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From Static to Dynamic Wireless EV Charging




Symmetric Design

(Proposed coil arrangement begin)
h J

SRr1 Inputs: Set the values of required outer dimensions (x mm < y mm),
" (- D R Ly (L pH), wire diameter d,, (mm), and air gap.
Rl ¥
D Make type-I conventional coil structure (i.e., p = 0, see| Fig. E(a)h
R1,i with the given inputs and store N. Then, calculate available inner arca.
FYYYYYYYYY! FYYYYYYYTYY) -
RXI N Is available nner area =10% 0' l 8
; IVRI of the total area of the coil? 0 16 =
i <« T_’ =
777 D .\\\\ v N l Calculate the value of n,,,, and m,,,, from the Flowchart-A =
(W) Ty Ty — f——Y R VS
<« » Divide the coil structure of type-I into two parts: Outer coil =
, S : .
DTJ with Ny, turns and Inner coil with N, turns (see| Fig. 5)) —_— i
i [Fig. 3 5. 0.12
DT‘, Select configuration of T, and T, from the Flowchart-B|(Fig. 10) o
e ~ - S 0.10-
St Find the values of Xo.ip Youins Cors Caye Nowss and Ny, at which
the maximum & for the selected configuration of 7., and
T,in is achieved using the Flowchart-C | (Fig. 11 @ 0.08 h
l (8
Store: this & (i,) [4—(C2)

) .
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v es— Search for improved k coil structure(s) from [Table V] Horizontal displacement in the X-axis direction (mm)
Save the value of T;h T Yo Vo Con| | con ﬁl’;‘::;em of
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Use type-I coil structure

Coupling coefficient degrades significantly if misalignment occurs.
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Asymmetric Design
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Misalignment (mm)

relatively even but poor magnetic coupling due to magnetic leakage
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Planar Array Design
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Complex control for activation and cancellation of mutual coupling

12807-12816, Dec. 2022.
[2] P.Jayathurathnage, Y. Liu and J. Kyyr& "Self-Decoupled and Integrated Coils for Modular Multitransmitter Wireless Power Transfer Systems,” |EEE Trans.Power Electron., vol. 37,
Dr. Zhicong Huang no. 11, pp. 12962-12967, Nov. 2022.

e [1] S. A. Al Mahmud, I. Panhwar and P. Jayathurathnage, "Large-Area Free-Positioning Wireless Power Transfer to Movable Receivers,” IEEE Trans. Ind. Electron., vol. 69, no. 12, pp.
o) A A
e

South China University of Technology



Magnetic Field Cancellation

Secondary coil Lg M]'ng

Ns turns

Third=coil 7
Ny turns

-+
& & & & &

C

Primary coil Lp
Np turns

“X(orr) 0 X(orY)

Excessive copper usage, but degraded power transfer capability

N f Tﬁ ;i Z }‘ ? [1] Y. Chen, R. Mai, Y. Zhang, M. Li and Z. He, "Improving Misalignment Tolerance for IPT System Using a Third-Coil," IEEE Trans.Power Electron., vol. 34, no. 4, pp. 3009-3013, Apr.
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Magnetic Field Complementation
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DDQP is widely used due to its good anti-misalignment capability.
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®Rectangular Solenoidal Pad (RSP)
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From DD colil to Solenoidal Coll

@ Tx rectangular Rx solenoidal

@ Tx rectangular coil 7 Rx DD coil coil coll
@ Rx quadrature coil (l Ferrite @ Rx reggai?glﬂar @ Ferrite
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receiver exploded view
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recetver exploded view
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¥ é;sembl layout receiver side view | § =TS A
o assembly layout receiver side view
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South China University of Technology Hai Xu, Zhicong Huang*, Xiaolu Lucia Li*, and Chi K. Tse, “Misalignment-tolerant IPT coupler with enhanced magnetic flux variation suppression and reduced
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Operatlng Prmuple
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Capture vertical and horizontal magnetic field in a complementary
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Magnetic Flux Capture Capability

@ Tx rectangular coil Rx DD coil
@ Rx quadrature coil (il Ferrite
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A { Effective magnetic flux captured
| . by DD coil with Ny turns
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Magnetic Flux Capture Capability

TABLE I 2.5210" :
PARAMETERS OF THE COUPLER _ __:\__:":‘” ¢ with same copper usage

Items Symbols Parameters Value(mm) :: .

Lunr Lenght of Rx rectangular coil 300 = |
RSP Wkr Width of Rx rectangular coil 300 El
coupler Lrs Lenght of Rx solenoidal coil 306 e N

Hpyg Height of Rx solenoidal coil 9 £

LrDpD Lenght of Rx DD coil 300 &
DDQP Wgpp  Width of Rx DD coil 300 s 05
coupler Lro Lenght of Rx solenoidal coil 300

Wrq Width of Rx quadrature coil 300 o 0 Py —

Ltr Lenght of Tx rectangular coil 300 Misalignment (mm)

Wi Width of Tx rectangular coil 300
Common jﬁ Wr Ferrite dimensions gmam 25 _.a_nrmsimnlm.'c-..,M with same copper usage
parameters dc Litz wire diameter of coils 3 +-""*""'-'J'J‘_FJ"‘“”““W“} )

hgap Power transfer gap distance 60 20r1 A J:j;?iﬁfl:]l:]l:mﬂ”

N Turn numbers of unipolar coils 10

Py Turn space of coils 0 15 |

=]

The solenoidal coil can better capture the horizontal
magnetic field using the same amount of copper.

CE LS 0 ' :
[ South China University of Technology .D E:I Im 1 54:.
Dr. Zhicong Huang Misalignment, (mm)

Mutual. inductance(uH)

N




Design of Rectangular Solenoidal Coill

_____________________________________________________________ Start
{ . P 3
i Linearization | Getting the input parameters of the IPT
i i system and the output requirements
| Mrs ~ apsAX ; T
i i Determining rectangular coils sizes of Tx
i Man =~ 3+ i and Rx based on input and output data.
40 Mg + My & by, if ! Obtaining by and Mrg|mis; Calculating g
—a— My ] ] with (14).
- -8 —.’lf'l'r:l:J"*'ﬁ = O -—— =B i ﬂ.TS + "ISTR = n i *
= L= & = Mys(Ng = ) . i i
=30 Ara{ N — 7) | ‘ | Setting a Ns; (Ns; > 1) of solenoidal coil
:‘E' ﬂfl's—:[:"f:s-: = 8] Y | i A i and obtaining the Myg|ma; l—
= e 'E'“l‘:“ f'f[]n e ) -e----_ 4 i i Recording the inflection point offset
=l j:”_:::;‘.: iy e T ; § ( £\X|may) and calculating arrs with (13).
- -8 -M-.H[m},—’ 15),:3-__“_. - \ ] !
g ’g -’r‘-’ff__ -8 _ s T i i
=10} R a,.-_’_",-g--""_'} I | ] i
= S PO : |
afﬁﬁ"‘ 2% | I 3
oe : ! ;
0 50 100 150 | : |Bra| < s |Bes | > as
Misalignment AX : |
isalignmen {rnm) i | * Ves *
i - i a"'i'rﬁ =."\'r5 [—l A‘rﬁ =;"'i'r5 [+|
Mutual inductances M;g and Mg Ry Increasing N | L — | —
i 0 AX(or AY) i Output the designed parameters of RSP
; Approximate slope i coupler
matching design principles

SRR LTS ]
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Misalignment enhancement design flowchart based on

Dr. Zhicong Huang approximate slope prediction of RSP coupler



Comparison of Copper Usage

TABLE I1 10°
SLOPE AND COPPER CONSUMPTION OF RSP COUPLER AND DDQP a5 a
COUPLEE VERSUS NUMBER OF TURNS
—e—Lpp,.., :
Symbol Turns number  Slopes  Copper (mm) ’E‘ 3 ——Ls,..
Rectangular coil | 10 -0.174 i =
5 0.094 3150 S og
6 0.113 3780 = _ _ _
7 0.132 4410 th 5 design point of DD coil
: : 8 0.150 5040 = i B
al coil ——--2-——————-20___ MWD urns
Solenoidal coil T o T 0 '_IE’-'?_______S?:"?____; = ( )
10 0,188 6300 s 15F
11 0.206 6930 =
15 0.279 9450 =
_____ 3. 0J39_____R0___ s 1]
R 0.163______10080 __i = g™
7 0.186 11592 = 0.5 design point of solenoidal coil-
DD coil 8 0.208 13056
o 9 0.228 14472 oLE . | . (9 tumns),
10 0.248 15840
1 0.265 17160 0 5 10 15 20 235
15 0.320 21960 Ng(orNp)

The proposed solenoidal coil can save 43.73% litz wire consumption
compared with the DD coil for the same anti-misalignment capability.
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Experimental Validation

P
£
Rectangular Pad — S
Rectangular Solenoidal Pad &
Y
Mutual inductances Equivalent mutual inductance
40 1 15
—e— Simulated
. o Measured
<30} _ "
g —e— Mr(Simulated) &
S o Mqgr(Measured) 5 19
8 —e— Mg (Simulated) &
::'JJ 20 A .Mlg(Mcasurcd} 5___
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= RS s
:.' *  Mys(Measured) 5
g L 051
=10} )
:_;:
0 * 3 - .. 4 - 0 1 1
; 0 50 100 150 0 50 100 150
) f # ¥z A ? Misalignment AX (mm) Misalignment (mm)
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Experimental Validation

IPT system with RSP Experimental prototype of 1-kW IPT system with RSP

| ; I RSP Mobile Power analyzer
Oscilloscope ‘ coupler platform

g 'H.. ; .‘. r—!-——l & _’: -.,:.'.--:
P & hr i | A oy

Electronic
load

izt
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Experimental Validation

Experimental waveforms of the proposed IPT charging system with RSP at various misalignment conditions

Tekrun  Tigd B Chee e ) .
Telifun _ Tigd B Oscilloscope — Oscilloscope Telhun __ Tgd _ ———F——— W Oscilloscope
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S : ) B 10A/d
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naGE |

- —-=——--_ output

L AN : I, [5A/div] I
;""Z"": __________ JE M ____..U_ﬂ'_‘dl‘f‘_jl"_l_______,___.‘[,qwm]ﬂ______.._; current

g SN0 A s 1 4 A0m 45

00 4 = S ainima, [TTH SO0

c =100 mm
(a) AX=0 mm (fully aligned) (b) AX=50 mm
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Experimental Validation

Output current under different Measured transfer efficiency under
misalignments along X-axis different misalignments along the X-axis
a8 r r r r ' 100 . ,
p— - 0 t=t & -
‘.1. -
= 6 90t
= o] = From 94.71% to 93.07%
= { ﬁl} i, aligmed b
=4t ] S g0k Efficiency degradation <1.7%
s ZY e z
= Recemver 3=
2 .‘- +150 mm_ =
=27 g 7 70
T e——
- X ey
0 Y Trapsmitier | | Y Transmifter X - . |
150 100 -50 0 50 100 150 0 50 100
Misalignment AX {mm) Misalignment AX (mm)
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®Control Free Design for RSP Tx
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Polarity Reversal Problem

Mutual inductances of RSP-RP versus

RSP-RP coupler misalignments along X-axis

@ Tx rectangular Tx solenoidal 40
coil coil
#0 Rx rectangular @ Ferrite 30F 0 o mmm———

coil

=
o

—e— Mg (Simulated)
—e— Mo (Simulated)
o Myyre(Simulated)|

Mutual. inductance(puH)

1
na
=

¥ : — -30 : ' ' - :
assembly layout transmitter side view 150  -100 -50 0 50 100 150

Misalignment AX (mm)

, Can detection and control be eliminated?
HilzA %

South China University of Technology
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Circuit Modeling

! wL L L L L L _o0 @ \
i whi = Zar =wle = 75 =v R oCr
1
1
| Iri = 1, and 5)
: w
| Vi ViZ6
i ITz=j1'=j1 (6)
: uu'(:g -uu‘(—g
:
1
I j
i Equivalent circuit
1
1
i !
! JI >
| L .
1
i JoMy eIy, R‘EQ§ Ve
! _
i JOM oy Iy
|
1
1
1
1
1
: G
Proposed IPT charging system with I _ _
i 0= (j' Cr + jwLlri)dr1 — jwMrirIR,
- wCm
RSP-RP coupler i _ _ o
: 0= (j' Crr + jwLra)dr2 — jwMror IR,
7ol By o}
1
i Vi = ReqIr = jwMrirIT1 + jwMrorITs.
; % .';] iz 2 é’ i With (7), output voltage Vg is given by
2 South China University of Technology : VR = (,:..‘ch ﬂ'leR";l + IL'-'i-]z'f--’iizA'-l'1"-"i‘rT21:l1“;1Zﬂ- (8)
\
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Analysis of Output Function

The amplitude of Vg is given by (9).

|[Wk| = w?Cy | V4| B, (9)
where
205 Mg Mrog cost } c? .
B = /20 Mrin Mrarcosh | M2 + —2 M2, (10)
C]_ ) C]_
Term (:D Ter; @
Term®=0T T Term @ =
constant

L AlMax—AMin .o, |

P\ = 100%, (13) |

i Almax + AlMin i

ANz S

Dr. Zhicong Huang
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| | .

| | t

> - = 7/2

l‘: -

t

2 2 Cég 2
Vo = w*VpeCh ﬂ-leH + ﬁﬂ-szR. (11)
‘1

T cz T
i A=MI + (szM%zR (12) |
1 “1 1

------------------------------------------------

Orthogonal excitation



Design for Minimal Output Fluctuation

200
150

E

= —a—10
100 F =mid 4

—a—f =2
D i i 1 L i i ED H 1
1 2 3 4 5 B i 8 0 50 100 150
Misalignment AX (mm)

Output voltage versus misalignment along X-axis
under different phase difference 6 of excitation
currents.

Fluctuation A versus (:2?/(;12 under different phase
difference 0 of excitation currents.
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Experimental Validation

Mobile

ok #1+ Power analyzer
platiorm .

A
£
£
3
g Electronic
load
:
network N7 22:37
Controller Inverter Tx compensation Rectifier
networks
RSP-RP coupler Experimental prototype of 1 kW proposed control-
free IPT system
TABLE 1T
MEASURED PARAMETERS OF THE IPT PROTOTYPE
Coupler parameters Circuit parameters
Symbols Value Symbols Value

Lt 101.9 uH | Ly, €1, C1 39.57 uH, 88.6 nF, 45.6 nF
Lra 1045 pH | Lo, Ca, Cr2 2086 pH, 168.1 nF, 40.1 nF

Lr 102.2 uH Cr 34.4 nF Measure parameters of IPT
Mg, 39.12 pH RL 22.5 O
N 10 Vbe 150 V prototype
N 9 Dy -Dy MBR20200CTG
heap 60mm Q1 -Qx STC 4050

NS FEPY 1

South China University of Technology
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Experimental Validation

Tekbue  Ti'd B Oscilloscope m—' M Osoilloscope
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(a) AX=0 mm (fully aligned) (b) AX=75 mm (c) AX=150 mm

Experimental waveforms of the proposed control-free IPT system at
various misalignment conditions
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Experimental Validation

200 T : . .
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misalignment along X-axis
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= 80f
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% 70T
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Measured DC-to-DC efficiency and output power
versus misalignment along X-axis
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®Dynamic Tx Track based on RSP
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Dynamic Tx Track with Large Spacing Distance

Transmitter coil @ Ferrite

w L S L S A

(a) Without spacing distance

i/ La, S

(b) With spacing distance

How to effectively mitigate output fluctuation
while allowing large spacing distance?

‘3 %hf] jf ,z H/{h é, Hai Xu and Zhicong Huang*, “Alternately-arranged segmented transmitter pads with magnetic field complementation for suppressing power fluctuation in dynamic wireless power transfer,”
T e IEEE Transactions on Power Electronics, vol. 39, no. 10, pp. 14091-14102, Oct. 2024.
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Alternately-Arranged segmented lIransmitter Pads
with Magnetic Field Complementation

[ I Tx rectangular coil [ ] Tx solenoidal coil [ Rx rectangular coil Ferrite

L T S A L I
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] Tl"aflSl{lﬂl'l 1 ] T[“a['].ﬁltlpn ] Transﬂmn 1
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U L]
- — - - = ——— - -1 - —— - - = = — -
I ! | I | I } | I
- - » i b LY 1Y d rl d i " 4 v » » . . . # k % 1Y d Fl i . . .
Tx 1 Tx2 Tx3 Tx4

(b)
o F Az A % Front view of the proposed DWPT Tx track consisting of
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Operating Principle

Mutual inductance(pH)
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Polarity Reversal Problem
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Mutual inductanpee(pH)
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System Schematics
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and Circuit Modeling

Vi1 = X111 — X1, Itra
0= (Xrtr1 + X{1)ItrR1 — jwMTR1-RIR — X{1 111
Vi1 = X122 — X{oItr2
0 = (Xtr2 + X{2)ITR2 — jwMTR2-RIR — X{5T12
Vi = Xo Iy — X3 Itgy
0 = (Xrs1 + X5y ) I1s1 — jwMrs1-rIr — X311
Vo = Xooloo — X0 Irgs (5)
0= (Xrs2 + Xoo ) Irs2 — jwMrse-rIr — X5,102
Equations for RSP3

Equations for RSPn

0=Xgplp — Z JXTRi-rdTR: — Z J Xrsi-ndTsi

--------------------------------------------------------

N - -



Analysis of Output Function

,I |VR| = w’Q‘/DC("l va+ 3
Term @ =
constant Z MTRi-r (vg Z Mrsi-r
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Orthogonal excitation
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Experimental Validation
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1200 mm

Y

Practical structure and dimension of proposed DWPT
transmitter

TABLE 111
MEASURED PARAMETERS OF THE IPT PROTOTYPE

Coupler parameters

| Circuit parameters

Symbols Value Symbols Value
LR, 99.82 uH, 99.56
(i=12.3) uH, 9921 H Ly, Lo 21.65 pH, 15.32 uH
Lrg; 101.81 pH, 100.98
(i=1.2.3) uH, 101.36 pH C1. Cs 161.9 nF, 228 95 nF
Ly 99.86 pH Cr 35.18 nF
hgap 100 mm Ctr.CTs | 41.96 nF, 42.06 nF
N 10 Vbe 150 V
Ng 9 Dy -Dy MBR20200CTG

\ F # fldg X % [ 3mm Q1 -Qs | STC 4050

South China University of Technology
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Power analyzer &

Oscilloscope
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Experimental prototype of 1 kW proposed DWPT system with
alternately-arranged segmented transmitters



Experimental Validation
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Experimental Validation

Output currents and voltages at
different load conditions
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Experimental Validation
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Conclusion

Our recent works proposed a novel rectangular solenoidal pad (RSP) which is a
good approach to misalignment tolerance with reduced copper usage. We also
developed a passive scheme to excite the proposed RSP without necessities of
detection and control. We furthered extended the proposed RSP from static to

dynamic wireless power transfer scenarios.
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