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Multi-Paralleled LCC Reactive Power
Compensation Networks and Their
Tuning Method for Electric Vehicle

Dynamic Wireless Charging

Shijie Zhou and Chunting Chris Mi, Fellow, IEEE

Abstracti—Dynamic wireless power transfer (WPT) is a
practical method to solve electric vehicle (EV) range anx-
iety and reduce the cost of on-board batteries. This paper
presents a novel dynamic WPT system that combines the
advantages of pads array and segmental long coils cou-
pler. In the proposed circuit, several paralleled LCC reactive
power compensation networks (RPCNSs) in the primary side
were excited by a sole inverter and the power distribution
was realized automatically; an auxiliary LCC network was
proposed to regulate current in the primary coil to min-
imize the electromagnetic interference (EMI) and reduce
the system’s power loss. A scaled-down prototype of a
dynamic wireless charging system was developed to prove
the validity of the theoretical analysis.

Index Terms—Current regulation, dynamic charging,
LCC reactive power compensation network (RPCN), power
distribution, wireless power transfer (WPT).

|. INTRODUCTION

LECTRIFICATION in the transportation sector has been

strongly emphasized for the last several decades due to
tougher regulations triggered by environmental concerns and
energy security concerns [1]. For electric vehicles (EVs), a high
power and large capacity battery pack is equipped as an energy
storage unit to make an EV operate for a satisfactory distance,
which increases the cost of EV and create range anxiety for EV
owners [2]-[4].

To mitigate the cost and range issues, wireless power transfer
(WPT) for EV charging has been extensively studied and has
begun to commercialize in the last decade. Many topologies
have been proposed. Among these, dynamic wireless charg-
ing promises to increase vehicle mileage and decrease battery
size [5], [6]. The charging occurs while the vehicles are mov-
ing over charging tracks or pads, which are installed under
the road surface in urban or highway environments. By using
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dynamic charging, journey idle time due to stops for charging
decreases and the ratio of distance over battery size increases
[7], so smaller battery packs could be feasible thanks to WPT.

There are mainly two major kinds of primary magnetic
couplers in dynamic charging. The first one is a long track
coupler, as shown in Fig. 1(a). When an EV with a pickup
coil is running along the track, continuous power can be trans-
ferred. References [8]-[11] performed analysis and are of great
reference value in this area. However, the problem with the
track design is that the pickup coil covers only a small por-
tion of the track, which makes the coupling coefficient very
small. The poor coupling produces low efficiency and elec-
tromagnetic interference (EMI) issues. To solve these issues,
references [12] and [13] proposed segmental long tracks, where
the track is made of segments with a single power converter
and a set of switches to select which segmental track should be
excited. The excitation of each segment can be controlled by
the switches’ ON—OFF state. The electromagnetic field above
the inactive segments is significantly reduced. However, com-
plex detection and control circuits such as position sensors and
segmental coil switching control circuits are needed in this cou-
pler, which greatly increases the complexities of the control
system. The second type of primary magnetic coupler is pads
array, as shown in Fig. 1(b) [14]-[16]. In this structure, each
pad can be driven by an independent power converter. Thus,
the primary pads can be selectively excited without a high-
frequency common current in the long track coupler. Moreover,
the energized primary pad is covered by the vehicle, meaning
the electromagnetic field is shielded so as to have a minimum
impact on the surrounding environment. Hence, the efficiency
and EMI performance could be as good as that in a stationary
charging. However, this mode also requires a position detection
circuit to control coil switching. The control process and sys-
tem response speed should be much faster than the speed of the
EV. In addition, the cost to build a power converter for each
pad is unaffordable. To solve these problems, a double-coupled
method was proposed in [17] and a reflexive field containment
idea was proposed in [18].

Both of these methods realized primary pads switching
automatically; however, the constant high-frequency current
constantly circulating in the intermediary coupler lowers the
efficiency in [17]; and the reflexive field containment method
exacerbated the phenomenon of power null, which causes
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Fig. 1. Two kinds of primary magnetic couplers in a dynamic WPT
system. (a) Long track couplers. (b) Segmental couplers.

the output power fluctuations, resulting in only 30% effective
charging time [18].

Based on the above analysis, a well-designed dynamic WPT
system should be easy to control, highly efficient, low in
radiation, relatively stable output power, and affordable. In this
paper, a novel dynamic WPT charging scheme in the primary
side and the corresponding control method is proposed. The
proposed system combines the aforementioned advantages of
the two kinds of couplers. In the proposed scheme, several
paralleled reactive power compensation networks (RPCN5s) are
adopted to compose the energy transmitting pads array in the
primary side. These RPCNss are excited by a single primary con-
verter, which is quite cost-effective. The excited current flowing
into every RPCN could be automatically built up when the
pickup coil is coupled or partly coupled. A DDQ coil in the
pickup side is used to eliminate the power null phenomenon.
Given constant current in the primary coil in the RPCN, a
novel current regulation circuit and its corresponding control
method are proposed to regulate the primary current in every
primary coil in the pads array to lower EMI and improve system
efficiency.

The following assumptions are made throughout this paper:
1) the gap between every two adjacent primary coils is small
enough that it can be neglected; 2) the input impedance of the
pickup side is always purely resistive; and 3) the equivalent
impedance of the battery does not change as the EV passes
through one primary coil.

[I. LCC NETWORK FOR THE DYNAMIC WPT SYSTEM
A. Fundamentals of WPT System

A typical WPT system comprises three main parts: 1) a pri-
mary power converter; 2) magnetic coupling with primary and
pickup RPCNs; and 3) a pickup ac—dc converter [16], as shown
in Fig. 2. A high-frequency sinusoidal current is produced by an
ac—dc—ac converter in the primary side, usually ranging from
80 to 90 kHz for EV charging, flowing into the one or sev-
eral primary RPCNs and exciting primary pads, which create
a high flux density in the vicinity of the primary coil. The
impedance of RPCNs in the primary and pickup side is matched
to the impedances of primary pad inductance L; and the pickup
coil inductance L, respectively, at the resonant frequency. The
high-frequency current induced by L, and compensated by the
pickup RPCN is then rectified and transformed into usable
charging voltage for the battery [17].
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Fig. 2. Typical structure of WPT system.
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Fig. 3. LCC compensation network in the primary side.

In Fig. 2, M is the mutual inductance between the primary
and pickup coils; Z; is the input impedance of the pickup side.
The reflected impedance Z, is indicated by the dashed line and
solved as

Z, = (W*M?)/ Z, (D)

where w is the system operation frequency. By assumptions, Z;
is a constant pure resistance. Therefore, M is the only variable
that could influence the output power as long as the parameters
in the WPT system are properly designed.

B. LCC RPCN in the Primary Side

The LCL RPCN, which is widely used in inductive heat-
ing and early WPT systems, performs as a current source at
resonance frequency [21], [22]. To cancel the nonlinear effect
of the rectifier diodes in the pickup side, another capacitor is
introduced to form an LCC network, which could achieve an
exact unit power factor under a predetermined load condition
[4]. A typical LCC topology in the primary is shown in Fig. 3.
A voltage-fed, full-bridge converter is composed by MOSFETS
S1—S4. Cyy is the compensating capacitor for freewheeling
inductance L ¢1; C), partly compensates primary coil Ly; rp; is
the resistance of L1; Z,, is the output impedance of the inverter;
Uy, is the input dc voltage; uap and irp; are the output voltage
and current of the inverter, respectively; 7, is high-frequency
current in the primary coil.

For the first step, a concise characteristic of the proposed
compensation network will be given by analyzing the first-order
harmonics of the square voltage waveform at the switching fre-
quency [23]. The resistance on all the capacitors is neglected
for simplicity. The circuit parameters are designed by the fol-
lowing equations to achieve a constant resonant frequency for
the topology

LpCpi=1/wj )
(L1 = L1) Cp = 1/
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where wy is the angular constant resonant frequency. Based on
the impedance analysis, the Z,, — w function can be written as
1

1 .
ZT+TL1+ij1+ﬁ + ']wcfl

Zp (W) = +jwLp. 3)

When the system operates at a constant resonant frequency,
substitute (2) into (3) and simplify the result as
L

B ) @

From (1) and (4), ir¢1 and P;,, the input current and input
power of the primary RPCN, can be easily solved as

iny1 = uapCp1 (W*M? +1r112,) | ZsLp (5)
Pi ZU2ABCf1 (w2M2+rL1ZS) /Zstl. (6)

Both the full-bridge voltage-fed inverter and the LCC com-
pensation network are supposed to operate at steady state and
the values of uap, 711, Cy1, L1, and Z, are constant. From
(6), the sole variable that could influence output power F;,
is M and they are positively correlated. In the processing of
dynamic charging, M and P;, will reach maximum values
simultaneously when the primary coil and the pickup coil are
in perfect alignment. As the EV moves away, M will gradu-
ally reduce to zero and P;,, will decrease to a minimum value.
That means the input power injected into the primary LCC net-
work could be regulated automatically through the change of M
as the pickup coil moves away. No auxiliary position detection
circuit or segmental coil switching control strategy is needed
during the power transfer process. The characteristic of such an
LCC topology greatly simplifies the control complexity in the
primary side.

The root mean square (rms) of the high-frequency current in
the primary coil 7,, could also be solved as

ip:uAB/wal. (7)

Equation (7) shows that the sinusoidal current flowing in the
primary coil is dependent only on the inverter input voltage
regardless of the load and coupling variations. Such constant
current can induce significant losses in the primary side coils
and result in EMI. This is undesirable for the performance of
the LCC-based dynamic charging system. Such phenomenon
and the corresponding current regulation control strategy will
be discussed in Sections IIT and I'V.

1. MuLTI-LCC NETWORKS WITH DDQ COILS
A. Problems and the Proposed Approach

As analyzed in Section II, M is the sole variable that could
influence P;, and there is a positive correlation between these
two parameters. If several LCC networks are paralleled and
excited by a single inverter, the input power would be automati-
cally distributed among several sub-LCC networks depending
only on the values of M between the primary coil in each
network and the pickup coil.

Furthermore, power null is another issue that should be
considered. In the dynamic WPT charging system, the output
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Fig. 4. Multi-LCC networks for the dynamic WPT system.

power could be zero at certain positions if closed coils are
deployed. The reason is that equal and opposite magnetic field
generated by two adjacent primary coils will offset each other at
the pickup coil at some particular points. Such phenomenon is
labeled as power null which not only results in unstable output
voltage but also reduces the effective charging time.

The DDQ coil structure proposed in [21] eliminates the
power pull phenomenon. In this paper, the DDQ coil structure
is adopted to avoid the power null with double-LCC compen-
sation networks as shown in Fig. 4. In the proposed circuit, the
primary pad array is composed by several DD coils of the same
size and self-inductance value. These coils are marked from L4
to L,,. Correspondingly, the self-inductance values of Ly to
Ly, are exactly the same. The value of Cyy to Cy, and C),
to C,, are solved via (2). In the pickup side, DDQ is adopted
to eliminate output power null points and maximize energy
transmission capability. L, and L are DD and Q coils, respec-
tively; C's and Cg are their compensating capacitors. Lg¢ and
Lqy are freewheeling inductors in their own LLC networks,
respectively; and Cy and Cgy are compensating capacitors.
Parameters in the pickup side are solved by (8)

LsjCsp = 1/wg
(Ly — Lyp) Cy = 1/w?
LofCqp =1/wg
(Lo — Lqgf) Cq = 1/wg

®)

The coil structure and parameters are shown in Fig. 5. In
Fig. 5(a), two duplicate rectangular coils with the same size and
turns are in series and placed closely to compose each DD coil
in the primary side. Several such DD coils are placed side by
side to compose the primary pads array. Ly_1, Ly, Li+1, and
Ly, 4o are four adjacent DD coils in the primary pad array; sub-
scripts R and L will be used to represent the right half and left
half of the DD coil, respectively. The currents in the adjacent
rectangular coils must be of opposite directions. In Fig. 5(b),
two duplicate rectangular coils compose a pickup DD coil that
is identical to the primary coil. The additional rectangular Q
coil is overlapped on the center of the DD coil. To maximize
power transfer capability, the Q coil is exactly half the size of
the DD coil [21].

B. State Analysis

Five reference points are selected to analyze the system’s
operating conditions, representing an EV moving from one pad



ZHOU AND MI: MULTI-PARALLELED LCC RPCNs

6549

———600mm —— ~300mm—  50mm _S0mm__
T
| {
|
{ [ s ] = [Ee——]
2 | —) —— I s | E——
g
2 E—— == == El—(—
1 =) e p—— = j— ——
Ly Ly o ¥ Ly Lz
Primary coils
+——300mm —
. . \'-a
Pickup coils
Wire width Ferrite thickness
6mm : 7.5mm
Coils distance
150mm
Ly L Ly Lyis
Couplers

Fig. 5. Couplers structure.

TABLE |
PARAMETERS IN MULTI-LCC CIRCUIT
Parameters Values  Parameters Values
U, 320V f 85 kHz
Lp 1, L, Lig+s,and Lgy» 60 uH Ly 332.1uH
Cpt, Cpo Cirvand Cpr 58.432 nF Lo 137 uH
Lis, Ly Liss, andLyy» 332.1uH Cs 12.89 nF
Coi, Cots Cpir,and Cppsr 12.89 nF Co 45.53 nF
FLich Tk Frier, and 7ress 0.06 ohm Lgand Lyr 60 uH
Cyrand Cor 58.432 nF R 13.3 ohm
TABLE Il
MUTUAL INDUCTANCE VALUES IN DIFFERENT STAGES
Parameters Pointl Point2 Point3 Point4 Point5
Mis_1k-1 (uH) 10.8 - 3.7 - 0.13
Mo 1k (uH) - 243 - 0 -
My 1k (uH) 90.33 - 425 - 9.8
Mo 11 (uH) - 37.33 - 243 -
Mg 1k+1(uH) 9.7 - 43.1 - 92.98
Mo 151 (uH) - 2.46 - 37.33 -
Mg 1k+2(uH) 0.13 - 3.7 - 10.7
Mo 15+2(uH) - 0.21 - 2.43 -

to the adjacent one. ANS YS Maxwell electromagnetic simu-
lation software is used to calculate different mutual inductance
values at different reference points. The magnetic simulation
results and circuit parameters are shown in Tables I and II.

In Fig. 6, four identical DD coils Ly_1, Ly, Lit1, and Li4o
compose the primary pads array. In the pickup side, subscripts L
and R are the left-half and right-half of DD coils both available
for primary coils and pickup coil. The solid line circles in the
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Fig. 6. Coils coupling diagram. (a) Reference point I. (b) Reference point
1. (c) Reference point . (d) Reference point IV. (e) Reference point V.

pickup side indicate that the pickup coils are receiving energy
from the primary side and the dashed circles mean the coils are
placed at the power null position. The dashed lines are magnetic
flux, the density of magnetic flux indicating the level of power
transmitted. iz fr—1, 4 fks ¢Lfk+1, and 47 pp42 are input cur-
rents of their corresponding RPCNs. Here, a detailed analysis
of each point is presented.

Point 1: In Fig. 6(a), Ly is aligned with primary pad coil
Ly. My sk is much larger than My s_rx—1 and Mps_rg+1,
M s_rk+2 is nearly zero. According to (5), ir sk should be
much larger than that of the other three. i7,r1—1 and ¢f, r11
should be equal in theory; ¢y, r412 should be zero. L, is located
at the power null position. The circuit simulation results are
shown in Fig. 7(a). In Fig. 7(a), the rms value of iy f;, is much
larger than that of i3, 1 and ir 41, which are almost coin-
cide with each other; ¢r, 142 is almost zero. Among the four
primary coil currents, only 4,,_; is selected to observe the
variation of each primary coil current with different coupling
coefficients. The amplitude of u,;, which is defined as the com-
mon input voltage of the inverter, is scaled down 10 times in all
the curves in Fig. 7 for higher resolution.

Point 2: The EV keeps moving along the primary pads array
until the Lg and Lj_ g are in alignment, as shown in Fig. 6(b).
From Table II, Mrg_rx is much larger than Mro_rr—1,
Mro—rk+1, and Mrg_ 142, most input power flows into the
kth LCC network rather than other networks. L is located on a
power null point. However, M7, 1 in point 2 is much smaller
than M1, in point 1 because of coils’ size difference, the
input power will decrease rapidly. The circuit simulation results
are shown in Fig. 7(b) where iy s, in point 2 is much smaller
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Point 1. Currents and voltage in circuit Point 2. Currents and voltage in circuit
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Fig. 7. Circuit simulation results and current curves. (a) Current and volt-
age in Point 1. (b) Current and voltage in Point 2. (c) Current and voltage
in Point 3. (d) Current and voltage in Point 4.

than that in point 15 i, pr—1, i1, fk+1, and i, ;42 drop to almost
zero. Despite the significant change of iz ;1 and P;, from
point 1 to point 2, the amplitude and phase of 7,1 keeps
constant.

Point 3: In Fig. 6(c), Ly couples with both Ly and Ly,
when the EV moves to the center of them. Ly _r and L, g,
Liyi1-1, and Ls_g are aligned at this point. The values of
Myps—rr and Mps_ k41 are equal and the input power should
be equally shared automatically between these two subcom-
pensation networks. L is located at power null position. The
circuit simulation results are shown in Fig. 7(c), irsr and
i1, rk+1 perfectly coincide, i, r,—1 and i, pi4o are almost down
to zero. The amplitude and phase of 4,;_; is almost the same
as those of the previous points.

Point 4: In Fig. 6(d), the EV keeps moving until the Q
coil and Lii1_g are in alignment, L, is located at a power
null point again. The input power mostly injects the (k + 1)th
LCC network rather than other networks. The circuit simula-
tion results are shown in Fig. 7(d), where ¢, 411 in point 4 is
much smaller than the sum of i1, y1.41 and iz g, in point 35 ir fi,
iLfk—1,and iz rj4o are almost zero. 4,51 Temains unchanged.

Point 5: Ly and Ly, are aligned, which is shown in
Fig. 6(e). Similar to point 1, most input power flows into the
(k 4 Dth network rather than other networks. L is located at
power null position. The circuit simulation results show that the
current waveforms resemble those of Fig. 7(a).

From point 1 to point 5, the system goes through a power
cycle. During this cycle, most of the input power transfers from
one LCC network to the adjacent one gradually and automati-
cally depending only on mutual inductance values between the
pickup coil and the various primary coils.

Fig. 8. Primary coil current regulation circuit.

The higher the mutual inductance value, the more power
flows into the system. According to circuit simulation results
in Fig. 7, the multi-LCC dynamic WPT system has realized
power distribution automatically among paralleled compen-
sation networks, which are excited by a single inverter. No
additional segmental coil switching control strategy or position
tracking detection circuits are needed during the power distri-
bution process, as long as the system operates at the resonant
frequency. Soft-switching is realized during the whole power
period regardless of coupling variations. Power null points were
eliminated via the DDQ coil structure. However, as shown
in Fig. 7, the value of ;1 remains constant irrespective of
the coupling change. The simulation results verified (7) that
primary coil current in the LCC RPCN is a constant. This char-
acteristic is not expected in the dynamic WPT charging system
because the high-frequency constant current in each primary
coil not only leads to higher losses and lower efficiency but
also results in EMI issues. To overcome this issue, a novel pri-
mary coil current regulation circuit and its control method are
proposed and analyzed in Section IV.

IV. PRIMARY COIL CURRENT REGULATION
A. Current Regulation Circuit

An output power control method called short-circuit decou-
pling in the pickup side was proposed in [24]. The essence of
this control method is changing the value of the reflected load,
including real and imaginary parts, to regulate the output power.
Inspired by this idea, an auxiliary LCC compensation network
is adopted to regulate the rms of the primary coil current, the
circuit structure as shown in Fig. 8.

In Fig. 8, C, and C, are compensation capacitors for pri-
mary coil L, and freewheeling inductor L ,, respectively, in
an auxiliary LCC network; the values of the inductors and
capacitors satisfy

LfaCfa = 1/(,0(2) (9)
(Lo — Lfa) Cpa = 1/

where wy is the reflected impedance from the auxiliary LCC
network, which is shown by the dashed line in Fig. 8. R, is
a high resistance, which ranges from 10 k to 100 k ohm; r, is
the turn-ON resistance of MOSFET .S,,. The output impedance of
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the auxiliary LCC network is R, which comprised R, r,, and
the internal resistance of the rectifier bridge, whose value can
be changed through the use of different control modes. When
the system operates at constant resonant frequency, Z, can be
solved

Zo =M, 111 CraBa/ Ly (10)

where M, _r 1 is the mutual inductance between L, and L.
Unlike the loosely coupling condition between the primary coil
and the pickup coil, L, and L, are closely coupled, the cou-
pling coefficient usually ranges from 0.75 to 0.9. Primary coil
current 4, in Fig. 8 could be solved as

. . UabL?aLflw
lp = —J .
P szfclL?‘a + Mga—Lfle (Zr + rLl)

an

In (11), R, and Ly, are the only two variables whose values
need to be optimized by the designer. There are two opera-
tion modes in the auxiliary LCC network: 1) short-circuit and
2) open-circuit modes.

When the pickup coil is coupled or partly coupled with the
primary coil, Z,. is much larger than r, energy is transferred
wirelessly from the primary side to the pickup side.

From (11), the minimum value of R is expected to maximize
i, and output power. At this time, switch S, is closed and the
auxiliary LCC network operates in short-circuit mode.

Z, will decrease to zero rapidly when the EV pulls away.
Under this condition, the high-resistance value of R, is
expected to limit the amplitude of 7, to reduce coil loss and
EMI. At this time, switch S, is opened and the auxiliary LCC
network operates in open-circuit mode. The current passing
through R, can be solved as

—j LfaMLa—LfluAB (Zr + TLl)
WQL?%L%I + Ml%a—LflRS (Zy +r7r1)

is = (12)
where Ly, is the other important parameter that needs to be
carefully designed. From (11), a smaller L, is better for lim-
iting the amplitude of 7, when the primary coil and pickup coil
are decoupled; however, according to (12), once the primary
coil and pickup coil are coupled, a smaller Ly, will induce a
larger current flowing through switch S, and burn it down. The
relationships between iy, i and L., I7; are shown in Fig. 9.

B. Current Regulation Control Method

In Fig. 9, L, = 60 uH and Z,,ax = 30 ohm, and the val-
ues of other circuit parameters are identity in Table I. In Fig. 9,
five different Ly, values are selected to compare their influ-
ence on 7, and ¢4 in both open- and short-circuit modes. When
the pickup coil and primary coils are decoupled, Z,min =0
and the auxiliary LCC network work in open-circuit mode. In
this mode, when R, > 20k, the smaller value of Ly, is more
effective for limiting primary coil current %,, which is shown
in Fig. 9(a). Meanwhile, Fig. 9(b) indicates that the value of
iy does not change obviously with Ly, and its amplitude is
so small that the power loss on I?; could be ignored. When the
pickup coil and primary coil are in alignment, Z,,,x = 30 ohm
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Fig. 9. Relationships between iy, isq and Ly,, Rs.

and the auxiliary LCC network operates in short circuit mode.
In this mode, when R, < 0.06 ohm, 7,, does not change obvi-
ously with Ly, the results are shown in Fig. 9(c). However,
a larger Ly, produces a larger amplitude of ¢, as shown in
Fig. 9(d).

According to the above analysis, ¢, could be regulated via
controlling the ON—OFF of S, in the auxiliary LCC network
and there is almost no extra loss during the current regulation
process. However, the next question is how to control .S, . In this
part, i.s,, the current flowing through Cy,, is selected as the
reference variable to control the ON—OFF of S,. The equation
of 7., is calculated as

. uaMpa_pp1 (Zy + 1) (Rs + jwlya)
iofa = AR Jelia) 3
WM, 1 R (Ze t 1) + LA,

Both Z, and R are included in (13). Compared to currents
in other components, i.r, iS more sensitive to the variations
of Z, and R,. This brings two benefits. 1) Z, represents the
coupling condition between the primary coil and the pickup
coil; therefore, 4.y, reflects the change of the EV’s position.
2) icfq has large variations as I?; changes when controlling
the primary current. These two benefits justify the reasonable-
ness of employing i.r, as the reference control variable. The
simulation results of the control process are shown in Fig. 10.

In Fig. 10, the upper part is the waveform of i.y,, the mid-
dle one is the variation of reflected impedance Z, on a single
RPCN’s primary side, and the lower one is the waveform of
primary coil current i,. The variations of i.f,, ip, and Z,
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Fig. 10. Simulation of control process.

are simulated for 1 s, representing the process of EV passing
through one primary coil. From ¢; to ¢;, the primary coil and
pickup coil were decoupled and Z,. was almost zero. The auxil-
iary LCC RPCN was operated in open-circuit mode and ¢, was
limited. From ¢ to t3, with the increase in M, .y, increased
gradually. A comparator was introduced to compare the value
of i.r, with a reference current 75,,, and a high-level con-
trol signal was sent to close S, as soon as i.rq €xceeds i5q0on
(corresponding to Z,, = 5 ohm in the figure).

After S, was closed, the auxiliary LCC RPCN switches to
short-circuit mode. From (11) and (13), 4.y, decreases imme-
diately and %, increases to its maximum value. Then, with M
increasing continuously, the two coils came in perfect align-
ment at point t3. Z,, icrq, M, and the output power achieved
their maximum values simultaneously. From t3 to ¢4, with M
decreasing, the comparator sent a low-level control signal to
open S, as soon as i.f, is less than a lower reference 740
(corresponding to Z, = 0.5 ohm in the figure) at ¢4. After S,
is opened, the auxiliary LCC RPCN switches to open-circuit
mode, where i.f, increases immediately and i, is limited.
At this point, the primary coil has finished its power transfer
process.

The essence of this control scheme is comparing .y, with
two reference threshold currents to control the ON—OFF of S,,. A
Schmitt trigger, the hysteresis comparator or a digital compara-
tor could realize such control. Compared to position detection
control for segmental coils with multiple inverters, this control
scheme is not only easy to realize but also truly reflects the
variation of M and the output power.

C. Loss Analysis

There are two operational modes in the primary pad and
the converter in a dynamic charging system: 1) standby and
2) charging. Normally, the period of standby is much longer
than that of charging condition, and the exact value depends on
actual vehicle flow. Thus, in dynamic WPT systems, the output
power waveform looks like one or several nonperiodic pulses:
when the EV is coming, the system will start up and the out-
put power will reach the maximum value in a very short time;

TABLE Il
DYNAMIC WPT CHARGING SYSTEM SPECIFICATION
Parameters Values Parameters Values  Parameters Values
Ly 60 uH La 60 uH A 40 mohm
s 20 mohm Fla 20 mohm R, 10* ohm
Cy 58.43 nF C, 116.8nF M1 45 uH
G, 19.48 nF Cp 116.8 nF U, 320V
L, 260 uH Ls 30 uH f 85 kHz
rLi 60 mohm T 20 mohm tan 0 0.0015
L 30 ohm Vorward 15V
ILf1 1Lf1 »
8.68 RMS| 1.6~ RMS|
8.66- ; 1.4 !
8.64 1.2
Vil - VCfl
402 —RMS S0 = RMS|
VCp VCp
976.0 —RMS 1500 — RMS|
e 1000
Ip Ip
%a RMS 100 - | rms|
: L 95 i
¥ 9.0
16 18 20 22xle2 1440 1.450 1460 x1e-1
(@) (®)

Fig. 11. RMS values in no-current-control method. (a) Charging condi-
tion. (b) Standby condition.

when the EV has passed, the output power will go down to zero
and the system will stand by for a long time. Therefore, to such
nonperiodic and variable load system, we think that the power
loss comparison is more meaningful than efficiency to quantify
the performance of the system.

Assume that 30 square coils are placed side by side to com-
pose a dynamic wireless charging primary pads and the side
length of each coil is 1 m. Neglect the gap between the two
adjacent coils, then the total dynamic wireless charging area
length is 30 m. The loss comparison will be made between the
multiple paralleled LCC with current regulation circuit for each
RPCN network (shown in Fig. 8) and the conventional LCC
topology without current limitation control method (shown in
Fig. 3). The circuit parameters are shown in Table III.

In Table II1, r is the wire resistor of the corresponding induc-
tor, which is indicated by the subscript. Viorwara 1s the forward
voltage of the rectifier diode in current regulation circuit. Z,ax
is the equivalent reflected load value when the primary pad and
the secondary coil are aligned; tan 6 is the loss angle of the
capacitors. In this designing, WIMA MKP10 film capacitors
are used and their loss angle is fixed at 1.5%o.

As shown in Fig. 6, there are five conditions in a power cycle.
To simplify the results, only referring point 1, the maximum
output power point is selected to make a loss analysis. The
simulation was done using PLECS 3.5.

If there is no primary pad current limitation control method
in the dynamic WPT system, the rms values of currents and
voltages in the RPCN at two operational modes are shown in
Fig. 11.
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Fig. 12. RMS values in the primary pad current regulation circuit.
(a) Charging condition. (b) Standby condition.

The capacitor loss could be calculated by

P. o5 = wCVftanH (14)
where P,_joss 1s the power loss of the capacitor; C is the
capacitance; V, is the voltage on the capacitor.

The total loss in this condition could be calculated as

Ploss1 = I%,flrLfl + I%pTLp + wtanf (Cflvéfl + CpVC’Qp) .
(15)

From Table 11, Fig. 11, and (15), the loss of working pri-
mary RPCN Pj,ss1—charging 18 28.95 W. The other 29 primary
pads are working at standby condition, the calculated loss of
each RPCN Pogs1—standby 18 24.56 W and the total standby
loss is 29%* Pgss1—standby = 712.35 W. The total loss could be
calculated as: 712.35 4+ 28.95 = 741.3 W.

If the primary pad current regulation circuit is used, the
rms values of currents and voltages of the components at both
standby and charging conditions are shown in Fig. 12.The total
loss in this condition could be calculated as

Pioss2 = I%,arLa + Ij%farLfa + IJQQSRS + Ierl + I%flrLfl
+ tand (Cro Vi + Cr1VEs + C1VE + CaVi,)
+ 2Vforwardldiode- (16)

From Table III, Fig. 12, and (16), the loss of working
primary RPCN  Piogs2_charging 18 69.73 W. Other 29 pri-
mary pads are working at standby condition, calculated each
RPCN’s loss Pioss2—standby 18 9.9 W and the standby loss is
29" Plossa—standby = 287.1 W. The total loss could be calcu-
lated as: 287.1 4+ 69.73 = 356.83 W.

200 Power loss comparison

700 = Proposed system
600
~ 500
w
& 400
g
£ 300
200

100

e Conventional system

Po

1 3

5 7 9 11131517 19 21
Number of primary pads

5 2219
Fig. 13. Power loss comparison between two dynamic WPT systems.

From the numeric comparison, under the same circuit param-
eter condition, when the system operates at charging condition,
the power loss in the circuit shown in Fig. 8 is two times more
than that in Fig. 3, because the auxiliary current regulation
circuit consumes a large amount of energy. However, as the pri-
mary pad currents are limited by the auxiliary circuit, the power
loss in the circuit in Fig. 8 is only 1/3 of that in Fig. 3 at the
standby condition. The calculation result showed that within
30 m charging area, the total loss in the proposed dynamic
WPT system is only one half of that in conventional dynamic
WPT system at the aligned condition. Fig. 13 is the power loss
comparison between the two systems.

Fig. 13 shows that if the number of primary pads is more than
4, the proposed dynamic WPT system will be more efficient. It
is also true that the more the primary pads, the lower the power
loss. Please note that the magnetic loss and ac Litz wire loss is
not include in this loss analysis; if these factors are considered,
the loss in conventional dynamic WPT system will be much
larger than the above calculated.

V. EXPERIMENTAL VALIDATION

To validate the proposed circuit and the above analysis, a pro-
totype of a dynamic WPT charging system was built with four
DD pads in the primary side and the DDQ magnetic structure in
the pickup side, compensated by double-sided LCC networks.
The specifications of the prototype are given in Table I'V. The
physical setup is shown in Fig. 14. Four DD coils paralleled
side by side to compose the primary pads array and are excited
by a single inverter, and four primary coils in the auxiliary LCC
RPCNs are closely coupled with the main power RPCNs cor-
respondingly. Their self-inductance values are approximately
identical with each other. Every auxiliary LCC primary coil and
its corresponding main power freewheeling inductor are fixed
on the two sides of a 5-mm thick plastic board. The controller is
TMS320F28335 plus CPLD, and the details of the center con-
trol board are shown in Fig. 14. Two magnetic coupled gate
drivers ADUM3223 are used to drive four SIC MOSFETS in the
common inverter, and the details are also shown in Fig. 14. The
resonant film capacitors are WIMA MKP10, and the loss angle
is around 1.5%o at 100 kHz. In the pickup side, a DD coil and a
Q coil with the same number of turns are overlapped.
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TABLE IV stop i i I
DYNAMIC WPT CHARGING SYSTEM SPECIFICATION i ?I:Mosfet driver signal
Parameters Values ] | 4
Un 70 VDC H LW-—-N l(n-—-(n
CH2:11,,=70V
Lge1, L, Ligsand Lgiz 58.7 uH, 52.8 uH, 58.9 uH, 64.1 uH . / ”

Cpe1, Ci Ciresand Cprrz
Lit, L, Lispand Ly,
Cr.1, Cr, Crrpyand Cisy
Misi1, Mg, Misii+r,and Mg 2
Mig-k.t, Mig-i, Mig.iks1,20d Migierz

59.4 nF, 66.2 nF, 59.4 nF, 54.8 nF
84.2 uH, 89.9 uH, 92.1 uH, 93.2uH
137.6 nF, 94.7 nF, 105.8nF, 120.6 nF
22.2uH, 23.9 uH, 24.1 uH, 24.3 uH
7.6 uH, 8.5 uH, 9.2 uH, 9.3 uH

Lkt Pk Prke1s and Frge2 0.02 ohm
Parameters Values Parameters Values
f 81.5 kHz C 56.5 nF
iLs 93.8 uH Co 184.2 nF
Lo 47.7uH Ly 31.5uH,
DD coils size 300 mm*450 mm Lor 28.7uH
Distance 10 cm Cy 111.3 nF
Litz wire AWG38*800 Cor 122.6 nF
R 40m ohm/ 3.2k ohm R 35 ohm
Distance 7 cm Ly 31.2uH

freewl
“One of primary side
freewheeling inductors

Fig. 14. Physical setup of the tested prototype.

Fig. 15 shows the experimental results of power distribution
in the two primary LCC RPCNs. In Fig. 15(a), when the pickup
coil was perfectly coupled with the kth primary coil, most of
the input power was distributed to the kth LCC RPCN, whose
input current was 2.63 A. The (k + 1)th LCC RPCN input cur-
rent was just 0.5 A. In Fig. 15(b), when the pickup coil was
perfectly coupled with the (k£ + 1)th primary coil, most of the
input power was distributed to the (¥ + 1)th LCC RPCN, whose
input current-paralleled LCC RPCNss in the primary side could
distribute input power automatically.

Fig. 16 is the primary coil current regulation experimental
result. The top curve is the input voltage of an arbitrary LCC
RPCN; the bottom curve is the current in C'y,; the middle curve
is the primary coil current.

Initially, in ¢; period, the pickup coils and the primary coil
were decoupled and the auxiliary LCC RPCN operates in open-
circuit mode, the input current of the main power LCC RPCN
and the primary coil current ¢;, are almost zero. With the sec-
ondary coils moving in ¢y period, the primary pad and the
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Fig. 15. Automatic power distribution validation. Top: kth coil coupled
with pickup coils. Lower: (k + 1)th coil coupled with pickup coils. CH1:
inverter driver signal; CH2: common input voltage of two RPCNs; CH3:
input current of kth RPCN; CH4: input current of (k + 1)th RPCN.
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Fig. 16. Primary coil current regulation. CH2: top, common input volt-
age; CH3: bottom, the current in Cf,; CH4: middle, current in the
kth coil.

receiver start to get partly coupled and ¢.r, began to increase.
At the beginning of ¢3 period, as soon as iy, is larger than the
preset value, the digital comparator will send a high-level signal
to control the auxiliary LCC RPCN operating at short-circuit
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Fig. 17. Output power and efficiency curves.

mode, and 7, will achieve the maximum value in a short time.
At the same time, ., is decreased.

With the EV moving, both mutual inductance and i.¢, will
reach the maximum amplitude at the end of ¢3 period and will
be decreased during ¢4 period. At the beginning of ¢5, the EV
is moving away. As soon as iy, is smaller than the other pre-
set value, the digital comparator will send a low-level signal
to control the auxiliary LCC RPCN operating back to open-
circuit mode and the primary coil current will decrease to a
tiny value once more. Fig. 16 validated that the primary coil
current regulation control method could perform well to reg-
ulate the primary coil current and improve system efficiency,
and the experimental results matches the simulation as shown in
Fig. 10. In addition, according to the waveform of the primary
coil current, the response time of every switching is so short
that the system has enough effective time for battery charging
when the EV is moving.

The output power and efficiency curves are shown in Fig. 17.
In Fig. 17, the X-axis is the reference points. There are 4 pri-
mary pads in the system, 3 power cycles, and 13 reference
points (2 reference points are coincided). There are two Y-axis,
one is the output power and the other is the system’s total effi-
ciency. From Fig. 17, the maximum output power points of the
verification system are around 120 W, the minimum points are
around 35 W; the maximum efficiency is 84% and the mini-
mum efficiency is 65%. If there is no Q coil in the secondary,
the minimum efficiency of the system will be zero.

In the experiment, the maximum value of R, is only 3.2 k,
which is much smaller than the simulation results. However, the
performance of current regulation is roughly in agreement with
the simulation results. Besides, there is a bit of oscillation in the
input voltage waveforms in Fig. 15. These phenomena indicate
that the system is not perfectly operated at constant resonant
frequency. The reason is that a resonant system is very sensitive
to large value of R;. Therefore, the question of how to optimize
the value of R is a meaningful future work.

VI. CONCLUSION

A novel circuit and its control method were proposed for the
dynamic WPT system in this paper. The advantage of using
multi-paralleled LCC RPCNs in the primary side is that all the

subcompensation networks can be excited via a single inverter
and the power between different networks can be distributed
automatically depending on only the mutual inductance values.
An auxiliary LCC network is proposed to limit the constant
current in the primary coil, which significantly minimizes EMI
and reduces the power loss of the system. The corresponding
control strategy is also proposed to measure the variation in M
and realized the exciting current in the primary pad regulation
automatically.

Compared to powering several sectionalized transmitter coils
or using one long track, the main benefits of the proposed sys-
tem are: 1) there is only one power converter in the primary
side, which minimizes the component cost; 2) no auxiliary posi-
tion tracking detection circuits are needed, which significantly
simplifies the control and improves system response speed; and
3) soft-switching with fixed constant resonant frequency in the
inverter is realized during the whole power transfer process
regardless of coupling variations or battery condition.
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