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Passivity-Based Pl Control for Receiver Side of

Dynamic Wireless Charging System in
Electric Vehicles

Jia Liu™, Zhitao Liu

Abstraci—The dynamic wireless charging for electric ve-
hicles (EVs) is considered an efficient and practical choice
to extend the driving range and reduce battery pack size.
However, the coupling coefficient between transmitter coils
and receiver coil varies rapidly on a large scale during the
EVs moving, so it deteriorates the charging performance
of dynamic wireless power transfer in EVs, such as the
discontinuous charging for the lithium-ion batteries in EVs.
Moreover, the charging power and efficiency of the system
can also be affected. To solve these issues, a dc-dc con-
verter is added to cascade on the receiver side to improve
the output power and efficiency of the system. Further-
more, the passivity-based proportional-integral control is
designed for the dc—dc on the receiver side of dynamic
wireless charging system to improve the performance
against the rapidly changing coupling coefficient. Finally,
compared with the conventional proportional-integral-
derivative controller, simulation and experimental results
are given to show the performance and robustness of dy-
namic wireless charging system by the proposed method.

Index Terms—Coupling coefficient, dynamic wireless
charging, electric vehicles (EVs), passivity-based control
(PBC), receiver side.

I. INTRODUCTION

ITH some good advantages, wireless power transfer

(WPT) has been rapidly developed in recent several
decades. Based on the magnetic coupling technique, it has been
taken as an ideal charging method for electrical equipment,
such as cell phones, smart home electrical appliances, pure
electric vehicles (EVs), and plug-in hybrid electric vehicles
(PHEVSs) [1]-[5].
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WPT was first used to power an EV by M. Hutin and M.
Le-Blanc in 1894 [6], and it has been forgotten for around one
hundred years, as a result of the drawback of power electronic
technology and semiconductor. In the later 1970s, some scholars
put increasing attention to wireless charging due to the energy
crisis [1]-[3], [7], [8]. In 2007, Tesla’s experiment was verified
by Prof. Soljacic’s group from MIT, and the WPT system de-
signed by them was demonstrated to transfer 60 W with around
40% efficiency using strongly coupled magnetic resonance [9].
Wireless charging to EVs includes static wireless power transfer
(SWPT) and dynamic wireless power transfer (DWPT). Fur-
thermore, DWPT is regarded as a practical, economical, and
environmental approach to deal with the range anxiety [3], [7].
By utilizing the dynamic wireless charging technique, EVs can
pick up energy in-motion from the transmitter coils. The driving
range can be considerably extended and, thus, the battery packs
and the initial cost can be greatly reduced [4], [7].

There are two kinds of primary magnetic coupler structures
in DWPT. The first one is the long track coupler, and a con-
tinuous charging power can be achieved when the receiver coil
is moving over the transmitter track [10], [11]. However, the
receiver coil is much smaller than the long track, resulting in
a weak coupling condition. To solve the low efficiency and
electromagnetic interference (EMI) caused by poor coupling
coefficient, the segmental coupler structure is proposed in [12],
and the transmitter coils are embedded separately along the lane.
However, the coupling coefficient changes quickly on a large
scale when a receiver coil is moving over the transmitter coils.
Moreover, the misalignment is unavoidable during the dynamic
charging process. The obstacles for DWPT are mainly about
reducing charging power and the discontinuity of the lithium-ion
battery charging process due to the widely changing coupling
coefficient [7], [12], [13].

Some prior works have focused on the design of the com-
pensation topology and magnetic coil to enhance the tolerance
of the variable coupling coefficient in EVs moving. There
are four basic compensation topologies named series-parallel
(SP), series-series (SS), parallel-series (PS), and parallel-parallel
(PP) [4]. Compared with other topologies, the double-sided
inductor—capacitor—capacitor (LCC) topology proposed in [12],
[14] shows a more robust characteristic against the variations
of coupling coefficient and load conditions and, thus, a stable
resonant condition could be achieved to reduce the control diffi-
culty in DWPT scheme [14], [15]. Meanwhile, the double-sided
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LCC network converts a voltage source on the primary side to a
current source on the secondary side, which is suitable for EVs
charging [16].

The magnetic coil structure is another crucial aspect of the
DWPT system, and the commonly used magnetic structures for
EVs charging are circular coil and rectangular coil. The circular
pad is studied in [17], and the double-D (DD) couplers are
studied and optimized in [18], while the double-D quadrature
(DDQ) coils are designed in [19]. Compared with the segmental
coupler, overlapped DD coil arrays are introduced to generate a
relatively stable magnetic between the ground side coils and the
moving coil [20], [21]. However, the coil arrays will increase
the cost and the complexity of the DWPT system. Thus, some
advanced control schemes are considered a practical and eco-
nomical technology to solve these issues of the DWPT system.

The existing control schemes for DWPT can be classified into
three categories: the transmitter-side control, the dual-side con-
trol, and the receiver-side control. A transmitter-side regulation
methodology through current flow from the input source was
proposed in [22], which is independent of the load conditions.
In [23], a phase-shifting controller was presented using the
output current or voltage in the primary side, without any direct
measurement on the receiver side. However, each transmitter
panel should be equipped with a controller, resulting in an intri-
cate control design. A dual-side power control in [16] is proposed
to increase the system efficiency with large coupling factor
variations. However, the dual-side power control is regulated by
phase shifting, the zero-voltage switch condition is destroyed,
and it increases switching loss of insulated gate bipolar tran-
sistors (IGBTs). Meanwhile, dual-side control may suffer from
the delay problems in communication, and therefore, it is not
suitable for the DWPT system [4]. With lower implementation
costs and avoiding communication delays, the receiver-side
control strategy is a more appropriate choice for the DWPT
system [7], [12]. An optimal equivalent load resistor tracking
method was proposed through a dc—dc converter cascaded on
the secondary side and, thus, high overall system efficiency can
be achieved [24]. With a dc—dc converter on the secondary side,
the real-time coupling coefficient estimation and the maximum
efficiency control are provided to improve the transmitting effi-
ciency of DWPT system [25]. Moreover, the dc—dc converter is
designed to improve the wireless transfer power by adjusting the
equivalent load. Apart from that, the control objectives to track
the maximum efficiency and power improvement are different.
During the short period of exiting one transmitter coil and
entering another, transfer power regulation is more important
than transmitting efficiency for EVs charging. Thus, the power
transfer regulation is the first concern of our article.

In the DWPT system, the coupling coefficient changes rapidly
on a large scale. The widely varying coupling coefficient will
increase the difficulty of control design and deteriorates the
performance of the system. Without fast regulation ability,
conventional control methods cannot realize tracking control
in case of the rapidly changing coupling coefficient, resulting
in the fluctuation of the output voltage and current in DWPT.
Therefore, the designed controller should have a rapid ability to
regulate the dynamic system with fast varying parameters.
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Fig. 1. DWPT system.

The proportional-integral-derivative (PID) controller is
widely applied to buck dc—dc converters [26]. In [27], an adap-
tive backstepping control with the neural network was proposed
to deal with the adjustment problem of a dc—dc buck converter.
The major issue is that the computation of the duty ratio requires
the estimation information of system parameters dynamically. It
is not a suitable choice for practical applications. A second-order
sliding-mode control (SMC) was proposed for the regulation of
output voltage to track the reference value [28]. However, the
shortcoming is that the chattering phenomena cause extremely
high switching frequency, which is undesirable in industrial
electronics schemes. Among these nonlinear control theories,
passivity-based control (PBC) has attracted considerable atten-
tion. PBC was first proposed by Prof. Romeo Ortega, and so far,
it has been applied in many different fields, such as mechanical,
electrical, and electromechanical applications [29]-[34]. More-
over, passivity-based proportional-integral control (PIPBC) has
more advantages, such as transient performance and robustness
to unknown parameters [31], [35], [36]. Combined with PBC,
PI is wrapped around a passive output. It is easy to guarantee
the stability for the PI parameters gains [36].

In our article, by the above analysis of the dynamic charging
for the lithium-ion batteries in EVs, a buck dc—dc converter is
added to cascade on the receiver side in the DWPT system, and
PIPBC is used to improve the performance and the robustness
with the varying coupling coefficient. Furthermore, the simula-
tion and experiment results are given to show the effectiveness
and excellent performance of the proposed method.

The remaining of this article is organized as follows. In
Section II, the structure and the magnetic coil of DWPT are
analyzed, and the approach of receiver side power transfer
regulation can be obtained. Section III shows the design of
PIPBC. Simulation and experimental results are presented in
Section IV and Section V, which are given to demonstrate the
good performance of DWPT under PIPBC scheme. Finally,
Section VI concludes this article.

II. SYSTEM STRUCTURE AND ANALYSIS
A. System Structure

Fig. 1 shows the DWPT system, which consists of the EV
side and ground side. The EV side composes of compensation
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Fig. 2. Structure and dimensions of the magnetic coil.

topology, dc—dc converter, full-bridge rectifier, battery load, and
the receiver coil installed on the EV chassis. The ground side
composes compensation topology, full-bridge inverter, ac/dc
converter and the transmitter coils embedded in the driving lane.

As illustrated in Fig. 1, K3, K5, and K3 represent switches
on the input dc bus and the current sensors are used to measure
the current of each transmitter panel. When the system working
with no-load, the primary current of the input dc bus would
increase considerably. If the detected current is greater than the
protection threshold, switches will turn OFF to cut off the input
dc source. Then, reliability and safety issues can be guaranteed
through this protection configuration.

Remark 1: Refer to Section II-C, a double-sided LCC com-
pensation network is provided with current-source output char-
acteristic. If the system works in no-load condition, i.e., the
load resistor is infinity, the required power from the dc source
is infinity theoretically, resulting in an infinity input current.
Checking the protection threshold is a feasible and effective
protection configuration to conquer these safety issues.

B. Magnetic Coil Analysis

A DD magnetic coil is designed to realize the DWPT system,
as shown in Fig. 2. The length and width of the coil are 700 and
450 mm, respectively. The unipolar rectangular coil size is 410 x
330 mm, and the turns of the coil are 16. In order to improve the
magnetic field, five ferrite core arrays are distributed uniformly
on the DD coil. The size of each core array is 480 x 34 mm and
the interval between adjacent arrays is 30 mm.

In the DWPT system, the interval between adjacent trans-
mitter coils is 450 mm and the nominal transmission gap is
200 mm. The misalignment along the driving direction is de-
noted by Y-misalignment, and it increases when the receiver
coil moves from the first transmitter coil to the next transmitter
coil. The process, while Y-misalignment increases from 0 to 90
cm, represents an entire DWPT window.

Fig. 3 shows two sets of transmitter side with one set of
receiver side in DWPT. L, Lo, and L denote the first transmitter
coil, the secondary transmitter coil, and the receiver coil, respec-
tively. In this topology, L is coupled with L, Lo is coupled with
L, and L; is coupled with Lo, and the corresponding mutual
inductors are M, M5, and M. The total mutual inductor is
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Fig. 3. Topology of DWPT system.
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Fig. 4. Self-inductors and coupling coefficients during the DWPT
window.

denoted by M, and these inductors can be described by

Mys = kis - /L1 L
Mg = kns - V/LaLs
Mo = k12 - v/ L1La
M = Mys + Mg + Mo

ey

where k1, kas, and k1o represent coupling coefficients.

As shown in Fig. 4, the variation of inductors and coupling
coefficients during a DWPT window are analyzed by ANSYS
Maxwell software. The simulation results show that L1, Lo, and
L remain around 420 pH and, thus, they can be considered
constant. The k1 is about 0.004 and. thus, M5 can be neglected.
Itis easy to find that k5 decreases and &, increases rapidly with
the increasing Y-misalignment. Therefore, M varies quickly on
a large scale and the effect of M5 can be negligible. Thereby,
M in (1) becomes M = M, + M.

C. Receiver-Side Transfer Power Regulation

Fig. 3 depicts the topology of DWPT system. In this system,
U;, represents the input dc voltage, and R is the equivalent
resistor of the dc load. L1, C1, and C; are the first compen-
sation topology; L2, Ct2, and C'y are the secondary compen-
sation topology; and Ly,, Cys, and C; represent the receiver
compensation topology. w and f, denote the operating angular
frequency and the operating frequency, respectively. To form a
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Fig. 5. dc—dc converter in DWPT system.

resonant tank [14], giving

wLy — (wC) ™t = (wCp) =0

WLfl — (wal)_l =0

ng — (wC'g) L (wag) = 0 o)
waQ — (wa2)71 =0 ' 2
wLs — (wCs)™ ! — (WCs) 1 =0

was — (U.)Cfs)7 =0

In resonant working condition, transfer power of double-sided
LCC topology can be described as [14]

Pout = UAB Uab (3)

wlL f1 L fs
where U 4 p denotes first-order rms value of output voltage of the
full-bridge inverter and U, denotes first-order rms value of input
voltage of the full-bridge rectifier. In a fixed DWPT system, the
values of L¢q, Ly, and w are constant. And U 4 g is determined
by U,,,, which is also constant in this article. Therefore, transfer
power is proportional to M and U,,. When the mutual inductor
varies quickly in a large scale during the DWPT window, transfer
power can be improved by controlling Up.

Remark 2: Uy, and ucq are input and output voltage of the
full-bridge rectifier, respectively. Uy, is proportional to ucy1,
and it can be regulated by the dc—dc converter on the receiver
side. In other words, it is a feasible and practical approach to
regulate the transfer power by controlling ucq1 -

From the output of the full-bridge rectifier, the equivalent
circuit of the DWPT system on the receiver side is shown in
Fig. 5. Due to the current-source output characteristic of double-
sided LCC compensation network [14], [15], the input of dc—dc
converter can be regarded as an ideal current source, and it is
represented by 4i,. For high efficiency and power density, the
dc—dc converter is designed to operate in continuous conduction
mode. According to Norton’s theorem, the buck dc—dc converter
can be equivalent to a current source series connected with an

equivalent resistor. From Fig. 5, we get
R
Req = ﬁ (4’)

where d € [0, 1] and R., denote the duty cycle and the equiv-
alent resistor of this converter, respectively. Then, the output
power can be improved by the buck converter during the DWPT
window.

Remark 3: The buck converter is adopted in this DWPT
system, and the regulating range of R, is R to +oco. Through
the regulation of buck converter’s duty cycle d, the equivalent

resistor and input voltage uc41 can be adjusted dynamically to
regulate the output power.

IIl. PASSIVITY-BASED Pl CONTROL

The topology of the buck dc—dc converter in DWPT system is
shownin Fig. 5. The parasitic parameters are neglected and, thus,
the differential equations describing the state average model are
given by

.
LG = d X ucar — ucaz

d . .

Car G4 =iy —d X ig o)
ducds _ ; __ ucd2

Cap ™84 =g, =

where Cyq1, Cg2, and L denote the input capacitor, output capac-
itor, and inductor, respectively. uc,, , 4c,, i1, and 7;, represent
the input capacitor voltage, output capacitor voltage, the inductor
current, and the input current, respectively.

A. Passivity-Based Control

The port-controlled hamiltonian (PCH) can be described as
follows [34]:

&= [J(x) - R(z)] - 282 4 ¢ 4
{y: LT(@))agw() )] Crg@u o

where x € R" is the state vector; J, R: R™ — R"™ "™ are
the interconnection and dissipation matrices, respectively, with
J(z) = —JT(x) and R(x) = R (x); H: R" — R is the total
stored energy function; g: R™ — R™ ™ is the input matrices;
( represents the external force; and u, y € R™, m < n, are the
control and output function, respectively.

From the energy view point, the energy of the dynamic system
is stored in energy storage elements, such as inductor and ca-
pacitor. And the storage energy of inductor and capacitor can be
calculated by Wp; = 3L;i?, and We; = 2Cjul,;, respectively,
where i7,; and uc; denote current on L; and voltage of C;. The
total energy function is given as

H(z) =W+ Wear + Weaz

Loy 1o 1o,

_ 1 7
AT R T )

where @ = (21,22, 23]7 = [L iz, Car - ucar, Caz - ucaz]”,
and x1, x2, and x3 represent the inductor flux, the charge in
the input capacitor, and the charge in the output capacitor,
respectively.

Combing (5) with (6), the dynamic system (5) can be written
in the form of PCH, which yields

00 —1 00 0
Jx) =100 0 |,Ra)=[00 0
1
10 0 00 %
T2
Zln - -7
0
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Proof: Refer to (5), the average model becomes Combining (6) with (13), we have
xl_d Cl 69332 Ja(x) — Rg(x aHd(l')
i © [ala) — Ra(e)) 7
d3 =T — O0H (x
LT e = @) - B@) B g as)
The derivation of H (x) with respect to z, we get
Assume  that  Hy(z) = H(z) + Ho(z),  Ju(z) =
OH () 20 0 J(x) + Jo(x), Rg(z) = R(z)+ Ru(z), w=d, and
o = 0= 0. 9) K(z)=0H,(x)/0x = O0Hy(x)/0x — OH(z)/0x. In this
v 0 0 & article, we choose Jy(x) =0, Rq(z) = diag(ri,1/ra,1/13),

Then, substituting (8) and (9) in (6), the dynamic system (5)
takes the PCH form

00 -1 000
i= {00 0 ]—=(00 0
0 0 00 %
=000 0 &
x| 0F5 0 |+ im |+ -2 |d @10
0 0 & 0 0

Caz

In this article, fix a desired equilibrium point z*, the expected
energy function can be written as

1 1 )

Halw) = 57 (o1 = 21) + 5 (e = o5)
1 2
. 11
+ 2Cd2( — x3) (1D
Assume there are matrices Jy(z) = —JF (x), Ra(w) =

RY(z) > 0 and Hy(x) is such that

¥ = argmin Hy(x). (12)

Then, assume there exists u = 3(x), the closed-loop dynamic
system (5) can be rewritten as follows:

OHy(x)
ox

with z* a stable equilibrium. According to La Salle’s invari-
ant principle, if the largest invariant set under the closed-loop
dynamics (13) contained in

0Hj ()
ox
equals {z*}. Then, the closed-loop system is asymptotically
stable.
Substituting u = S(x) into (6) yields (13). Since Jy4(z) is
skew-symmetric matrix and R;(x) is positive-symmetric ma-
trix, the time derivative of the storage function is obtained

Hy(x) = - (ahgﬁm) > '

then, x* is a stable equilibrium point and Hy(z) can be regarded
as a Lyapunov function. Based on La Salle’s invariant principle
and the conclusion (15), the dynamic system is proved to be
asymptotically stable.

Ra(z)]

& = [Ja(z) - 13)

8Hd(33)

Ra ox

(14)

{x € R"|

Rd 6Hd (.%‘)

ox (15

<0

where 71, 79,73 > 0 are the injected virtual impedances. Then,
(16) can be rewritten as follows:

[Ja(z) — Ra(z)] K(2)
OH (x
= o)~ Ra@)] D 4 gyt am)
where
0 01
Ju@)={ 0 00
-1 00
T1 0 0
Ryx)= {0 &~ 0
0 % &4
Substituting K (z) = [~} /L, —2%/Ca1, —2%/Cas] T into
(17), we obtain
—r1 0 0 T1 0 —1
0 20 |K@w=[02L o 8?”
-1 11 T
0 0 ;2 10 L1
0 Cj
1 i+ [ —2 ) d (8)
0

Now, (18) can be further simplified, that is,

= g g
rfcfdl = G T —dx P (19)
T;Cs’dz =Tt (7 o l)(j’%

Here, substituting = [L - iz, Cq1 - ucar, Caz - ucaz]”® into

(19), i}, and uy, 4, represent the reference value of iy and ucqi,
respectively. Then, the duty ratio becomes

Ucaz +ri(iy, —ir)

q= 0)
Ucdi
a=n_ You —tcu @1
1L 21y,

where (20) and (21) are calculated from the first and secondary
formula of (19), respectively.

Refer to Section II-C, (21) can be applied to regulate the
transfer power by controlling ucq4; . However, ¢;,,, 1.e., the output
current of the full-bridge rectifier, is a high-frequency sinusoidal
half-wave signal, which is not able to measure by the current
sensor. In order to improve the PBC performance, we design a
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PI controller to operate with (20) for controlling ucq1, and the
implementation is shown in Section III-B.

B. Complementary Pl Controller

The frequency of ¢;,, is determined by the resonant frequency.
In this article, ¢, is a 170 kHz sinusoidal half-wave signal.
Meanwhile, the amplitude of 4;, varies rapidly on a large scale
along with the variable mutual inductor. Moreover, the changing
speed depends on the driving speed towards the transmitter coils.
To simplify the analysis, the influence of the Y-misalignment on
the coupling coefficient only has been considered as shown in
Fig. 2. At the same time, the X-misalignment (i.e., the misalign-
ment of the vertical driving direction) is inevitable and random
when the EV is in-motion. Therefore, it is tough to detect 7;,, by
the current sensor.

In order to address these issues, a complementary PI controller
is designed and combined with the PBC (20) and thus, a PIPBC
scheme is proposed. Let e(t) = ug, — ucq1 represent the
steady-state error of ucq41, which is the input of PI regulator

iy = Kpe(t) + K; [y e(r)dr, i3] < In (22)
where K, K; > 0. In order to protect the power electronic
components, I, is introduced to limit the maximum value of
the desired current. The output of the PI controller (22) is the
input of PBC (20), where 7} is the desired current of PBC. And
the systematic control block diagram is shown in Fig. 6.

IV. SIMULATION RESULTS

Both simulation and experiments are implemented to verify
the proposed PIPBC scheme and its effectiveness for the dy-
namic wireless charging system. The DWPT system specifica-
tions are listed in Table I, and Table II shows the circuit pa-
rameters for the compensation topology. This section shows the
simulation results, and the experimental results are demonstrated
in Section V.

A. Simulation Results of Resistor Load

To verify the dynamic performance and robustness against
the variable load of the proposed controller, transient response
tests, load variation tests, and dynamic charging tests have been
carried out in the PLECS.

TABLE |
SPECIFICATIONS OF DWPT SYSTEM

Parameter Design Value
Input dc-dc voltage Usy, 260V
Reference input voltage in dynamic charging w4, 180V
Operating frequency fs 85 kHz
Input capacitor of the dc-dc converter C\z1 165 uF
Output capacitor of the de-dc converter Clyo 470 pF
Inductor of the dc-dcconverter L 1.38 mH
Switching frequency of the dc-dc converter f 20 kHz
Resistor load R 11 Q
Battery load U, 100 V/
Maximum power 2.63 kW
Maximum efficiency 91.06 %

TABLE Il
PARAMETERS FOR COMPENSATION TOPOLOGY

Parameter Design Value  Measure Value
First transmitter coil inductor Lq 420 pH 418 ~ 422 uH
Secondary transmitter coil inductor Lo 420 pH 418 ~ 422 uH
Receiver coil inductor L 420 pH 421 ~ 425 pH
First transmitter resonant inductor L y1 45 pH 45.6 ~ 46.2 uH
Secondary transmitter resonant inductor L fo 45 pH 452 ~ 458 pH
Receiver resonant inductor L 45 pH 45.8 ~ 46.5 pH
First transmitter resonant capacitor C'yy 78.47 nF 78.3 nF
Secondary transmitter resonant capacitor C'yo 78.47 nF 78.1 nF
Receiver resonant capacitor C'y 78.47 nF 78.20 nF
First transmitter compensation capacitor C' 9.64 nF 9.72 nF
Secondary transmitter compensation capacitor C 9.64 nF 9.77 nF
Receiver compensation capacitor C's 9.64 nF 9.81 nF
250 T
7\

g 240 1 / !

8 230} 1% 240

g 220

S 220

% 210 200

% 180

5 2007 0.1970.2 0203 0.2060.209

§° 190 1 1

= — PIPB

2w )

170 - : - :
0.2 0.25 0.3 0.35 0.4

Time(S)

Fig. 7. Transient response performance of simulation results.

Case 1: Tests of Transient Response.

In order to validate the transient performance of the proposed
PIPBC to regulate the transfer power, a comparison is made
with the PID algorithm. In this transient response test, the Y-
misalignment of the receiver coil is 0 cm. And reference value
of the input voltage ucq41 changes from 180 to 240 V suddenly
at 0.2 s. Fig. 7 illustrates the simulation results of the transient
response tests. And it shows that the transient time of the PIPBC
and PID are 8 and 38 ms, respectively. Therefore, the superior
transient performance of the proposed PIPBC is verified.

Because the mutual inductor M changes rapidly on a large
scale during the DWPT window, good transient response is vital
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Fig. 9. Simulation results of the DWPT system for resistor load at low

speed (35 km/h). (a) Mutual inductor. (b) The input voltage of the dc—dc
converter. (c) The output current of the DWPT system.

for tracking the variable mutual inductor to adjust the system
rapidly. Thus, it can ensure the reliability of the DWPT system.

Case 2: Test of Load Variation.

In the variable load test, the mutual inductor M is constant,
and the output load changes from 11 to 16 2 suddenly at 0.15 s.
Fig. 8 demonstrates the simulation response curve for transfer
power under variable load. It shows that the transfer power
is around 2175 W when the load is 11 €2, and output power
can recover to 2175 W quickly when the load varies to 16 2.
Therefore, the robustness against the variable load is verified.

Case 3: Dynamic Charging Tests.

To validate the dynamic performance of the proposed
control algorithm, the dynamic wireless charging tests un-
der OPEN, PID, and PIPBC schemes are carried out in
PLECS at low and high speed. The OPEN scheme repre-
sents dynamic wireless charging without buck dc—dc converter
(OPEN_WITHOUT_dc—dc). Figs. 9 and 10 show the simulation
results marked with starting (0 C'M) and ending (90 C'M)
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Fig. 10.  Simulation results of the DWPT system for resistor load at
high speed (120 km/h). (a) Mutual inductor. (b) The input voltage of the
dc—dc converter. (c) The output current of the DWPT system.

position of the DWPT window, when the receiver coil is moving
at low speed (35 km/h) and high speed (120 km/h), respectively.
Compared with OPEN_WITHOUT_dc—dc, the reference value
of the input voltage ug, ;; is 180 V in PID and PIPBC schemes.
Att = 0.15 s, the receiver coil starts to move over the transmitter
coils. Because the mutual inductor changes rapidly on a large
scale during the DWPT window, three different performances
are under the above three schemes.

In OPEN_WITHOUT _dc—dc, simulation results show that
the output current and transfer power change along with the
mutual inductor. Furthermore, the systematic power decreases
to around zero when the receiver coil arrives in the middle of
the adjacent transmitter coils. In the PID scheme, simulation
results indicate that input voltage ucg1 and the output current
have been improved through closed-loop control, so as to
improve the systematic power. However, it fails to follow the
changing mutual inductor to adjust rapidly, which deteriorates
the dynamic performance and the DWPT system’s reliability,
resulting in an apparent deviation between ucg; and the
reference value. Moreover, the jitter of the output current and
ucq1 increase with the moving speed. Due to the superior
transient response, in the PIPBC scheme, simulation results
show that the DWPT under PIPBC scheme can track the variable
mutual inductor to keep ucq41 at the reference value. During the
DWPT window, the output current has been improved to improve
output power. Moreover, the proposed method has guaranteed
the reliability of the DWPT system. Therefore, it validates the
feasibility and remarkable performance of the DWPT-applied
PIPBC.
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Fig. 12.  Simulation results of the DWPT system for battery load in

OPEN_WITHOUT_dc—dc scheme. (a) The input and output voltage of
the dc—dc converter. (b) The output current of the DWPT system.

B. Simulation Results of Battery Load

In order to show good performance of this proposed controller
for dynamic wireless charging system with battery load, simula-
tion tests have been carried out in the PLECS. In these tests, the
EV is driving at 35 km/h and the voltage of the battery load is
100 V. Similar to the tests with resistor load, the reference value
of the input voltage ug; is 180 V.

Fig. 11 shows the mutual inductor when the receiver coil is
moving at 35 km/h. Figs. 12 —14 demonstrate the simulation
results for dynamic wireless charging system with battery load
in OPEN_WITHOUT_dc—dc, PID, and PIPBC schemes, respec-
tively. Besides, these results are marked with the starting and
ending position of the DWPT window.

Different from the simulation tests with resistor load, the tests
with battery load consist of start-up procedure and dynamic
wireless charging procedure.

Case 1: Start-Up Procedure.

During the start-up procedure, the output voltage ucqs in-
creases from zero and the output current is zero, while ucgo
is less than 100. The simulation results suggest that the out-
put current is zero until the output voltage is greater than or
equal to the battery voltage. For convenience of representation,
the start-up time is defined to represent the time while output
current begins to grow from zero. Then, the start-up time in
OPEN_WITHOUT _dc—dc, PID, and PIPBC schemes are 4.3,
5.1, and 2.9 ms, respectively. As depicted in Fig. 12(a), the
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Fig. 13.  Simulation results of the DWPT system for battery load in PID
scheme. (a) The input and output voltage of the dc—dc converter. (b) The
output current of the DWPT system.
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Fig. 14. Simulation results of the DWPT system for battery load in
PIPBC scheme. (a) The input and output voltage of the dc—dc converter.
(b) The output current of the DWPT system.

output current and output voltage ucqo are oscillatory under
OPEN_WITHOUT_dc—dc. And Fig. 13(a) demonstrates that
the oscillation would be addressed through PID in a long time.
Therefore, the simulation results validate the good performance
of the proposed controller.

Case 2: Dynamic Charging Procedure.

During the dynamic charging procedure, the input voltage
ucq1 oscillates around 100 V, i.e., the voltage of battery load,
under OPEN_WITHOUT_dc—dc condition. The simulation re-
sults show that the output current changes along with the mutual
inductor, and it also is oscillatory during the DWPT window.
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Fig. 15.  Experimental setup. (a) Physical setup of DWPT system. (b)
Experimental prototype of transmitter panel. (c) Experimental prototype
of receiver panel.

Under PID scheme, simulation results show that input voltage
ucqp fails to be adjusted according to the changing mutual
inductor, resulting in oscillatory and instability. Moreover, it
may lead to system impairments or even system failures.

Similar to the tests with resistor load, simulation results show
that the DWPT in PIPBC scheme can track the variable mutual
inductor to keep ucg1 at 180 V, i.e., the reference value. Due
to a larger input voltage ucqi, it can also conclude that the
output current has been improved to obtain a larger output power.
Moreover, the reliability of the DWPT system has been improved
by the proposed PIPBC. Therefore, it validates the feasibility
and remarkable performance of the PIPBC-based DWPT with
battery load.

V. EXPERIMENTAL RESULTS

To further validate the feasibility and effectiveness of the
DWPT under PIPBC scheme, experimental results are supplied.
Fig. 15 depicts the real hardware experimental setup. Fig. 15(a)
shows the overall physical setup of the DWPT system; there
are two transmitter panels and one receiver panel. Fig. 15(b)
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Fig. 16. Transient response performance of experimental results.
(a) PID. (b) PIPBC.

shows the experimental prototype of the transmitter panel, and
Fig. 15(c) shows the experimental prototype of the receiver
panel. The digital signal processing (DSP) controller in trans-
mitter and receiver panels is TMS320F28335. A 2.2-kW DWPT
system is built, and experiments with both resistor load and
battery load are implemented as follows.

A. Experimental Results of Resistor Load

Case 1: Experiment of Transient Response.

Similar to the simulation tests, the mutual inductor M is
constant, and the reference value of the input voltage ug
changes from 180 to 240 V suddenly. Fig. 16 demonstrates
the experimental results of transient response. It shows that
the transient time of the PIPBC and PID are 6 and 35 ms,
respectively. The results provide further validation of superior
dynamic characteristics of PIPBC, and it agrees with the previ-
ous simulation conclusions.

Case 2: Experiment of Dynamic Charging.

Fig. 17 shows the experimental results marked with Y-
misalignment during the DWPT window under three different
schemes, and the mutual inductor versus Y-misalignment is
measured and depicted in Fig. 17(a).

In OPEN_WITHOUT_dc—dc, the output current and output
power change along with the mutual inductor. Moreover, sys-
tematic power decreases to around zero when Y-misalignment
is 45 cm. In PID scheme, although the output current and output
power have been improved through closed-loop control, failing
to track the variable mutual inductor leads to an apparent devia-
tion between ucg1 and the reference value. The experimental
results demonstrate that the stability of DWPT is no longer
guaranteed. In the PIPBC scheme, Fig. 17(d) shows that the
DWPT under PIPBC scheme can track the variable mutual
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Fig. 17.  Experimental results of the DWPT system with different con-
trol strategies. (a) Mutual inductor. (b) OPEN. (c) PID. (d) PIPBC.

inductor to regulate ucg1 at the reference value. The output
power has been improved, and the reliability of DWPT system
has been guaranteed. The experimental results match with the
previous simulation results. It can be concluded that the DWPT
under the PIPBC scheme is reliable.

Case 3: Transfer Power and Efficiency.

A comparison between OPEN_WITHOUT dc-dc and
PIPBC scheme has been made in this case. Moreover, the transfer
power and efficiency are measured during the DWPT window,
as depicted in Fig. 18. It indicates that the output transfer power
and efficiency under the PIPBC scheme are larger than those of
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Fig. 18. Transfer power and efficiency during the DWPT window with
resistor load. (a) Transfer power. (b) Transfer efficiency.
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Fig. 19.  Experimental results for start-up procedure of the DWPT sys-
tem with battery load and the waveforms of input voltage wc 41, output
voltage uc 42, and output current.

OPEN_WITHOUT _dc—dc. In OPEN_WITHOUT dc—dc, the
maximum transfer power is 1620 W, and the corresponding effi-
ciency is 80.23%. In the PIPBC scheme, the maximum transfer
power is 2175 W, and the corresponding efficiency is 90.12%.

B. Experimental Results of Battery Load

Similar to the simulation results, the experimental tests with
battery load would be divided into start-up procedure and dy-
namic charging procedure.

Case 1: Start-Up Procedure.

Fig. 19 shows the experimental results of input voltage wcq1,
output voltage ucq2, and output current under PIPBC scheme
during the start-up procedure. Similarly, the output current is
zero until the output voltage w42 increases to be greater than
or equal to the battery voltage. The experimental results demon-
strate that the start-up time is 3.2 ms, and it matches well with
the previous simulation results.

Case 2: Dynamic Charging Procedure.

During the dynamic charging procedure, the mutual inductor
versus Y-misalignment is the same as that depicted in Fig. 17(a).
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battery load.

The experimental results under PIPBC scheme is shown in
Fig. 20, and it demonstrates the experimental waveforms of
input voltage ucq1, output voltage ucg2, and output current.
The experimental results show that the DWPT under PIPBC
scheme can track the variable mutual inductor to regulate ucq1
at the reference value. Then, the feasibility and remarkable
performance of the proposed PIPBC have been validated. It can
be concluded that the PIPBC-based DWPT is reliable both with
resistor and battery load.

Case 3: Transfer Power and Efficiency.

During the dynamic charging procedure with battery load, the
systematic transfer power and efficiency are depicted in Fig. 21.
Refer to the conclusion of PIPBC-based DWPT with resistor
load, and it suggests that a larger systematic efficiency would
be obtained with a larger output transfer power. As depicted in
Figs. 18(a) and 21, the transfer power of DWPT with battery
load is larger than that of the system with a resistor. It indicates
that the output transfer power and efficiency are larger under the
PIPBC scheme. The maximum transfer power is 2630 W, and
the corresponding efficiency is 91.06%.

VI. CONCLUSION

In this article, the dynamic wireless charging system for EVs
was considered. As the coupling coefficient between the trans-
mitter coils and receiver coil varies rapidly on a large scale during
the EVs moving, a dc—dc converter was added to cascade on the
receiver side, and PIPBC was developed for the receiver-side
control. Some simulation and experimental results were given
to demonstrate the effectiveness of the DWPT with the PIPBC

scheme and its excellent performance in power transfer. It is
also showed that, under the proposed design, the transfer effi-
ciency can also be greater than that of OPEN_WITHOUT _dc—dc
scheme.

Our future work is to install the designed wireless charging
system on an EV, and it would focus on two aspects: 1) inte-
grate transmitter and receiver coils with corresponding resonant
inductor together to save space, and 2) develop a foreign object
detection system according to the magnetic field.
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