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Analysis and Design of High-Misalignment-Tolerant
Compensation Topologies With Constant-Current or
Constant-Voltage Output for IPT Systems
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Abstract—The capability of misalignment tolerance is vital for
an inductive power transfer system. The conditions satisfied by the
high-misalignment-tolerant compensation topology are proposed
in the article. It is proven that all compensation topologies with sec-
ondary parallel compensation component have a strong capability
of misalignment tolerance if the parameters of the compensation
circuit are properly designed. And, their misalignment-tolerant
capability was analyzed. The impedance characteristics of the
simple S/T compensation topology are analyzed. Two prototypes
of approximately 300 W used S/SP (primary series, secondary
series—parallel) compensation topology with strong misalignment
tolerance were designed to verify the system performance. They
have the characteristics of constant-voltage and constant-current
output, respectively.

Index Terms—Inductive power transfer (IPT), input impedance
angle, misalignment tolerance, output voltage fluctuation range,
S/SP compensation topology.

1. INTRODUCTION

S A method alternative to traditional physical contact,
inductive power transfer (IPT) have been paid more and
more attention from consumers and research communities. It
has good application prospects in the fields of electric vehicles,
consumer electronics, biomedicine, and other industrial areas
due to its excellent characteristics of avoidance of bulky cables,
availability of galvanic isolation, more degrees of operational
freedom, weather proofing, low maintenance, and higher safety
[1]-[6]. However, the weak space freedom still hinder its devel-
opment, more research work is required to increase misalign-
ment tolerance.
The researchers have proposed many methods to improve
misalignment tolerance. Four compensation topologies, includ-
ing SS (primary series, secondary series) [7], SP/S (primary
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series—parallel, secondary series) [8], T/S (primary T-type net-
work, secondary series) [9], and S/SP(primary series, secondary
series—parallel) [10], that transfer rated power even with mis-
alignment have been proposed in past several years. However,
there are very few applications that require constant output
power. Conversely, constant voltage (CV) or constant current
(CC) are more popular.

Many compensation topologies with zero input impedance
angle providing CV or CC have been proposed, such as four
basic topologies, including S/S, S/P, PS, PP, LCC/S [11], LC/S
[12], LCC/LCC [13]-[14], S/SP [15]-[18]. ©“S,” “P;” “L,” and
“C” in these compensation topology names denote “series,”
“parallel,” “inductor,” and “capacitor,” respectively. The primary
compensation structure is indicated on the left side of the slash
symbol *“/,” and secondary compensation structure is indicated
on the right side. In addition, the higher order compensation for
inductive-power-transfer converters with CV or CC output is
researched in [19]. Moreover, more attention is paid in [20]-[22]
to combine topologies with CC and CV outputs for battery
charging. However, these compensation topologies operating in
resonance do not have the capability of misalignment tolerance.

Some researchers pay more and more attention to the compen-
sation topologies with high-misalignment tolerance and CV or
CC. In [15], an S/SP (primary series, secondary series parallel)
compensation topology with high misalignment tolerance is
proposed to provide a constant output voltage. But its application
is very limited, if the self-inductance of the loosely coupled
transformer (LCT) do not reduce drastically as the decrease of
coupled coefficient, the strong misalignment-tolerant capacity
of the LCT will disappear. Therefore, its application is mostly
the change of breath in a close range.

In order to solve the problems in [15], the work in [18]
improved the parameter design to reduce the dependence of
the compensation topology on LCT. The design method of [18]
has no contradiction with the design method of this article.
However, the work in [ 18] only optimizes the S/SP compensation
topology with CV output. And, it only compensates for the
leakage inductance of the loosely coupled transformer, which
results in the output voltage not being adjustable.

In [23], a PS/S (primary parallel-series secondary series)
compensation topology with constant output current and
high misalignment tolerance is put forward, However, due to
the limitation of the misalignment-tolerant capability of the
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compensation topology, its output current fluctuates greatly. In
addition, an S/CLC (primary series, secondary capacitor—
inductor—capacitor) compensation topology with wide
misalignment is proposed in [24]. But its load variation range is
too small. And there are many compensation components used.
Although the coupling coefficient is as high as 0.4, the efficiency
is only 88.2%. Moreover, the hybrid topology is applied to the
IPT system in order to obtain excellent misalignment tolerance
[25]-[27]. However, it caused the system to become very com-
plicated. At least eight compensation components and four coils
that make up the LCT are required. On the other hand, the hybrid
topology requires that the cross coupling of the LCTs used in
the two sets of compensation topologies be as small as possible,
which limits the misalignment direction of the LCT, and often
has the capability of misalignment tolerance in the x-direction on
aplane. Therefore, the application of hybrid topology is limited.

In the past, the study of compensation topology with misalign-
ment tolerance can be divided into three categories. The first is
the compensation topology with constant power (CP) output,
such as [7]-[10]. The second is the compensation topology that
cooperates with a specific LCT, and its misalignment direction
is limited, such as single compensation topology [15] and hybrid
topology [25]-[27]. The third is the compensation topology with
CV or CC output, which does not require a specific LCT, such
as [18], [22], and [23]. However, there are many compensation
topologies with strong misalignment tolerance that have not yet
been discovered. They are found and analyzed in this article.

A new method that designs the parameters of compensa-
tion topologies with high misalignment tolerance is proposed
in the article. It is proven that all compensation topologies
with secondary parallel compensation component have a strong
capability of misalignment tolerance if the parameters of the
compensation circuit are properly designed. Therefore, a family
of compensation topologies with strong misalignment tolerances
is proposed, such as S/P, S/SP, S/PS S/SPS, PS/SP, SPS/SP, and
SPS/SPS compensation topologies. Their misalignment-tolerant
capability was analyzed in this article. After analysis, they have
the same misalignment tolerance. The impedance characteristics
of the simple S/T compensation topology are analyzed to help
the system implement ZVS. Two prototypes of approximately
300 W with S/SP (primary series, secondary series—parallel)
compensation topology were designed to verify the system per-
formance. They have the characteristics of CV and CC output,
respectively. Their highest de—dc efficiency is 94.7% and 94.8%
respectively.

II. ANALYSIS OF TWO-PORT NETWORK WITH HIGH
MISALIGNMENT TOLERANCE

In many applications, the primary coil always moves rela-
tive to the secondary coil. Therefore, the coupling coefficient
of the LCT maybe change during the course of work, the
compensation topologies necessitates good tolerance to high
misalignment.

To facilitate the analysis, we simplify the IPT converter as a
two-port network. The compensation network of the IPT system
can be divided into two parts, including Ap and Ag, as shown
in Fig. 1.
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Fig. 1.  Schematic of an IPT system as a two-port network.

Where Vi, is a pure sinusoidal ac voltage source and Rpg
is the equivalent load. Lp and Lg are the self-inductances of
the primary and secondary coupling coils, respectively. k is the
coupling coefficient of the loosely coupled transformer (LCT).
I}, and I, are, respectively, the current of the voltage source and
the current absorbed by Rx. Ap, An, and Ag are the transmission
matrices of the primary compensation network, the LCT, and
the secondary compensation network, respectively. A is the
transmission matrix of the IPT converter. Hence

==Ll ] o
A= ApAnAs (2)
apjazz — az1a1z = L. (3)
Obviously, V, = —I,Rg. The transfer functions for voltage

ratio (voltage-controlled voltage source) E, transconductance
(voltage-controlled current source) G, and input impedance Z;,
shown as follows have been discussed in [19]

Vo Rg

E=-9__ " 4
Vi azo Ry + a2 %
—1 1

G==-2-= (5)

Vin aze Ry + a

Vin
i = - w‘ ©)
Iy,  ai2Rg +an

To simplify the analysis, the parasitic resistance of the com-
pensation component and transformer is ignored, a2; and a2
are pure imaginary number, and a;; and age are pure real
number. When as; = 0 or azs = 0 at the designed cou-
pling coefficient &, load-independent CV or CC output can be
achieved. However, the constant CV or CC output of the IPT
converter may be destroyed if the coupling coefficient fluctuates.
Without changing the load-independent CV or CC output, the
coupling-independent CV or CC output at the designed coupling
coefficient is desired. The sensitivity of the voltage ratio E
and transconductance G with respect to k can be calculated as
follows.

For CV mode
E Rpl4z 4 Mu
4,:_RE4EAL44%7. 7
ok (a22RE + a21)
For CC mode
0G __ Reg + o ®)
ok (agaRp + a21)*
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Fig. 2. Equivalent circuit of the IPT converter. (a) Equivalent circuit of the
IPT converter. (b) Equivalent circuit of the IPT improved converter.

Actually, as long as |E| is substantially constant when the cou-
pling coefficient fluctuates, the CV or CC output is independent
of the coupling. Since E is pure real number and G is pure imag-
inary number, the load-independent and coupling-independent
CV or CC output at the designed coupling coefficient ky can
be achieved when the real part of (7) or the imaginary part
(8) is zero. Therefore, the conditions of load-independent and
coupling-independent CV or CC output at the designed coupling
coefficient kg is as follows.
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frequency, and M is the magnetic inductor. /; and I, are
the currents of the Lp and Lg, respectively. VA p3 and Lp are
connected in series. To simplify the analysis, Zps and jwLp are
replaced by Z p3 and the equivalent circuit of the IPT converter
can be improved, as shown in Fig. 2(b). A’p, A/M, and A'S are
the new transmission matrices of the primary compensation
network, the controlled current source and the secondary
compensation network, respectively. Hence

Y /
[ Zpa+Zphg 1
Z Z
A/ — P2 P2 12
P Zp1Zpo+Zp2Zps+Zr1Zpy Zpi+Zpo (12)
L Zpa Zp2
r 1
ay'=| O ww (13)
| —jwM 0
r Zsa+Zss 1
r Zs2 Z32
As' = Zg, Zs2+Zs2Zs3+25, Zss Zg,+Zs2 (14)
L Zs2 Zs2

where M = k+/LpLg. Substituting (12), (13), and (14) into
(11), A can be calculated as (15), as shown at the bottom of this
page. Observe (15), each element in the transfer matrix is in the
form of tick function shown in (16). It can be divided into five
cases, and the firstcaseism =0 andn =0

For CV mode y:mm—&—% (16)
{ az =0 9) @2 and a9y are pure imaginary number and real number,
5?% = 0. respectively. Equation (17) can be supposed. ns, mso1, nes and
For CC mode Mmoo can be expressed as (18)
) n
daszy =0 a21 :j(m21k+%)
{ T (10) s (17)
422 = U aze = magk + s
III. HIGH MISALIGNMENT TOLERANT COMPENSATION DESIGN ot — —w mZm + Zpy Zgs + Zss
21 = —
Based on the reciprocity principle, a complex two-port passive Zp2 Zs2
- Zp1Zpa + Zp1Zps + ZpaZy
linear network can be replaced by a T-type network. The LCT Nop = P3 P3
can be replaced by a model with controlled current source. The , Z/P2
equivalent circuit of the IPT converter is shown in Fig. 2(a). Zs1Zs2 + Zg1 Zss + ZsaZss 1
7Zp1, Zpa, and Zps are the impedance of the first, second, and Zs2 —w+/LpLg (18)
third compensation elements of the primary compensation net- mas = —jwy/IpLg Zp1+2Zp2 1
work, respectively. Zs1, Zso, and Zs3 are the impedance of the /ZPQ ZS?
first, second, and third compensation elements of the secondary Ny = Zp124p2 + Zp1Lpy + ZpaZps
compensation network, respectively. , Zpa
up and ug are the instantaneous voltages of the primary .ZSl + Zso : ! i
and secondary controlled source, respectively. w is the angular Zsz  jwyVLpLg
. 1 Zso+Zss Zpa+ Zpy Z§Zso + Z§, Zss + Zsa Zss 1
a11 = —jwy/LpLsk—— + . -
H J P Zee s Zpa Zs2 Jwv/Lp Lsk
. 1 1 Zpo + Z{DB ZlSl + Zgo 1
a9 = —jw\/LpLsk————+ -
12 J v Zp2 Zso Zpo Zsa  jwy/ Llesk , / /
. Zp1+ Zpo Zso + Z Zp1Zpo + Zp1Zps + LpoaZ Zi1Zso + 2 Zss + Zga Z 1
a1 = —jw/TpLak P1 P2 452 83, ZP1ZP2 P14p3 P2Zpy 4§ 482 51453 52453 ‘
Zp Zs2 Zp2 Zs2 jwv/LpLsk
. Zp1+ Zpy 1 Zp1Zpy + Zp1Zps + ZpoZpy 2§, + Zso 1
aso = —jwy/ LpLgk — . - .
2 J i Zpa  Zs2 Zpa Zsy  jwyvLpLsk

15)
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Fig. 3. (a) When F(Rg) = 1, s varying with . (b) When F(Rg) = 1,

|EVE|max varying with k.

Substituting (18) into (9), hence

22

ma2

_ = — ]2

mai1

19)

For CV mode, to simplify the analysis, the misalignment-
tolerant range -y is defined shown as follows:

_ ks
-2

where ky and kp, that are, respectively, the maximum and
minimum of the coupling coefficients, are defined to meet the
requirements of fluctuation of CV or CC output.

The sensitivity of |E| with respect to k is also defined by
(21). F(Rg)(defined and analyzed in the appendix) is a function
of Ry. F(Rg) increases with increasing Rg. When Rg = 0,
Rg = —-mg1ns1/(mosngs) and Ry is close to oo, F = —1, 0, and
1, respectively. The same F' means the same misalignment tol-
erance. Therefore, the T/T compensation topology that satisfies
the formula in (9) can obtain the same misalignment-tolerant
capability through design parameters. And, the relationship
between sy, v, and F(Rg) is obtained in the Appendix

Bk = 1Bl ak _q_ \/

S —
|E|k:kg

¥ (20)

297(1+ F(Rg))
2+ 2F(Rg)y + 1’
(21
When F(Rg) = 1 and + is constant, s; has a minimum and
the misalignment-tolerant capability of the IPT converter is
strongest. When F(Rg) = 1, (4) can be rewritten as follows:

Rg

(\/REQTnm2 +mo1? -k + V Re’ng? + n212/k)
(22)
When F(Rg) = 1, s;; varying with y is shown in Fig. 3(a), and
|E|/|E| max varying with k is shown in Fig. 3(b). From Fig. 4(a),
Sz increases as -y increases, which means increasing the distance
of the misalignment needs to sacrifice fluctuation range of the
output voltage. It is more clearly explained in Fig. 3(b). When
F=1,05,0,-0.5, and -0.8, s5; varying with v is shown in
Fig. 4(a), and |E|/|E|max varying with k is shown in Fig. 4(b).
For the same misalignment-tolerant range -y, the smaller the F,
the bigger the fluctuation of the output voltage. Therefore, the
smaller the R, the bigger the fluctuation of the output voltage.
When F = 1, 0.5, 0, 0.5, and -0.8 and |E|/|E|nax >0.8 is
satisfied, the allowed variation range of the coupling coefficient
is 400%, 340%, 276%, 200%, and 160%, respectively. 400%

Bl =
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Fig.4. (a)sk1 varying with~y with different values of F. (b) |E|/|E|ma varying
with k with different values of F.

is the limit that can be reached. For CC mode, process of the
analysis and result are the same as the CV mode.

Substituting (15) into (9), (23) is obtained, which is the con-
dition of CV output. Substituting (15) into (10), (24) is obtained,
which is the condition of CC output.

For CV mode
2Ly Zgo+ 24, Zss+ZsaZss ’
T2t 753 = —(Zs1 + Zs2)
2 2 Zp1Zpa+Zr1Zps+Zr2Zps (
w*Lp Lsky* = o1t Zos (Z81 + ZSQ).
(23)
For CC mode
Zg,Zs2+Z5, Zss+Zs2Zs3 !
Zs2+Zs3 - 7<251 + ZSQ)
2 2 Zp1Zpat+Zr1Zpst+Zralps
w?*LpLgky” = — Zo1t Zrs (ZSl + ng).
(24)

IV. IMPEDANCE ANALYSIS OF S/T COMPENSATION
ToPOLOGIES WITH HIGH MISALIGNMENT TOLERANCE

Although the compensation topologies such as SPS/SP and
PS/SP have misalignment-tolerant capability, the number of
compensation components is large. The parameters of the T/S
compensation topology cannot satisfy the formula in (9) or
(10). Therefore, the T/S compensation topology does not have
characteristics independent of coupling and load. However, the
parameters of the S/T compensation topology can satisfy for-
mula in (9) or (10). Therefore, the S/T compensation topology
has characteristics independent of coupling and load. The S/T
compensation topology with simple structure and the same
misalignment-tolerant capability is analyzed below and includes
S/P, S/SP, S/PS, and S/SPS compensation topologies. Equations
(23) and (24) can be rewritten as follows.

For CV mode
ZL, Do+ 2L, Zss+Zsa Z
§17s2 ZSS;JFZSZ:; s2283 _ —(Zél + Zs2) 25)
w?LpLsko® = Zp,(Z4 + Zs2).
For CC mode
Zl Zso+ Tl Zss+Zs2 Dss
MmN T = (2 + Zs2) 26)
w?LpLsko® = —Zp (Z4, + Zs2)
where
1
Zhy = —— +jwlLp. 27
PLT 500 + jwLp (27)
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Zsis the input impedance angle of the secondary side compen-
sation network A',, which can be represented by the following:

—1
Zg A Z 28
—(Z5; + S2) aril (28)
where
Zso + Zs3
=222 799 29
Rg 29

According to (25) and (26), the system input impedance
angles of the CC and CV modes can be represented by the
following equations.

For CV mode
Zn? 1 Znio?
7. = M o+ B MO (30)
Zs1+Zdsaa—1  Zs1 + Zgo
For CC mode
I 1 Zmo?
Z. = M a+ MO 31)
Zs1+Zsaa—1  Zs1 + Zgo

In order to simplify the analysis, (28), (30), and (31) are
transformed as follows:

Zél-i-Zsz a—1

Zh = — = 1/0g. 32
For CV mode
. 1 .
Ziy, = jKvs— T — jKwmso (33)
For CC mode
. a+1 |
Zi, = jKws + jKwmso (34)
a—1
where
_ _ZnP|ZsaAZsa| | kE
Rus = j(Zs1+Zsz)|ZM02| ko (35)
Kyso = Zni0®| Zs1+Zso| | - 41

3(Zs1+Zs2)| Zno®

From (33) and (34), the input impedance angle of the system
may be capacitive, and the ZVS of the inverter cannot be realized.
In order to implement ZVS in the load range, where the system
has strong misalignment-tolerant capability, it is necessary to
satisfy the condition VA p1/j > 0. Therefore, fs and 6;, can
be calculated as (36) and (37), where 6y, is the primary input
impedance angle.

For CV mode
fs = arctan 2 “ ‘ (—90° < fs < 90°)
Zl = #4 — 0s + 1£90° (36)
2_k2sin
0, = arctan %5(03(395)'
For CC mode
s = arctan ‘312 (—00° < g5 < 90°)
Ziy = 5L — 05+ 1290° (37)
= ko?—k?sin(fs)
Oin = arctan — cos(0s)
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Fig. 5. (a) Relationship among Z 19, 05, and o in CV mode. (b) Relationship
among Z; . , Bin, and k in CV mode.
iy Jy
M=~ |a| increase -
N R
N\ -
zy
<05 ma
1 x
i
|ai increase
o) N0

Fig. 6. (a) Relationship among ng, 05, and o in CC mode. (b) Relationship
among Z . a, fin, and k in CC mode.

For CV mode, the relationship among Zs’, fs, and « obtained
by (32) and (36) can be presented in Fig. 5(a), and the relation-
ship among Zm, «, 0i,, and k can be presented in Fig. 5(b),
where kq and ks are the minimum and maximum values of the
coupling coefficient, respectively. Zinll, VA in 0, and VA in 2 are
the input impedances when coupling coefficients is equal to k1,
ko, and ko, respectively. s max is the maximum value of fg at
rated load. 0;, - min 1S the minimum value of 6, at rated load.
Og decreases as « decreases. When the coupling coefficient is
constant, #;,, increases as « decreases. When the load resistance
is constant, ¢;,, decreases as k increases. The gray fan-shaped
ring is the working area of Z,.

For CC mode, the relationship among Z ’S, 0 s, and « obtained
by (32) and (37) can be presented in Fig. 6(a), and the relation-
ship among Z!,, a, 6i,, and k can be presented in Fig. 6(b).
fs decreases as « increases. When the coupling coefficient is
constant, 6;, increases as « increases. When the load resistance
is constant, 6;, decreases as k increases. f have the maximum
value 05 ax at rated load. 6;,, have the minimum value 6;;, i,
at rated load.

The application of this article is that the self-inductance of
LCT does not change with the coupling coefficient or the change
is small. For example, an LCT without ferrite or an LCT with a
relatively big ratio of the transmission distance and the biggest
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Fig. 8.  Schematic of S/SP compensated IPT system with CV mode.

size of LCT are used in the application. Therefore, efficiency of
the LCT can be expressed as follows:

Ll Ry + [Is|* Ry
|Iim|2 |Zin| Ccos ein

Ry + (K| Zpy| Ra)/(ko® | Z, + Zsal)
| Zin| cos 0in

ne = (1 ) x 100%

~(1 ) x 100%.

(38)

From (38), it can be seen that the transformer transmission ef-
ficiency increases when the real number of the input impedance
increases. With the same coupling coefficient, the transmission
efficiency of LCT is the highest when |a| = 1. When |a] = 1, the
0;n of the CV mode or CC mode is as follows:

(39

k1
Oin |‘a|:1 = arctan k‘_z

V. EXPERIMENTAL RESULTS

Because the misalignment tolerance of the compensation
topology designed in this article is not limited by LCT, the
most commonly used circular coil is adopted. The schematic
diagram of LCT misalignment is shown in Fig. 7. The range of
the misaligned distance is 0—-60 mm. In order to demonstrate the
applicability of the proposed topology and the above analysis,
two experimental prototype of the IPT system with S/SP com-
pensation topology system was designed and built. They have
the output characteristics of CV and CC, respectively. And the
planar circular coil without ferrites is used in the prototypes.
The circuit diagram of the S/SP compensation topology system
is shown in Fig. 8. The compensation capacitor Cgo causes that
the input voltage of the rectifier cannot be changed immediately,
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Start

Set the values of ki, k2, Skmax, 71, Eo, Ri1,
Oin, fand Af
F
The values of Lp, Ls, Cy1, Cs; and Cy,
can be obtained by solving equations (4),
(27) and (38).

I [ ]

alculate the value of sy from formula (23)

Yes
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ks, Lp and Lg

Update the values of C,y, Cy; and Cy by

formulas (4) and (27)
End
Fig. 9. Flowchart of design parameters.
Oscillosgope’--“
N
> Primary PCB
D0 Voltage source
Fig. 10.  Photograph of the experimental setup with CV mode.

TABLE I
PARAMETERS OF S/SP COMPENSATION TOPOLOGY WITH CV MODE

Circuit component Type and value
Frequency 200 kHz
Coupling coefficient kmin =0.211 ko =0.283  kimax =0.355
Self-inductance of LCT Lr=60.8 uH Ls=63.3 uH
Compensation Cpi=1331nF Cq=1557nF
capacitance Cs2=13.92 nF
Load resistance R Ri=36Q R=72Q R;=108 Q

but the input current can be changed immediately. Therefore, LC
filtering is required after the rectifier.

Flowchart of design parameters is shown in Fig. 9, where
Skmax 1 the maximum voltage fluctuation ratio, n is the primary
and secondary side turns ratio, Ey is the voltage ratio when
k = ko, Ry is the resistance of the rated load, and Af is the
step value of changing the frequency.

Fig. 10 is the photograph of the experimental setup. Design
S/SP compensation topology by above analysis. The main
parameters of the system are shown in Table I. ua g is the output
voltage of the inverter and U, is the voltage of the load. The out-
put voltage U, varying with the coupling coefficient and load are
as shown in Fig. 11. When the coupling coefficient is equal to kg,
the output voltage has a maximum value under different loads. It
is consistent with the previous analysis. However, as resistance
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of the load increases, the maximum value of the output voltage
will increase slightly. Itis caused by the parasitic resistance of the
circuit and tiny error in each of the compensation parameters.
In order to indicate the ability of the system to stabilize the
voltage, the output voltage fluctuation range gr cv is defined
by (40), where Ugyt-max and Uopyt-min are the maximum and
minimum output voltages of IPT system within a predetermined
coupling coefficient range. The output voltage fluctuation range
is 5.57%. The system has strong misalignment-tolerant capa-
bility. In addition, the fluctuation of the output voltage with
varying coupling coefficient decreases with the increase of the
load resistance. This is consistent with the theoretical analysis.

Uoutfmin)/(Uoutfmax + Uoutfmin)~
(40)
The efficiency of the system was measured using a power
analyzer PX8000. Fig. 12 shows the efficiency of the system
with CV mode varying with the coupling coefficient under
different loads. The system efficiency decreases as k decreases.
And the system efficiency is basically the same when R; =
36 Q and Ry, = 72 ). Fig. 13 shows the efficiency of the S/SP
compensation topology with CV mode varying with the resistive
load for k = kmax. It can be seen that the system efficiency is
not the maximum at rated load, and the efficiency increases first
and then decreases as the load resistance increases. The reason
is that the loss of the loosely coupled transformer and the loss of
the compensation component in series with it and the conduction
loss of the MOSFET account for a large proportion of the system
loss, so the trend of system efficiency with load changes is greatly
affected by them. This is consistent with the trend of efficiency
varying with load reflected by (38).

gr_Ccv = (Uoutfmax -

2691

95

SN

94

Efficiency(%)

92 40 60

80 100

Resistive Load R, (Q)

Fig. 13.
with the resistive load for k = kyax.

oo
e i

upp[25V/div] [
U,[25V/di

P
e ———————

i1[2A/div

TTime:[lus/div]™
(a)

Efficiency of the S/SP compensation topology with CV mode varying

“ﬂT’l‘me: [Tus/divT =
(b)

uap[25V/div] /
/ U, [25V/div]

D‘/\ﬁ\
i1[2A/div]

TTime:[lus/div]

©

uap[25V/div]

[

M Time:[lus/div]™ "

(d

upp[25V/div]
U,[25V/div]

[2A/div]

.

MTime:[lus/div]™
(©

Fig. 14.

uap[25V/div]

"Time:[1 us/dﬁ]""’"g
®

Waveforms of the S/SP compensation topology with CV mode for

various load under maximum and minimum coupling coefficient. (a) R, = Ry,
k= kmax- (b) Ry, = R, k= kn)in~ (C) R, = Ra, k= kmax~ (d) R, = Ra,
k= kmin' () R, = R3, k= kmax- (f) Rp, =Rs3, k= kmin~

P e !

Ups[25V/div] ‘ ‘
| \ Uggf5v/div]|

Unel25V/d]

\
|
|
|

“ﬁ;’lgmv] Y Time:[1us/div] Y
(a) (b)
Fig. 15.  Voltage waveform of system with the CV mode between gate-source
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(b) Inverter upper MOSFET.

Fig. 14 is the waveforms of the S/SP compensation topology
with CV mode for various load under maximum and minimum
coupling coefficient. Their 6y, is greater than zero.

0;. increases as R, increases, and 6;,, increases as k decreases.

Itis consistent with the previous analysis. Fig.15 shows the wave
of the voltage between gate and source Ugg and voltage between
drain and source Upg. They all implemented ZVS.
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TABLE II
PARAMETERS OF S/SP COMPENSATION TOPOLOGY WITH CC MODE

Circuit component Type and value
Frequency 200 kHz
Coupling coefficient Jmin =0.211 ko =0.283  kmax =0.355
Self-inductance of LCT Lp=60.8 pH Ls=63.3 pH
Compensation Cp1=1331nF Csa=735nF
components Lo =45.6uH
Load resistance R. =36Q R =72Q Ry =108 Q
1.8
[ 1y =1 785547 MR
1. 75k BA - .
: Vs e
5 L7 A/ // oy =
e .
E-:L 65 / ALy 1 =0.195A
= / —e—R,=108GN
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Fig.17.  S/SP compensation topology with CC mode varying with the coupling
coefficient and load.

The circuit diagram of the S/SP compensation topology with
CC mode is shown in Fig. 16. Compared with Fig. 8, Ly, replaces
Cs2, which causes the input current of the rectifier to not change
immediately, but the input voltage can. Therefore, C filtering is
required after the rectifier. The secondary parallel component of
the S/SP compensation topology with CC output is the inductor.
This is different from the CV mode. I, is the laod current.
The flowchart of design parameters in CC mode is shown in
Fig. 9, and the main parameters of the system are shown in
Table II. Fig. 17 is the current of S/SP compensation topology
with CC mode varying with the coupling coefficient and load.
Same as CV mode, the output current fluctuation range gr_cc
is defined by (41), here Ioyt-max and Ioyt-min are the maximum
and minimum output currents of the IPT system. The output
current fluctuation range is 5.78%. The system also has strong
misalignment-tolerant capability

- Ioutfmin)/(joutfmax + Ioutfmin)~
(4D

gr.CcCc = (Ioutfmax

Fig. 18 shows the efficiency of the system with CC mode
varying with the coupling coefficient and load. Efficiency at half
load is higher than efficiency at rated. And, Fig. 19 shows the
efficiency varying with the resistive load for k = ky,ax.

It can be seen that the system efficiency is not the maximum at
rated load, and the efficiency increases first and then decreases
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as the load resistance increases. The reason is the same as the CV
mode. The highest efficiency is 94.8 and the lowest is 86%. The
designed system is characterized by high efficiency and strong
misalignment tolerance.

Fig. 20 is the waveforms of the S/SP compensation topology
with CC mode for various load under maximum and minimum
coupling coefficient. The waveform of the current is the reverse
value of the output current. 6;, increases as R;, decreases and



MAI et al.: ANALYSIS AND DESIGN OF HIGH-MISALIGNMENT-TOLERANT COMPENSATION TOPOLOGIES

Ups[25V/div]

-

Ups[25V/div]
emamnaen

' Ugs[5V/div]

[ L[ ]
! o]
Time:[1us/div]
(a) (b)

Ugs[5V/div]

i

Time:[lUs/div]

Fig.21.  Voltage waveform of system with the CC mode between gate—source

voltage Ugs and drain—source voltage Ups. (a) Inverter lower MOSFET.
(b) Inverter upper MOSFET.

>

= MOSFET loss

® Primary coil loss of LCT

= Secondary coil loss of LCT

= Compensation capacitors loss
" Diode loss

= Filter inductor loss

® The others

(a)
= MOSFET loss
= Primary coil loss of LCT
= Secondary coil loss of LCT

= Compensation capacitors loss
= Diode loss

= The others

pLY

Fig. 22.  When the efficiency of the S/SP compensation topology is highest,
the loss distribution of each part. (a) CV mode. (b) CC mode.
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i, increases as k decreases. The similarity between CV mode
and CC mode is that 0;,, increases with the decrease of output
power caused by the change of load and 6y, increases with the
decrease of k. It is consistent with the previous analysis. Fig. 21
is the voltage waveform of system with the CC mode between
gate—source voltage Ugg and drain—source voltage Upg. They
all implemented ZVS.

The losses of the S/SP compensation topology at the highest
efficiency in CV mode and CC mode are analyzed separately.
The loss distribution of each part is shown in Fig. 22. The main
losses are: MOSFET loss, primary coil loss of LCT, secondary
coil loss of LCT, compensation capacitors loss, diode loss, filter
inductor loss, and others.

VI. CONCLUSION

Based on the analysis of the two-port network of the IPT sys-
tem, the conditions that the output voltage/current is insensitive
to the coupling coefficient and the load resistance are found. The
compensation topologies with secondary parallel compensation
component have a strong capability of misalignment tolerance
if the parameters of the compensation circuit are properly de-
signed, such as S/P, S/SP, S/PS, S/SPS, PS/SP, SPS/SP and
SPS/SPS compensation topologies. Moreover, the number of
compensation components used in the S/T (S/P, S/SP, S/PS
and S/SPS) compensation topology is small and the structure
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is simple. Therefore, its impedance characteristics are analyzed
in this article to help achieve ZVS. The transformer efficiency
transfer formula is given. Finally, build two IPT systems with
CV and CC modes, respectively. Their output voltage or current
fluctuation range is 5.57% and 5.78%, respectively. The highest
efficiency of systems with CV and CC modes is 94.7% and
94.8%, respectively. The minimum efficiency of systems with
CV and CC modes is 86.8% and 86.0%, respectively. The
designed system has advantages like high efficiency and strong
misalignment tolerance.

APPENDIX

For CV mode, substituting (17) into (4), |E|? can be calculated
as (Al)

PRy - (AD)
(Rg°mas? +ma2) f(K)
FK) = K + Rp%nge? 4 ngp 2
(Rg%mag? + mg2)K
2RE*masngg + 2ma1na (A2)

(RE2m222 + mg1?)

where K = k2 and Rg2mas? + ma; 2 # 0. The derivative of
AIK) with respect to k can be calculated by (A3). From (19),
when K = Ky = ko?, SAK)ISK < 0. When K < K, SAK)/GK
< 0. And, when K > Ky, 0f(K)/0K > 0. Therefore, f{K) has the
minimum value f(Ky). Substituting Ky into (A2), (A2) can be
calculated as (A4). Since —1 < F < 1, AK) > fiKy) > 0. The
derivative of F with respect to Rx® can be calculated by (A6).
From (19), §F/6Rg? > 0. F increases with increasing Rg. When
Ry, =0, Rg = —mgy1no1/(maonsgs), and Ry is close to oo, FF=—1,
0, and 1, respectively. To facilitate the analysis, when K = K,
the sensitivity of 1/|E[> with respect to K is defined by (A7),
where € = (AK + Ky)/Ky. Then when k = kg, the sensitivity
of |E| with respect to k is also defined by (A8), where Ky +
AK = (kg + Ak)?. The smaller the Sk and s, the smaller the
sensitivity. For the same AK/Kj, the bigger the F, the smaller
the Sk and si. Therefore, for the same Ak/k, the bigger the
F, the smaller the sensitivity of |E| with respect to k, it means
the misalignment-tolerant capability will be stronger. And, the
coupling-independent CV or CC output will be more constant
Of(K) _ 1_ Ringg® + ngi? (A3)
K (RE2m222 + m212)K2

f(Ko) = 2\/ RE*n202 + nap 2
(

3
REg“mas? + mo?)

2
2RE“maangs + 2maoinag
p)
(RE m222 + m212)

2, 2 2
g [ e et gy (A4)
(RE“ma2? + mai?)
1<F= Rip?maangs + maingy <1
\/(RE2m222 + m212)(RE*n222 + n212)
(A5)
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oF 1 (RE2m22n22 — ma1nay)(Magna — 7””21”22)2
2 3
ORp 2 [(RE*mas? + ma12)(Rg°nos? + not2)| 2
>0 (A6)
Ko+ AK) — f(Ky) == +ex—2
SK:f( o+ ) — f( 0):61{ K (A7)
f(KO) 2+ 2F
Bl = |Elipgran 1
86 = Y -
|E|k:ko Sk +1
(AB)

From (A7) and (AS8), the strongest misalignment-tolerant
capability of IPT converter without feedback control, compen-
sation and parasitic parameter changes and the hybrid compen-
sation is found. There are two solutions of € i about the formula
in (A7), as shown in (A9) and (A10), where e xkoxeg; = 1, Ko
= exoKo, K1 = k1Ko, k2 = \/Ex2ko, and k1 = \/Ex1ko. ko
and k1, that are, respectively, the maximum and minimum of the
coupling coefficients, are defined to meet the requirements of
fluctuation of CV or CC output

exa=1+(L+F) ((1_1%)2—1>

+ (1+(1+F) ((1_1%)2—1»2—1 (A9)

exi =14 (L+F) ((1_1%)2—1>

- (1+(1+F) ((1_1%)2—1»2—1.

(A10)

To simplify the analysis, the misalignment-tolerant range 7 is
defined as follows:

(1]

(2]

(3]

(4]

[3]

(6]

k

=12 [ER2 (A11)
k1 EK1
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