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Purpose of Compensation

PRIMARY WINDING Leakage Inductance Leakage Inductance
L1 Turns Ratio L2

X

AIR GAP BUHEERY,

Magnetizing Inductance

Ly

Reduce INPUT volt-amp (remove reactive power)
Reduce switches’ voltage and current stresses

SECONDARY WINDING

Increase power transfer capacity
Increase efficiency
Minimize sensitivity to parameter variations



Typical Circuit
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Basic Connection at Input Side

PRIMARY SIDE

Voltage source input

O X=

Capacitor voltage
cannot change.
No resonance!

Vin

=,

rS—o

Lin
)
=

-

B

4
Dy

v

PRIMARY SIDE

Current source input

o X

Capacitor current
cannot change.
No resonance!

Vin

Do
|B
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4
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Secondary Side Circuit

...........................................

Large C so that

V, is constant
)

Cs |

LIk

22_:5_, Vo:: %RL

| R '
o § % °
Cs

....................

It Cis large, output voltage V, is constant.

Vor 1s constant.
12 and Vpogr are in phase.

3
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Secondary Side Circuit

...........................................

Large L so that

lo is constant . If LC is a large filter, output current I, is constant.
iy 4 — . Similarly, i and vog are in phase.
_.:,A .[0 E ‘ .
: 19 : I, 12
CS E—— I = %RL VOR |-+ VOR
| g R
Rpi® A Y Y

ﬁ,r --------------
' 2
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Simplitied System
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Resonant Compensation

Series compensation

—m

|
1

WO:\/T—C’ %

Parallel compensation

The voltage across C and L will exactly cancel each other at
resonant frequency. For large Q, the individual voltages on C

and L can be very large at/near the resonant frequency.

wlL 1 /L

Note that this is not the exact dual of the series compensation,
with the inductor in series with the load. Near the resonant
frequency, the currents in C and L cancel, if Q is large. Basically,
at large Q, the resistance is much smaller than the reactance of
the inductance or the capacitor. So, the circuit is almost like L ||
C and is open-circuit at resonant frequency.



Secondary Single Cap Compensation

PARALLEL COMP SERIES COMP
M LS LP Y, LS =

Lp
— M — e AA A 1 1 R —’KW—\/\/\/‘—S—|
A /\_pﬂq\_\/\é\g 4 /\
o DT B b S

ZT:W2M2 Zs |w=1/y/LsCs 2M2 7 w=1/4/LsCs

Zs
Reflected imped Z, =2 M
eflected impedance at primary =
COMP TYPE realbane | ey e Characteristics
v Reflected Z, | of Reflected Z,
1n
Current at primary [p =
2 2
-]wLP + Z SERIES M No reactive part
REg
Power transferred from Pto S: P = 12 RIZ 5 9 Z, is capacitive, and
PR Zy) PARALLEL Ll i i

. reactive part is
LS Lg independent of load



Secondary Single Cap Compensation

Mo Lg L
= /\ (0 e A ]
— N\ H
Ip Cs
b, & Co=— % R D& %
N <>jwMIp B @ <_>jwMIp
Suppose Ip is controlled Suppose Ip is controllei,m I
to be constant el to be constant Lg g
o 4 )
D 53 Os== Sr, i
Ls
Then, the output current is exactly M Ip/Ls Then, the output voltage is exactly jo M Ip
independent of the load, which is excellent independent of the load, which is excellent
for charging application. for regulated voltage application.

BOTH CASES HAVE MAX POWER TRANSFER CAPACITY, BUT POOR INPUT POWER FACTOR. 1



Primary Single Cap Compensation

Cp Lp C’P LP
[ = i
+
Vo Ip <O <G Z,
Zy

At resonance of Cp and Lp + Im[Z,], the input voltage goes directly to the ideal transformer and to the
output. The input power factor can be maximized, theoretically to 1.
Basically, the reactive voltage across Cp cancels out the whole reactive voltage across the primary coil.

Primary compensation reduces input VOLT-AMP, i.e., improves power factor!

THUS, SINGLE CAP COMPENSATION AT EITHER PRIMARY or SECONDARY CANNOT
ACHIEVE BOTH HIGH INPUT POWER FACTOR AND MAXIMUM POWER TRANSFER.

12



Two Capacitors Compensation

PRIMARY M SECONDARY PRIMARY M SECONDARY
o v o ||y o
It ou i T [A] ks
L I _—
R R
o, O O O
(a) S/S COMP (b) S/P COMP
PRIMARY M SECONDARY PRIMARY M SECONDARY
o Qv v H o o Ry v P °
H ® A ® N ® A ® H
—_— | —_— | —_—
R R
o O O O

(c) P/S COMP (d) P/P COMP
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Two Capacitors Compensation

® To maximize the power transfer capacity, the
secondary compensation capacitor Cs should
cancel completely the self-inductance Ls (in the
coupled inductor model).

® To minimize the input VOLT-AMP (maximize
power factor), the primary compensation
capacitor Cp should cancel out completely the
primary side self-inductance and all reflected
reactive part from secondary.

e For SS, the change of k does not cause
mismatch in the resonant frequenies of the
two sides.

Normalized primary compensation capacitor
Cp

CsLg
Lp

Cp =

Tonoloav Primary Normalized
POToE) Capacitance C, Primary Capacitance Cy,
SS L 1
L,
~ 72
<p C.L: _ 1 i
L,L-M" 1-k°
2 2
L)L .
PP | M'CR

+(L,L, - M?)

)

0%k +(1- k%)

PS

Cs 1“\'

3
L + L ,
Lp C\' Ls R f

]
0k +1

Ip is generally not constant, p. 11 is not applicable.
Parallel C does not cancel the self-inductance completely.

Thus, PS, PP, SP are k dependent!
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Two Capacitors Compensation

1.6

— -
N B

—_

Q
fe)

o
~

Normalized primary capacitance (Cpy,)
o
o

o
(N

0 - - -
0.1 0.2 0.3 0.4 0.5 0.6

Magnetic coupling coefficient (k)

Tonolo Primary Normalized
POTOEY Capacitance C,, Primary Capacitance Cp,
C,L
SS 7 1
p
C,L:
SP S 3 3 1 .
L,L,-M 1-k
2\ 72
(LpLs - M )qL.s |- k2
PP |M'CR 2 ;
S (L -MP) | Q%+ (-2
§
CYLS'
PS 7 -
—+L “k°
L[)CS‘LSR ! QSL -
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Voltage Output Curves

S/S Voltage Gain

2.7
24
2.1
1.8
1.5
1.2
0.9
0.6
0.3

Re=200Q

RE:5 0Q

0
20kHz

30kHz 40kHz 50kHz 60kHz

P/P Transre§istance Gain

20kHz

30kHz 40kHz 50kHz 60kHz

S/P Voltage Gain
4
3.6
32
2.8

REZSOQ

30kHz 40kHz 50kHz 60kHz

P/S Transresistance Gain

30kHz

40kHz 50kHz 60kHz

Observe:

Which compensation can
achieve load-independent
voltage gain?

Where (what frequency)
would this occur?

- S/S at two frequencies
- S/P at one frequency

- P/P approximately over
some range

16



S/S Compensation

Compensation of self inductances (in coupled inductors model)

Wm0

A

W A\ | A

v d R Wy WM R
AP wMIp & vAB T juanRe E

- jwMIS<t> >

J

wM

© Input is resistive. Unity power factor!
© Output current is constant, independent of load!

@ Output voltage is proportional to load.
@ Input current can be very high at light load or no load.

17



S/S Compensation

Compensation of leakage inductances (in transformer model)

At resonance

=
e
AVAYAY

Vos

© Output voltage is independent of load!

@ Input is reactive (inductive).
@ VA becomes relatively high at light load.

Low input power factor! y



Classic Example of S/S Compensation

KAIST T T

27 kW output, .% % % G G 501 L1y 1.n LL2 CQE k *
S ; I
8 —_
8 —]

27 cm air gap,

Highest efficiency

74% T :
(o) L~ = |~ : :
A 2 2 2% : T 1
Output voltage = G G '::;, --------------------- * f

408 V
Output current 66.2 A resonant (short) x" Io n2Lm

Fise —

@ % % é V:ch:jnwsLmIS RO
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Narrow-Width Inductive Power Transfer System
for Online Electrical Vehicles

J. Huh, Student Member, IEEE, S. W. Lee, Student Member, IEEE, W. Y. Lee, Student Member, IEEE,
G. H. Cho, Senior Member, IEEE, and C. T. Rim, Senior Member, IEEE

Abstract—A new inductive power transfer system with a narrow
rail width, a small pickup size, and a large air gap for online
electric vehicles is proposed in this paper. By introducing a new
core structure, the orientation of the magnetic flux alternates along
with the road; hence, an inductive power transfer system with a
narrow rail width of 10 cm, a large air gap of 20 cm, and a large
lateral displacement about 24 cm was implemented. The resonant
circuit of the inductive power transfer system, driven by a current

source, was fully characterized. The experimental results showed

that the maximum output power was 35 kW and that the maximum
efficiency was 74% at 27 kW. The proposed system was found to
be adequate for electric vehicles, allowing them to drive freely on
specially implemented roads by obtaining power from the buried
power supply rail.

Index Terms—Contactless power transfer system, narrow-width
rail, online electrical vehicle, wireless power transfer.

Vo Output voltage at the equivalent output resistance
(rms).

Ny The number of turns of two poles of a power supply
rail.

Ny The number of turns of two pickups.

n Turn ratio Ny /Nj.

wj Power supply rail angular frequency.

Ws Switching angular frequency.

I. INTRODUCTION

LOBAL warming due to the emission of greenhouse gases
G such as CO2 and the depletion of petroleum resources is
becoming a very important issue. To address this in the trans-
portation area, automobile manufacturers have been developing

20



S/P Compensation

resonant
(short) resonant
ﬁ 1 L/L (open behind voltage) 1. n/
2108 1:n :
. ® o R ° o -
UAB / C——— <R UAB Vos SRg
Ly, 3 E é
o — LS
M
Voltage gain only affected by C1. © Input is resistive. Unity power factor!

© Output voltage is constant, independent of load!

Input phase angle affected by C3.

@ Input current rushes up under shorted load.
@ At light loads, frequency splits for input phase angle and
locked phase occurs.

21



S/P Compensation

Locked phase possible at
light load when high gain
PLL is used in control

90
Heavy load

o))
)

()
()

Light load

(8]
()

Input Phas Angle
I

-90 =

20kHz 30kHz 40kHz

50kHz

60kHz

4
3.6
Light load
£
8 2' 4 Re=400Q
O 2
=
=12
O
S 0.8
0.4 Heavy load
20kHz 30kHz 40kHz 50kHz

60kHz
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S/P Application Example

Waseda University e TR, TR
S 1 1 2 2

30 kW, 22 kHz, 10cm gap, 92% efficiency o— I—O—M/\'—’(Il)\o—o—’(m\—'\/\/\r—y—
|8 m |G R§ )’

Development of a Non-contact Rapid Charging
Inductive Power Supply System o o o—¢ ¢
for Electric-driven Vehicles

Kimiyoshi Kobayashi, Naoki Yoshida, Yushi Kamiya, Yasuhiro Daisho, and Shunsuke Takahashi .. . . . . .
Waseda University, 55S-704, 3-4-1 Ohkubo, Shinjuku, Tokyo, Japan fo r res|st|ve N p ut ( h |g h fo r maximizin g powe r

E-mail : kimi440gi@moegi.waseda.jp

Series compensation  Parallel compensation

power factor) transfer efficiency.

improved capacitor are connected to the coil output on the

Abstract-Non-contact rapid charging inductive power supply pickup side.  Obviously, iron losses are taken into
(IPS) system has been developed and tested as a charger for consideration.

electric-driven vehicles (EdV). By using the developed system,

EdV charging can be carried out safely, easily, and in a short Communication -

period. Optimizing the track and pick up design of the IPS Apparatus (G. Side) g7 ==~ A,?ng{ff;"('\cf "s"ige)

based on finite-element electromagnetic field analyses achieved PR Y Y [,
significant improvements in efficiency (92%), weight (35kg),
thickness (33mm), and air gap length (100mm) during 30kW
power transmissions.

Battery

CAUTION IN READING CIRCUITS:

High Frequency Rectifier

all

Power Supply Iy ¢ H M M
Syetem I oconcary Don’t judge the circuit by how it looks.
L INTRODUCTION (Pick u
x p) . .

In recent years, there have been increasing demands on car Prima Th e Ca pa CItO r at th eo utp Ut IS fO r
manufacturers to develop vehicles incorporating a clean N Litz Cable & Tuning Capacitor (Traclg N .
power source to replace the conventional internal combustion Fig. 1. Schematic view of IPS system. IPS is a transformer containing resonance, N OT fO r out p ut fl Ite rin g !
engine. Among several alternatives, research and agap.

23



P/P Compensation

The input should normally be a current source, such as current fed from an inverter.

Il LP M LS

T A\
— —
1 Ir KN s MIp Lsh
T oury Y C: SRp Ls  jwMCiR
—jwMIg ]U)MIP _________ v S Jw 14E
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Vo = Lgly
RESONANT e = VO = T~
C, B MIp= RESONANT JwMCy
Lp P (OPEN) /
© Output voltage is constant,
—C) REr  independent of load!
Ls
@ Input impedance is capacitive!
THEVEVIN SOURCE NORTON SOURCE

FROM TRANSFORMER MODEL

24



P/P Application Example

l'""""""""""

1
N o . ® M
University of Auckland (2005) : AL s i
1 I 1 1g *
1
1
30 kW, 150 A, 20 kHz, 6 Q load Ps s K ,
— ] tAx + ! _ + .
k=0.45 TVa By v Cp v TC R
: '
: S [; Sy 1; ' L
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, OCTOBER 2005 s — :
1
i :
. . . . I
1
Design Considerations for a Contactless Electric : ' OUTPUT VOLTAGE
1
Vehicle Battery Charger D cunoeiee e ' INDEPENDENT
1
y g . CURRENT SOURCE OF LOAD
Chwei-Sen Wang, Oskar H. Stielau, and Grant A. Covic, Senior Member, IEEE : INPUT '
1
I--------------------I
Abstract—This paper overviews theoretical and practical design Pickup allowed movin Nominal frequency 20kHz
issues related to inductive power transfer systems and verifies the relati\?e to track & Rated 30kW
developed theory using a practical electric vehicle battery charger. Secondary Switched |-© pC ate power
The design focuses on the necessary approaches to ensure power - I d 1
transfer over the complete operating range of the system. As such, g;)gg:len :H:::];%t:oller o PO Pri mary rated current 150A
anew approach to the design of the primary resonant circuit is pro- L, |Secondary pickup inductance Rated load 6Q
posed, whereby deviations from design expectations due to phase N - -
or frequency shift are minimized. Of particular interest are sys- Line input / ¢ L . anary inductance 296}11‘]_
tems that are neither loosely nor tightly coupled. The developed Switching |2 [Primary arge air gap - -
solution depends on the selected primary and secondary resonant ower | [ompen- Lp ) Pn mary € apacnance 228].1F
topologies, the magnetic coupling coefficient, and the secondary upply sation (Tp Primary track/coil inductance ;
quality factor. Mutual inductance 12.7uH
Index Terms—Battery charging, electric vehicle, electromag- [i& 1. Structure of inductive power transfer system. Secondary inductance 26.9uH
netic coupling, inductive power transfer, resonance. S d m > A0uF
econdary capacitance QLU 25




P/S Compensation |

Again the input should normally be a current source, such as current fed from an inverter.

REg
Rpl N I
O — “oarv
RESONANT w2 MC, W2 MC,
(SHORT) R
LS 02 '¢'
— N I I — © Output current is constant,
—I>' ’/' independent of load, if input
S L’ current is fixed.
¢' RE
wMIp @ Input impedance is capacitive!

THEVEVIN SOURCE

26



P/S Compensation |l

Again the input should normally be a current source, such as current fed from an inverter.
But we use the transformer leakage inductance model.

RESONANT
(SHORT)
RESONANT s
11 (OPEN) 1. Lo 22 1 1:n
= 2115
o o o ®
/
, M
n = —
Lp © Output current is constant, independent
5 1 1 of load, if input current is fixed.
CUP —

— © Input impedance is resistive
LrC:  (Ls— M)Cs

27



Optimization Example
Hong Kong Polytechnic Univ. 2014
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Design for Efficiency Optimization and Voltage
Controllability of Series—Series Compensated
Inductive Power Transfer Systems

Wei Zhang, Student Member, IEEE, Siu-Chung Wong, Senior Member, IEEE, Chi K. Tse, Fellow, IEEE,
and Qianhong Chen, Member, IEEE

Abstract—Inductive power transfer (IPT) is an emerging tech-
nology that may create new possibilities for wireless power charg-
ing and transfer applications. However, the rather complex control
method and low efficiency remain the key obstructing factors for
general deployment. In a regularly compensated IPT circuit, high
efficiency and controllability of the voltage transfer function are
always conflicting requirements under varying load conditions. In
this paper, the relationships among compensation parameters, cir-
cuit efficiency, voltage transfer function, and conduction angle of
the input current relative to the input voltage are studied. A design
and optimization method is proposed to achieve a better overall
efficiency as well as good output voltage controllability. An IPT sys-
tem design procedure is illustrated with design curves to achieve
a desirable voltage transfer ratio, optimizing between efficiency
enhancement and current rating of the switches. The analysis is
supported with experimental results.

sence of mechanical contact between the power supply side and
the load, the IPT system has advantages of low maintenance
cost, high reliability, and the ability to operate in ultraclean or
ultradirty environment. Common applications of this technol-
ogy include wireless power supply to home appliances such as
electric toothbrush, wireless charging of mobile phones using a
charging platform [1]—[3], and in medical use such as wireless
power supply to implantable devices [4], [S]. Medium- to high-
power applications of this technology include continuous power
transfer to people movers [6], and contactless battery charging
for moving actuator [7], or electric vehicles [8]-[10].

It is common that IPT involves a large separation between
the primary and secondary winding [11], [12]. Therefore, the
electric characteristics of the transformers used are very differ-

v



S/S Compensation Optimization

Can we control the output voltage as well as maximizing efficiency?

Transformer efficiency optimization:

1 — Yo

— — Qs
Cl*lp Rp Lp o Ls Rs Cs ZT npns_1+1+Q%(ﬁ%)2
=W A\ [ dr _o P EEeEe

dw

@ —jwMTIs <t> & jwMIp Ry s
> —~ —= WA = -
i \/ I =552

Z?“ ZS
PRIMARY SECONDARY
np = 1 Z:] g = L wy € |wg, 00
Rp —|—%[Zr] R; + Rg
21.2 Best efficiency at frequency above Ws.
w?k*LpLs(R; + R y quency s
where %[ZT] = P S( L S) This frequency is load dependent.

(Rp + Rs)? + (WL — 7;)?

wC'g
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S/S Compensatlon Optlmlzatlon

25w
QL = Ls 1 T3 2 Qp
CS RL 0.9 2ws 'US QO \/2>\(1 —|— ]- _ 3 ) k QS
Lg 1 é 0.87=° 1 50 ;f
S =1\~ 5 & £ For A< 1/3
Q CS RS’ ol E / ’
0.7 t BT AT A — A A ws . . . .
To 1 oo-o Efficiency the optimal efficiency is at Qo1.
Qo = =5 0.6 2 Frequency 0.5ws
CS Ro Ooeical 0.9 1.2 1.9 3.7 Os
0o
Q LP 1 1 2 5w
p=4/22
Cp Rp For A > 1/3,
0.9 20s S
! 5 :
Wp — 5 = . . . .
P /LpCp 2 os 5o the optimal efficiency increases
1 L Z  monotonically as Q, decreases.
wsg = —F/——. : e P s
\/m e-e—o Efficiency
06l Frequency Yo. Swq

RO — RS + RL Ooeiieal 0.9 1.2 1.9 3.7 Os

o 31



S/S Compensation Optimization

Key results: If Qp = Qs, then A = 1/3 corresponds to k = 0.577.
When A < 1/3, k < 0.577 (which is usually the case).

In this case, if the load is near Q,1, wpy is just slightly higher than ws.

1

We may say oy = s [T
and conclude that the optimal ©¢ /
efficiency point is near ws, 06 ke
0.4t
| S @oyv @os
0.2 cers f=0.1
T — §=0.2
et ——  eees =08
0.01 0.1 | 10 100

R; large «— Ors » IR7, small



S/S Voltage Gain

5
B88 R;=31.8Q
e—e—e R;=7.55Q)
3.75
a—a—a Rp=1.79Q
G,
Gl

1.25

CU]_/2T[

150 175 200 225 250

Frequency (kHz)

There are two cross points:

N R (O Yy e 2%
L 2(1 — k2?)

w? + w% — \/(Wh + w?)? +4(1 — k?)whw?
2(1 — k2)

Clearly, we need to set the frequency at these
points to get constant (load-independent)
voltage output. But wy > ws always !

We can try to make wy and wy close to each
other, so that we have constant (load-
independent) voltage and high efficiency.
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Optimal Efficiency

|G,| Optimal Efficiency
Voltage Gain Cross Point Efficiency

S/S COMP WH wm = ws(A<1/3)

® oy =~ wsmust be set by Csto optimize efficiency

® vy can be made closer to ws, so that operating at ws can also offer load-
independent output current

e WP WE = V(Wb +wE)® A1 - Rwpws
H 2(1 — k2)

® wy can be set by Cp which sets wp.

34



Setting primary compensation capacitor for efficiency
improvement (move oy close to ws)

L<C But this does not make wy close to ws,
SV s . . . .

= So, try increasing C,, a bit, and see if wpy
may come down a bit as well.

Optimal Primary Capacitance as
Normal Capacitance

Pn
Lp

nr nr 1

1.6 0.8

12 /G, 06

100k 125k 150k 175k 200k 100k 150k 175k 200k

Frequency Frequency
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Design for Efficiency Optimization and Voltage
H K PO ‘ U Re S u ‘ts 2 O 1 4 Controllability of Series—Series Compensated
Inductive Power Transfer Systems

Wei Zhang, Student Member, IEEE, Siu-Chung Wong, Senior Member, IEEE, Chi K. Tse, Fellow, IEEE,
and Qianhong Chen, Member, IEEE

110 0.84
"R, , o A
Cp M Cq 5 o, 08
T\ r \ .5 9
Vin H S lfean | G, RoZ 5
- L;é gLs = § £ g 076
= G
M 8 m
ozt e s | o
100 200 300 400 500 600 0.68 - _ &= 0,=0.7
Frequency (kHz) T 5 9 13
TABLE I Qo
POWER COMPONENTS USED IN THE CONVERTER 0.8
Circuit components Value
Power MOSFET Q1-Q4 IRF640N 0.6 -
Capacitance C'p 33.12 nF / 630V
Capacitance Cg 18.9 nF / 630V IG,| 04
Schottky diode D1-Dy STPS20H100CG
Capacitance Cy 220 pF
Loosely-coupled transformer N p=30 turns of Litz wire 02 3
- Lp=32.78uH Qp =94.9@200 kH:
§ Ng=29 turns of Litz wire 0+ | | , | | !
S PN Lp=31.46pH Qp =89.0@200 kH: 145 165 185 205 225 245 265
SR \ U ; air gap = 35 mm Frequency (kHz)
k =0.182
_ - N 36
g=35




Design for Constant Current Output

Series-series resonance at primary and secondary sides:
© Inputimpedance is resistive, i.e., high power factor.

& Output current is constant, load-independent.

@ Efficiency is optimal. W2 M2

i <t> JuinRr R,

wM

in w2M2% <f JUIN %RL

RL wM

Z,

@ Output voltage is proportional to load.
@ Input current can be very high at light load or no load.
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Optimal Design Guideline

GENERAL STRUCTURE

| ! Cp

o

N TG i

Source Primary = Loosely-couple Secondary Ioad

Compensation Transformer Compensation



General Expressions

Topologies G Zin n
i 2 2
o _ JjwM 7 w M
SS v,  ZpZs_stw2M?2 P+ Zs_ s 202 . RRLR
M T 4+ w®M*4 |ZS’—S|RP+W M s+RL
PS io __ Cp P ]wC’p Zg_g
W ZpZs_stWIME | uCp(Zpt gL
. Rp,
JwM o7 2 72
Yo _— Jweshtp 7 w
M Rp Zp— 1w S22 |1Zs— p|Rp+w M? Rg(1+w2C%R2)+Ry,
PP 'U_O — Cp J'WCSRL;H 5 ]wCP is 2}3

R
+RL and ZS P —]WLS‘*‘RS—'—m

Zp =jwLp + Rp + ch ,Zs_s = jwLs + Rs + ch

Sy > Prh




Where does best efficiency occur?

Series-series compensation:

When primary self-inductance is compensated
out, the output is constant current, which means
constant transconductance. In this case, all
reactive current is cancelled, and efficiency is
optimal.

Thus, we can find the value of the
transconductance at this compensation point:

o 1 1 1
Gi = — — w = —— wWag =
V; pr P AV4 LpCp ° \ Lscs

and the resonant frequency is

@ =e = Wp

Cp Lp M Lg Us

I I
A — i A\ |

e jwM15<t> <t>jwMIp

Moreover, the max efficiency pointis at a
particular load, which can be found as

RL,m = wp]kffy
where
_ [Fs
Y= Re

Clearly, R, m is k-dependent and hard to measure
directly. A heuristic Perturb&QObserve control is

normally used for max efficiency tracking.
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Where does best efficiency occur?

Series-series compensation:

When the best efficiency happens,
it has to be at R, ,,, and the
operating frequency should be set
for load-independent
transconductance or output
current.

But at this point, the voltage gain
cannot be load-independent! We
can find this gain as

Vo
H(RL-,m) == == =]

1

Control

9

DC/DC
Converterl

It is thus possible to achieve max efficiency by
controlling the output relation to fit this H(R. ). By
controlling the input voltage level, we can maintain
this value of H and the load point at R, ,», However, we

v, I, vV, I,

IPT
Converter

A,

PWM

Generatorl

{

PI

Controllerl

H(RL) e ————— == ==l
Communication
H(R; ,)1n (5)

will need another dc-dc converter for load change, as
the power level is determined by the load.

‘/OL'T I ouT

DC/DC
Converter2

2

] Wireless

A,

PWM
Generator2

A

Y

Controller2
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MAX EFFICIENCY
POINT

MWS
w—wp—m H,L':(,UPLP’}/
1.2
6, = wsar VL E
k2
Lp = w=—t = 2
HZ:—’Y \/l—k2 \/1—k2
Lg
Rpm = wsM V1 — k2L%/M?y




Higher Order Compensation



Trick to get constant output voltage or
current:
First create constant primary winding current



With constant Ip

The secondary side becomes

LS CS
||
||
RESONANT +
hort
shot) RS wvos

jwMIp

constant

With secondary series compensation,
we get constant output voltage.

Lg

JwMIp —Cs e

RESONANT (open)

MI
LSP <A> gLS::CS %RE

With secondary parallel compensation,

we get constant output current.
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Realizing constant primary winding current (l)

Auckland University, LCL primary circuit
I 1l ol e Ly E

Ts?,

L. : Lp ; ; Lg I J_ M, L., )
— Y YYD M YV L 6 = Vi “V; Py T Cr §<;f> C Tv - VSO_ZT = Vo2
. i ) e VT 2f b °

5 O % J%
m{) Ci==" -ijIS<> <> joMIy c%En(;p Vos Tyd) TM)IJ% r,; T

& Primary current and output current are load

0

tmmmmmmmmmmmmsmmee independent.

 SRTON RESONAN]‘ Le . Le & Primary current being constant current source,
+ 4 Ig . . .

: : mﬁ—',ﬂ.{‘ —— Y Y —o  hence suitable for multiple secondary design.

' ' + . .

by I +H SEC & Inverter only provides active power.

: v | JoMI ‘oM, _

oL, : J® S§> §>Jm P COMP | Y5 ) |, does not affect the primary current and the

| resonant frequency does not need to change even

when coupling coefficient and self-inductance vary.

Constant primary winding current

Lp does not matter if it is current source driven!

@ LCL needs more components and cost.
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Realizing constant primary winding current (ll)

. . . : L LCC NETWORK Z,
Windsor University, LCC primary circuit Ritutehaminbintbvie 5 —_—
. . . IB Lg Cs; 4 C(M) R(M, Reg)
The added Cs1 connected in series with >/ ]
the self inductance at primary will further N '
Vs Ci5 L4(M)

cancel the self inductance, while the C4 in
parallel will create constant current, like in : g
the previous LCL design. ' =Lp—1/w*Cg

& The LCC approach gives larger — T H H
primary current and hence higher power =T d;: @

transfer capability.

& Offers constant current over a wide

operating range. —
p g g eqv ]wL’ @ % ¢ JCUM[S

Lp is partially cancelled, hence allowing greater current to be delivered.
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IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 11, NOVEMBER 2015

A Comparative Study of Power Supply Architectures
in Wireless EV Charging Systems

Bryan Esteban, Member, IEEE, Maher Sid-Ahmed, and Narayan C. Kar, Senior Member, IEEE

Abstract—This paper examines two of the primary power supply
architectures being predominantly used for wireless electric vehicle
(EV) charging, namely the series LC (SLC) resonant and the hy-
brid series—parallel (LCL) resonant full-bridge inverter topologies.
The study of both of these topologies is presented in the context
of designing a 3-kW primary-side controlled stationary wireless
EV charger with nominal operating parameters of 30-kHz center
frequency, a range of coupling in the neighborhood of 0.18-0.26,
and a parallel secondary pick-up with partial series coil compensa-
tion. A comparison of both architectures is made in terms of their
design methodology, physical size, cost, complexity, and efficiency.
It is found that the SLC architecture is 2.45% less costly than the
LCL topology. On the other hand, it is observed that the LCL archi-
tecture achieves almost 10% higher peak efficiency at rated load
and minimum coupling. The study also showed that the SLC topol-
ogy suffers from poor light load efficiency, while the LCL topology
maintains very high efficiency over its full range of coupling and
loading. The study also revealed that the capacitor voltage stress
is significantly higher in the SLC topology. Finally, it is also shown

R, (M, Req)
Cr (M)

Q2

Primary coil partial series tuning capacitor for
LCL topology.

Primary resonant tuning capacitor.

HF transformer dc-blocking capacitor.
Equivalent secondary inductance when partial
series compensation is used.

Equivalent primary inductance when partial se-
ries compensation is used.

Operating angular frequency.

Resonant angular frequency.

Utility input voltage.

Fundamental of inverter voltage.

Reflected secondary impedance.

Reflected secondary resistance.

Reflected secondary capacitance.

Overall tunned secondary quality factor.



Further extension - double LCC

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 64, NO. 6, JUNE 2015

A Double-Sided LCC Compensation Network and
Its Tuning Method for Wireless Power Transfer

Siqi Li, Member, IEEE, Weihan Li, Student Member, IEEE, Junjun Deng, Student Member, IEEE,

Trong Duy Nguyen, Member, IEEE, and Chunting Chris Mi, Fellow, IEEE

Michigan University at Dearborn, LCC primary
and secondary circuits

. . 98% T T T T T T
& The LCC approach gives larger primary 7L SR SN S SN S S S
current and hence higher power transfer 96% |-rrordcssenlirer A . —t
capability. o e e et aa e
o O4Yp ok AW A R, MO S —

& LCC on both primary and secondary sides

o=

) 44
reduces the self-inductances, hence reduce the 2 020 | 4

m

size of compensation capacitors. Overall system 91%/ »»»»»»»»»»»» Experlment Slmulation ]
volume reduces. 00% 4+t —em Up=300V - Up=300V -

89% Foovro . 8= Up =800V - U,=400V ]
& Wide operating range for constant output 88% : +Ub =450V ~*- Up=450V

current.
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Large misalignment, poorly coupled

Under severe misalignment, M becomes very small (k is small).

As M becomes very small, Ip will rise rapidly and
input current can be very large!

Primary parallel comp

Lp Ls
’mﬂf\ —f——
e /\ —Is
CpT _]wM[<—> & jwMIp
—
' Ja)CP—I_ 1 a)ZMZ
JoL, + R, +

S
As M becomes very small, Ip will drop rapidly,
and power transfer reduces.
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SP/S Compensation

. . . (i = pre=cccccccca. \ C
Zaragoza University, SP/S compensation ] ' R
_ O —¢
Without C1 , the circuit is P/S compensation. /1+ 2 E Iy I | | i
When Kc = 1, C3 is exactly resonating with L1 at wo. E R, R:E .
, - ! - I,
But Cs is deliberately chosen to be a bit smaller than C“) Tc g2 Ry d
3 ! !
needed for resonating with L1 (K¢ < 1). So, when TV Ly
misalignment occurs, M gets smaller, C3 is not enough | - :
. . . S A
to resonate, making the whole Cz|| L1 actually inductive e Y H
at . Then, Cq is used to compensate this remaining T LoCl
inductance. Thus, even at large misalignment, reactive (Cy = 5 C'3pg = A
power is still not large, and the power transfer can still LQWO Ly + L1LyC2R2
be high.
Cs = KcCspg
© Inputis resistive. K- =1 meansP/S compensation

& Insensitive to variation of M.
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Higher order compensation

In general, with more L
and C, we can increase
design flexibility as we
have more parameter to
manipulate.

But the circuit will be
more complex to design
and analyze.
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IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 1, JANUARY 2017

Higher Order Compensation for
Inductive-Power-Transfer Converters With
Constant-Voltage or Constant-Current Output
Combating Transformer Parameter Constraints

Xiaohui Qu, Member, IEEE, Yanyan Jing, Hongdou Han, Siu-Chung Wong, Senior Member, IEEE,
and Chi K. Tse, Fellow, IEEE

Abstract—Compensation is crucial for improving performance
of inductive-power-transfer (IPT) converters. With proper com-
pensation at some specific frequencies, an IPT converter can
achieve load-independent constant output voltage or current, near
zero reactive power, and soft switching of power switches simul-
taneously, resulting in simplified control circuitry, reduced com-
ponent ratings, and improved power conversion efficiency. How-
ever, constant output voltage or current depends significantly on
parameters of the transformer, which is often space constrained,
making the converter design hard to optimize. To free the design
from the constraints imposed by the transformer parameters, this
paper proposes a family of higher order compensation circuits
for IPT converters that achieves any desired constant-voltage or
constant-current (CC) output with near zero reactive power and
soft switching. Detailed derivation of the compensation method is
given for the desired transfer function not constrained by trans-
former parameters. Prototypes of CC IPT configurations based on
a single transformer are constructed to verify the analysis with
three different output specifications.

nique is magnetic coupling of two physically separated coils
of an IPT transformer across a predefined distance. When the
ratio of the distance to the coil diameter increases, the cou-
pled magnetic flux between the coils becomes smaller. The
uncoupled magnetic flux appears as leakage inductance and
causes significant reactive power. The reactive power will in-
crease the ratings of the driver circuit and degrade the power
transfer capability. Therefore, a compensation circuit is impor-
tant in the IPT converter to improve the following transformer
characteristics:

1) Near zero input reactive power: Without large reactive
power and the associated circulating power losses, the
converter efficiency can be increased. Given a set of power
components with specified ratings, a properly compen-
sated IPT converter can transfer more real power to the
load. Zero input reactive power will imply a pure resistive
innut imnedance to the driver circnit havine 7ero nhase



Interim Conclusion

e Compensation is the core design problem in IPT system:s.

® Single capacitor compensation cannot achieve both lowest reactive
power and highest power transfer capability.

® Two capacitors are minimal. One at primary and one at secondary.

® Theoretically, series-series compensation is the most efficient for V to |
conversion after suitable compensation and optimization. Likewise,
series-parallel is best for Vto V, etc.

® Extended C or L will improve misalignment coupling or power capability,
but with more complicated circuits.
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