiveness of series switched-
capacitor tuning. The other set of capacitances are C,_,, =
66.2nF, Cp ,, = 64.5nF, and C. ,, = 32.8nF, which are
5% smaller than the theoretical value, and used to verify the
effectiveness of parallel switched-capacitor tuning.
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FIGURE 15. When Cq_m = 66.2nF, Cp, p,, = 64.5nF, and Cc_m = 32.8nF,
(a) the output voltage at different output current before and after
self-tuning, and (b) the waveform of uy;,_, and iq at I, = 6.0A after
tuning.

In a practical system, besides the compensation capaci-
tance, there may be errors in other parts’ parameters. To
ensure a wide enough calibration range, the parallel switched
capacitors are selected according to about one-tenth of
the theoretical compensation capacitances, and the series
switched capacitors are decided according to about ten times
the theoretical compensation capacitances. In this way, the
compensation capacitance can be calibrated within the range
of about £10% deviation from the optimal value. On the
other side, from the perspective of power flow, the essence
of receiver tuning is to avoid reactive power returning to
the power supply, which causes reactive power loss at the
transmitter. Therefore, to ensure the tuning effect is positive,
the equivalent quality factor of the switched capacitor must
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FIGURE 16. When Cq m = 73.8nF, Cp m = 71.2nF, and Cc_m = 36.0nF,
(a) the output voltage at different output current before and after tuning,
and (b) the waveform of uy, ¢ and ig at I,,; = 6.0A after tuning.
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FIGURE 17. The waveform of U,,; and /;, in (a) sequential tuning and
(b) simultaneous tuning of three phases when Cq_m = 73.8nF, Cp,
= 71.2nF, Cc_m = 36.0nF, Uj, = 24.0V, and I, = 6.0A.

be greater than the quality factor of the transmitter circuit.
Since the quality factors of parallel and series switched capac-
itors can be approximately calculated as 1 / (rswwoCp) and
1 / (rswwoCys) respectively, where 7y, is the on-state resistance
of switch, to achieve an excellent tuning effect, the on-state
resistance of the switches in the parallel and series switched
capacitors should be as small as possible. The final configura-
tion of the switched capacitors and the selection of MOSFETSs
are listed in TABLE 3.

In the experiment, two sets of capacitors were tuned once
under different output currents, and the output voltages before
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TABLE 3. Configuration of the switched capacitors and selection of
mosfets.

Symbol Parameter Specifications
Cup, Cpp Parallel switched capacitors of phase a, b 682]
Cep Parallel switched capacitor of phase ¢ 332]
Cos, Cp Series switched capacitors of phase a, b Two 334Jin
= parallel
Ces Series switched capacitor of phase ¢ 334)
M, », My », M, , MOSFET for parallel switched capacitor ~ SPW17N80C3
M, s My s My ;  MOSFET for series switched capacitor IRFP260N

and after tuning were recorded. The experimental results of
the two sets of capacitance are shown in FIGURE 15(a)
and FIGURE 16(a), respectively. The output voltage after
three-phase sequence self-tuning is almost the same as that
of three-phase simultaneous self-tuning. By comparing the
experimental results before and after self-tuning, it can be
seen that the effect of mistuning can be ignored when the
output current is small. Conversely, when the output cur-
rent is large, the output voltage after tuning is significantly
higher than that without tuning. Also, it can be seen that
the output voltage after tuning decreases linearly with the
output current increase due to the internal resistance of
receiving coils, capacitors, MOSFETs, rectifiers, and con-
nectors. The manual tuning experiment is also carried out
to compare with the self-tuning. The output voltage at dif-
ferent output currents after manual tuning is also shown
in FIGURE 15(a) and FIGURE 16(a). It can be seen that the
output voltage after self-tuning decreases quicker than man-
ual tuning with the output current increases. This is because
the internal resistance of the circuit is increased due to the
switched-capacitors.

Besides, FIGURE 15 (b) and FIGURE 16 (b) show the
waveform of up p, Upma s, and i, at Ip, = 6.0A after
tuning under the condition of small and large compensation
capacitance, respectively. Both the waveforms are consistent
with FIGURE 2 (b) and FIGURE 4 (b), respectively. The
maximum voltage of uy,_p in FIGURE 15 (b) is significantly
higher than that of uyy, , in FIGURE 16 (b), which indicates
that the suitable switching devices for series switched capaci-
tors in high voltage applications can be easily obtained. Note
that the waveforms of phase b and ¢ are not given here due to
the similarity to phase a.

For the two different control strategies, the waveform of
U,y and DC input current /;;, during one round tuning process
is shown in FIGURE 17 when C, ,, = 73.8nF, Cp ,, =
71.2nF, C. ,, = 36.0nF, U;;, = 24.0V, and I, = 6.0A.
The allover system efficiencies before and after tuning are
59% and 71%, respectively. According to the parameters of
devices and the output current, after tuning, the losses of the
receiving coil and the switched capacitor can be calculated
as 7W and 12W, respectively, and the losses of switches can
be ignored. Besides, the measured power consumption of the
control board is 4W. Then, the power loss of the transmitter
can be calculated as 36W. The main reasons for the low
maximum efficiency are the low-quality factor of the used
devices at 100kHz and low passive rectification efficiency
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at low output voltages. Devices with higher quality factors
can be used to improve maximum efficiency. Moreover, for
the control method of tuning three phases sequentially, the
whole tuning process takes about 9 seconds, while tuning
three phases simultaneously only consumes about 3 seconds.

The reason why the tuning time reaches seconds is that
the tuning basis of the P&O method is the change of output
voltage, and the actual output voltage detection inevitably has
interference. A long detection time is needed to measure the
output voltage stably and reliably to ensure control accuracy.
However, since the self-tuning is designed to be only executed
in the static state, the seconds level tuning time is acceptable.

VI. CONCLUSION

To eliminate the mistuning caused by the deviation of the
system parameters in the three-phase dynamic wireless power
receiver, this paper studies the self-tuning technology of the
three-phase wireless power receiver from the perspective of
practicability. Based on the idea of tuning when the vehicle is
parked on the station, a non-real-time self-tuning scheme is
proposed, which is based on the P&O method and switched
capacitor. In the proposed self-tuning scheme, the switched
capacitor has the advantage of a small volume. On the basis of
the parallel switched-capacitor tuning, further analysis shows
that the series switched-capacitor tuning is more suitable for
high voltage applications and can increase the range of reac-
tance regulation or reduce the device rating when combined
with the parallel switched capacitor. In terms of the specific
control method, the P&O method is easy to implement due
to it does not require the problematic detection of three-
phase induced voltage. Moreover, to overcome the shortage
of the sequentially tuning of three phases, a faster three-phase
simultaneous tuning strategy is proposed by introducing addi-
tional current phase difference control. Besides, the required
additional current phase detection circuit for simultaneous
tuning is multiplexed with that of the switched capacitor,
which avoids the increase in system structure complexity and
cost. The experimental results show that the mistuning effect
on the output voltage can be neglected after self-tuning, and
the speed of the proposed simultaneous tuning strategy of
three phases is about three times that of the conventional
strategy. According to the analysis and experimental results,
the switched capacitor self-tuning scheme for three-phase
systems based on the P&O method has a good tuning effect
and practicability.
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