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A General Design Method of Primary Compensation
Network for Dynamic WPT System Maintaining
Stable Transmission Power

Jinbo Zhao, Tao Cai, Shanxu Duan, Member, IEEE, Hao Feng, Changsong Chen, and Xiaoming Zhang

Abstract—Dynamic wireless power transmission (DWPT) is con-
sidered as a solution to the problems encountered in the devel-
opment of electrical vehicle (EV), such as range anxiety resulted
from battery bottleneck and the difficulty of convenient charging.
However, the requirement of DWPT, maintaining almost constant
transmission power with constant voltage load in effective move-
ment process, is quite different from Stationary WPT. The power
fluctuation is easily brought by the coupling coils over large mis-
alignment in movement. A general design method of primary com-
pensation network from the perspective of DWPT is presented in
this paper. Under the premise of ensuring high transmission effi-
ciency and soft switching, a novel T-type compensation network for
DWPT is proposed, which maintains a stable output characteris-
tic over a wide misalignment, companied with an inherent current
limiting ability under no-load operation. A WPT prototype with a
fixed frequency operation based on the T-type compensation net-
work is built. The output power is kept almost stable even though
magnetic coupling coefficient varies twice showing the effectiveness
of the design method.

Index Terms—Constant transmission power, dynamic wire-
less power transmission, high-order compensation topology, soft
switching, variable magnetic coupling coefficient.

NOMENCLATURE
« Ratio between k. and ki, .
I6] Proportion between Z.,,,; and Z..,9.
g(x) Power transmission factor.
I Current in the primary transmitter coil.
1o Current in the secondary receiving coil.
k Mutual coupling coefficient between power coils.
M Mutual inductance between power coils.
Qr1 Quality factor of the primary transmitter power coil.
Q12  Quality factor of the secondary receiving power coil.
Qroaa Secondary quality factor considering the load.

Ry DC load.
Ry Equivalent ac load.
Ui Input dc voltage.
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Uaz Output dc voltage.

Use Inductive voltage of secondary coil.

w Operating angular frequency.

X Parameter which represents the impact of misalign-
ment.

Zy Total impedance of the secondary-side circuit.

Zem1  Impedance of the first compensation element.

Zem2  Impedance of the second compensation element.

Zems  Impedance of the third compensation element.

Zin Input impedance of the compensation network.

Zr1 Impedance of primary transmitter coil.

Z19 Impedance of secondary receiving coil.

Z, Reflected impedance of the secondary side.

Y1 First compensation coefficient.

K Second compensation coefficient.

o Lateral misalignment percentage.

1. INTRODUCTION

N recent years, wireless power transmission (WPT) technol-
I ogy has made rapid development, especially the magnetic
coupling WPT technology, which transfers energy through
high-frequency magnetic field coupling between transmitter and
receiver coils. Magnetic coupling WPT technology has been
successfully applied in low-power portable electronic devices
[1], [2] such as mobile phones, pacemakers, etc. Another impor-
tant application of magnetic coupling WPT is to charge electric
vehicles (EVs) without contact [3]-[5]. Along with further
increase of the transmission power and efficiency, stationary
wireless charging is likely to replace the traditional conductive
charging in the near future. Meanwhile, EVs are not yet widely
accepted by consumers because of the range anxiety suffering
from battery bottleneck and the difficulty of convenient
charging. As a result, the dynamic wireless power transmission
(DWPT) solution [5] is reconsidered. As early as in the 1970s,
the proof-of-concept program of roadway inductively powered
EV was actually implemented at the University of California,
Berkeley, CA, USA [6], but without success due to the limi-
tation of power electronics technology at that time. A general
schematic of DWPT is shown in Fig. 1. The moving EV with a
receiver coil under its chassis uninterruptedly picks up the power
through the coupling magnetic field from the primary trans-
mitter coils chain underneath the powered roadway, effectively
extending the driving range [7]. The output of receiving circuit is
always attached to the battery or the dc bus of EV. Therefore, the
load of DWPT can be regarded as approximate constant voltage
type during most of the time [8]-[10]. In the dynamic move-
ment, the secondary receiver coil will couple one by one with the
primary coils chain. The interaction time between each primary
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Fig. 1.  Schematic of DWPT system.

transmitter coil and the secondary receiver coil is inevitably
short. Hence, the communication between primary and sec-
ondary sides is not convenient as the stationary WPT. In order to
maximize the utilization of the powered roadway in the short in-
teraction time, a DWPT system should pick up the transmission
power as much as possible. From the aforementioned dynamic
circumstance and the economic benefit, the requirement of the
DWPT is quite different from the stationary WPT [11]. The con-
trol strategy of the DWPT system generally makes the primary
side to operate in a simple fixed-frequency mode, and regulates
the receiving power at the secondary side without any commu-
nication between both sides [4], [12]. A DWPT system always
peruses the maximum rated power transmission in the effective
coupling region [13]. Nevertheless, power fluctuation is easily
brought by the ineluctable misalignment of receiving coil in
movement [7], [13], [14]. For example, EV maybe randomly
run along the line #1 or #2, which laterally deviates from the
center line of powered roadway as shown in Fig. 1. To increase
the utilization of powered charging road, the DWPT system
should have internal ability to resist a wide range of misalign-
ment, in other words, maintaining a stable rated transmission
power within a certain range of the coupling coefficient k
in movement.

In order to increase the tolerance to misalignment, there are
two improvements involving magnetic coupler construction and
compensation network design. The reconstruction of the mag-
netic core structure makes the coupling coefficient k remains
within a narrow change over a wide range of misalignment.
In [15], a flux pipe-type rectangle planer coil with double-
sided winding is proposed. This magnetic coupler is similar
to solenoid, channeling flux along a maximum length of planer
ferrite, thus improving tolerance to horizontal misalignment. A
double-D type single-sided flux magnetic coupler compromis-
ing the characteristics of the conventional circular coil and flux
pipe type coil is introduced in [16], while increasing the vertical
and lateral offset range at the same time, doubling the movement
range of a single circular coil. Asymmetric coil sets [17], [18]
with small-size receiving coil and larger transmitter coil have
significantly high lateral tolerance for stationary WPT. In [19],
the compact bipolar pads integrate the compensation inductor
into the transceiver coils, making the magnetic structure concise.
In [20] and [21], an I-shaped core structure for DWPT is con-
structed. The majority of the magnetic flux constitutes a loop
through the before and after interleaving poles, and the area
of the receiving coil extends along lateral direction, thus in-
creasing the lateral misalignment tolerance, which is suitable to
DWPT.
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On the other hand, following the four fundamental compensa-
tion networks [22], [23], some high-order compensation topolo-
gies are proposed [24]. The LCL-type compensation network is
the most fit for the DWPT system [25]-[28]. Since it has good
characteristics of constant current source, the regulation of the
secondary side becomes simple. In [28], the transmission ef-
ficiency over the entire coupling region is maintained above
90% due to the dual control strategy on both sides. The hy-
brid topology on the primary side is proposed in [9], which
can switch between two basic compensation networks to sat-
isfy the CV and CC mode for stationary EV charging. In [29],
an S/SP prototype compensation topology based on the tradi-
tional transformer model is proposed. The operating frequency
is set at the load-independent voltage gain points to obtain a
good wide load regulation. The transmission efficiency achieves
95% over both wide load range and coupling coefficient range.
An SP (CC)-type compensation network which combined the
characteristics of both S- and P-type compensation networks is
proposed in [30]. The SP-type compensation network possesses
relative high misalignment tolerance when a suitable factor K¢
is chosen [30]. However, the single design factor K¢ is intu-
itively determined from the transmission power graph which is
based on the specific parameters of power coils, resulting in
that the K¢ is not adjustable. Under the same input source
and power coils, the transmission power capacity is the lowest
among these types (LCL-type, S-type, SP-type). Furthermore,
the design method in [30] does not provide the general analyt-
ical model versus the coupling coefficient k, resulting in that
the best misalignment tolerance is not achieved and the design
degree is limited.

From the perspective of smoothing the transmission power
fluctuation of DWPT, a general design method and the analyt-
ical model of primary compensation network are proposed in
this paper. Those fundamental compensation networks based
on the single compensation element and high-order compensa-
tion networks consisting of multicompensation elements can be
all included in the design method. The designed compensation
network could smooth the transmission power by automatically
adjusting the transmitter coil current according to the variation
of the coupling coefficient k as well as the reflected impedance
Z,. Therefore, the effective charging region maintaining sta-
ble transmission power is increased without complex control.
Meanwhile, it also guarantees the high transmission efficiency
and soft switching of primary inverter.

This paper is organized as follows. Section II briefly intro-
duces the basic idea for solving the power fluctuation due to large
misalignment. Section III establishes a generalized framework
for describing the transmission power of primary compensation
network. The transmission power factor g(x) is introduced to
indicate the power fluctuation due to the variation of coupling
coefficient. The transmission power characteristic versus k with
constant voltage load is also obtained. To further ensure the
transmission efficiency and soft switching of the primary in-
verter, the parameters of compensation network are optimized
in Section IV. Following the results of the optimization, a T-
type compensation network with three freedom degrees is set
up. In Section V, the design procedure of the T-type compensa-
tion network is given. The proposed compensation network for
DWPT is compared with the traditional S-, SP-, and LCL-type



ZHAO et al.: GENERAL DESIGN METHOD OF PRIMARY COMPENSATION NETWORK FOR DWPT SYSTEM

Iy un I %
+€ M +é
P » R f:ﬁm Load
Qu, wilp BT U *’ [] &.
Prlnlar)_' Z‘_ lr f-'lm_ Smndalr_y
network Wﬂf::‘:::umn

Fig. 2. Block diagram of the WPT system included primary and secondary
compensation networks.

compensation networks. Finally, a400-W DWPT prototype with
the T-type compensation network is built. The experimental re-
sult shows that the output power can remain stable within the
200% of the coupling coefficient under the constant voltage load
or rated resistance load.

II. BASIC IDEA FOR SOLVING POWER FLUCTUATION DUE TO
VARIED COUPLING COEFFICIENT

In DWPT applications, the receiving coil mounted on EV
always moves relative to the transmitter coils which are fixed
under the powered roadway. Therefore, the coupling coefficient
k is varied in the dynamic process. The compensation network
necessitates good tolerance to high misalignment.

A simplified WPT system is shown in Fig. 2. The power
source of fixed frequency Uy, or I, is commonly generated
by the primary inverter, the primary compensation network
is inserted between the ac source and transmitter coil. High-
frequency current I7; in primary coil generates ac magnetic
field coupling with secondary coil. Through the weak magnetic
coupling, the power is transmitted across the air gap from the
primary side to secondary side. A compensation network is also
inserted at the secondary side to compensate the reactive power.
Generally at the load side, high-frequency rectifier is required
to transfer ac output voltage Uy into dc output voltage U, as
shown in Fig. 1. According to the number of compensation el-
ements and connecting type, Compensation networks may vary
from four fundamental series/parallel types to the high-order
types comprised of multiple compensation elements. Without
considering the parasitic power loss of the compensation ele-
ments, the active power of any part is equal

Rn = ]Dtran = ]Dload (1)

where P, is the active power provided by the primary power
source, Piran = |11 |2 Re(Z,) is the active power transmitted
between transceiver coils, Py.q = Ug /R, is the active power
extracted by the load, “Re” represents the real part of impedance.
The power capacity of the system depends on the transmission
power between transceiver coils. Therefore, we can use Py
as the criteria to analyze the ability of compensation network to
regulate the transmission power.

In order to reduce the unnecessary loss of power on the
transceiver coils, the secondary compensation network is
generally set to the unity power factor pickup mode [31], [32].
Its principle is to ensure that only active power is transferred
between transceiver coils. Without loss of generality, it is
assumed that the secondary compensation network is of the
basic S-type, the secondary impact on the primary side can be
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equivalent to the reflected impedance as below [33]
Zy = (wM)?)Zy = K*Qiona | Z11 | ()

where Z11 = jwL; is the impedance of the transmitter coil,
Zr9 = jwly 1is the impedance of the receiver coil, and
Q1oad = |Z12| /Rac is the secondary quality factor including
the load. The transmission power is expressed as

Poan = I1* Re(Z,) = [I11)* k2 Quond | Z01| . (3)

As the well-designed DWPT maintains stable transmission
power and the output is approximate constant voltage, the rated
charging load can be regarded as approximately constant. It can
be seen from (3) that the factors that affect the transmission
power are primary current /; and the coupling coefficient k.

The varied k due to misalignment does not influence the sec-
ondary impedance Z,, but affects the reflected impedance Z,,
thereby changing the operating status of the primary compen-
sation network as well as the transmission P, .,,. Thus, the
primary compensation network is well worth improving to re-
duce the power fluctuation. When k or Z, changes, the primary
compensation network should have the ability to automatically
regulate the transmitter coil current /1 ;, smoothing the fluctua-
tion of P;;.,. Generally, self-regulation ability can be obtained
by the basic circuit principles including voltage dividing and
current shunting. In the following section, how to design suit-
able compensation network is discussed.

III. GENERALIZED FRAMEWORK FOR DESCRIBING
SELF-REGULATION ABILITY OF COMPENSATION NETWORK

To simplify the analysis without loss of generality, some rea-
sonable assumptions and premises are supposed: 1) the primary
side operates at fixed frequency during DWPT process. Only
the fundamental frequency component is considered because
the filtering effect of compensation network [26], [34] makes
the currents in transceiver coils nearly sinusoidal. The assump-
tion can be validated by experimental result in Fig. 18(b), (d),
Section V; 2) the parasitic loss is omitted in the analysis of the
transmission power characteristic of compensation network; 3)
for increasing the transfer power and efficiency, the secondary
side is set to the unity power factor pickup mode [31], [32]. Only
the active power is transferred between transceiver coils; 4) the
secondary circuit and the rated load are fixed, only considering
the effect of variation of the coupling coefficient k.

For the primary current excitation, the first compensation
element Z,,,,1 should be parallel with the transmitter coil to au-
tomatically adjust the transmission power. However, the current
excited compensation network can be transformed into voltage
excited one using Thevenin’s theorem, as shown in Fig. 3. There-
fore, the analysis of voltage excited compensation network is
also suitable for the current excited one. Since the voltage ex-
cited WPT system is more popular, the following section will
focus on voltage excited compensation network.

A. Compensation Network With Multiple
Compensation Elements

If the primary ac source is a voltage excitation, there are
basically three types of which all compensation elements are in-
volved in automatic regulation of the transmission power. They
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Fig.4. Voltage excited compensation networks. (a) (S-type) series compensa-
tion. (b) (SP-type) series and parallel compensation. (c) (T-type) series, parallel,
and series compensation.

are S-type, SP-type, and T-type, as show in Fig. 4. The T-type
covering the other two types is more general. The reactance of
three compensation elements respectively are Z.,,1, Zcm2, and
Zems, Where Zgy,1 divides the input voltage Ui, Z.,2 shunts
the input current I.,1, and Z.,,3 adjusts the reactance of trans-
mitter coil branch.

The input impedance seen by the excitation source can be
expressed as

Zcm2 (KZLI + Zr)
(ZcmZ + K:ZLl + ZI)

Zin = Zcml (4)
where compensation coefficient k = (Z11 + Zems)/Z11 shows
the compensation degree of the transmitter coil branch. The

currents in each branch can be stated as

U;
Icml = 7
1 ch12 (5)
ILI = Icml

ZCmQ + HZLI + ZV' .
Substituting (4) into (5), the current in transmitter coil is

Uin _ Ui
Zcml + (HZLl + Zr)(l +/8)_Xs + Rs

where 8 = Z.11/Zcmo is the proportion of the first and second
compensation elements. As can be seen from (6), the function
of adding Z.,» is similar to the impedance transformation,
changing the impedance (xZy 1 + Z,) of transmitter coil branch
in proportion of real number (1 4 () as shown in Fig. 5. Noting
that the equivalent transformation keeps the transmitter coil
current /7, unchanged.

(6)

I =
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Therefore, the self-regulation principle of T-type compensa-
tion network is similar to the equivalent S-type compensation
network composed of the reactance X g and the resistance Rg

Xs =Zem1 +kZ1(1+06) =nZn

7
RS:(1—|—6)Z7:$‘ZL1| ( )

where v = [Zem1 + k211 (1 + 8)]/Zr1 indicates the com-
pensation degree and power regulation ability of the equiv-
alent S-type compensation network as shown in Fig. 5; z =
Rs/|Zp1| = |1 + B|k?*Qoaq represents the relative load which
is corresponding to the Z, in the T-type compensation network,
reflecting the impact of the varied coupling coefficient k. The
tendency of transmission power versus z(k) can be simply ex-
plained in the phasor diagram as shown in Fig. 6. The magnitude
of Ui, keeps the same when the voltage excitation is applied.
When the relative load Rg changes due to the varied k, the
transmitter coil current I, is changed accordingly. Since the
Xy is constant as long as the compensation network is fixed,
the magnitude of I is proportional to the voltage Uy . There-
fore, the transmission power is in proportion to the area of
rectangle enclosed by the Uy and Up, . From the geometric
relationship of the phasors, the transmission power is maximum
when the phasor Uj, points at Q; where the angle g is 45°.
When k& decreases or increases from the ke value (correspond-
ing to the point Q;), the phasor U;,, moves away from the point
(21 and the area of rectangle as well as the corresponding trans-
mission power decreases. If the designed compensation network
can set the phasor Uy, at the point ()¢, the transmission power
is smooth, although k is fluctuated around the k.. The detailed
analysis is given as following.
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Substituting (6) into (3) or from the phasor diagram shown in
Fig. 6, the transmission power can be obtained

U-2 |Uin‘2 1
Pian () = ——2——sinfg cosfg= g7,z
tl‘dll( ) |1+5| |XS| |ZL1‘ |1+ﬂ| ( )
( ) L 0 0 !
g(71,x) = —sinbg coslg=-—5——
7 (i /z + )
(3)

where ¢=arctan | Xs/Rg]| is the angle of the phasor Uy, and
g(m1, x) is the defined power transmission factor which indicates
the relative transmission power capacity. When the parameters
of compensation network are set, these compensation coeffi-
cients (v, . .., 3) are also fixed as real numbers. If |Z,,,3|—0 or
equivalently x = 1, the T-type compensation network goes back
to SP-type as shown in Fig. 4(b). If | Z.n3] — 0 and | Zepo| —
or equivalently xk = 1 and § = 0, the T-type compensation net-
work goes back to S-type as shown in Fig. 4(a). Therefore, the
transmission power characteristic of all primary compensation
networks can be represented by the power transmission factor
g(71, x) uniformly. Fortunately, compared with two other com-
pensation networks, the T-type provides three freedom degrees
of (v1, K, B) for adjusting the transmission characteristic, which
are corresponding to the three compensation elements.

B. Power Fluctuation of Compensation Network Versus
Varied x

Providing compensation coefficient y; = 0.2, power trans-
mission factor g(v;,x) varied with parameter x is shown in
Fig. 7. The g(x) has an extreme point which is determined by
the compensation coefficient ;. Solving dg(x)/dz = 0, the ex-
treme point is o, = |1, corresponding to the 45° angle g of
phasor U;, . The maximum power transmission factor is denoted
as

{gmax (J?Upt) = 1/(2 |'71 |) )

Lopt = h’l| .

Obyviously, the variation of g(x) in the vicinity of &, is rela-
tively flat. The same transmission power characteristic, reducing
the power fluctuation, has been shown in the phasor diagram of
Fig. 6. To smooth the transmission power within an ideal range
of k, appropriate compensation coefficients (y1, , () should
be chosen so that corresponding parameter x is in the vicinity
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of the extreme point x,,; = |y1|. Assuming that the effective
range of k is (Kyin, Fmax), Where kpax = akyin, and the cor-
responding range of x iS (Zyin, Tmax ), Where Ty .x = 2T
For example, the typical range of k is (0.15, 0.3), we can set
« = 2. There are two cases in which the power fluctuation may
be minimal.

1) When |y1| < Zmin: In this case, the maximum transmis-
sion power is obtained at i, (kmin ) point, and the minimum
transmission power occurs at &y, ax (kmayx ) point. As a result, the
relative power fluctuation in the effective range of k is

A, = g(xmin) - g(xmax)
v [g(xmin) + g(xmax)] /2
N e N 2
B 2 (012 + 1) 1 0[2 (xmin/71)2 + ]. (10)

As can be seen in (10), A, is decreasing when ; becomes
close t0 Zpin. The minimal A, =2(a? —1)?/(a® +1)? =
72% when v1 = Tyin.

2) When |v1| € (Tmin, Tmax): In this case, the maximum
transmission power is obtained at extreme point o, = |7y1]-
When the minimum transmission power happens simultane-
ously at i, and .« points, A, becomes minimal. Setting
(10) to zero, the relationship of 1 and (Zpin, Tmax) can be
obtained

{xmin:'}ﬁ/a (11)

kmin = kset/\/a

where ket is the rated coupling coefficient corresponding to
the extreme point xp; = |71]- As a result, the relative power
fluctuation is

g(ksct) - g(kmin) _ (OZ + 1/04) -2
[g(kbet) - g(kmin)] /2 [2 + (04 + 1/04)] '

As can be seen in (12), the minimal A, is only determined
by the ratio «, having nothing to do with x,;,,. When the ratio
of range k is a = 2, the corresponding minimal relative power
fluctuation is always A, = 22.2%. Comparing the above two
cases, it can be concluded that y; = Zpin /@ O kst = /akmin
guarantees the minimal power fluctuation.

Ay =

(12)

C. Power Transmission Characteristic of Compensation
Network With Constant Voltage Load

As can be seen in Figs. land 9(a), the output of receiving
circuit is always attached to voltage-type load, such as dc bus
of EV. Therefore, the load of DWPT can be regarded as approx-
imate constant voltage source. To maximize the utilization of
powered road, the charging mode of the DWPT system prefers
approximate constant power mode. If the compensation net-
work can maintain approximate constant power by itself under
the given transmission voltage gain, the proposed compensation
network will reduce the reliance on the fast control of the added
dc—dc converter at the secondary side. Combining (1) and (8),
the voltage gain can be expressed as

U U Z
Gy = 282 _ 0:\/‘ L2

1

Z%lj + (|1 + 6‘ Qload)2 kZ.
(13)

Ud 1 Ui ZiLl
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From (13), the (Q1,q Which satisfies the given Gy is obtained

Ri.  (2V3/7)" Ry

oad — -
Qond = 171 = 1Zms]

(14)

As a result, the corresponding dc load resistance Rgo and
the charging dc current ;> are also determined by the settled
voltage gain GGy . Substituting (14) into (13), we can get the
equivalent dc load resistance Rg4o and the output dc current

Lao
i )
Gk
s)
The transmission power characteristic with constant voltage
load will be further discussed with designed compensation net-
work in Section V. It will show that the transmission power
with suitable constant output voltage can keep stable when the
compensation network is designed appropriately according to
the rated load.

Uy (2\/§/w)2Ud2\/1 (‘ZLQ

Jjg= —S2— 7 - e
7 Ra 11+ 3| Zrs k2 \|Z1

IV. DESIGN CONSIDERATION FOR COMPENSATION
NETWORK PARAMETER

Compensation network parameters should be optimized at
the selected coupling coefficient kg so that transmission power
keeps stable in the vicinity of kg, simultaneously promising
maximum transmission power and efficiency. When k varies
from the maximum Fk,,, to zero in the movement process,
the inverter bridge needs to operate at soft-switching state, and
no-load limiting ability should be ensured for the primary-side
safety.

A. Efficiency Consideration

Compensation element commonly use resonant capacitive
and inductive elements, and their Q value can be as high as sev-
eral hundreds. The power loss of primary and secondary network
is mainly on the loss of power coils. Therefore, the derivation
of the transmission efficiency based on the basic S-type com-
pensation network can be approximately applied to high-order
compensation network. Assuming the ()7 of transceiver coils
are the same, the optimal ()1,,4 at the given coupling coefficient
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Fig.9  WPT prototype based on T-type compensation network. (a) Schematic
of WPT system and the corresponding experimental setup. (b) Experimental
power coils.

Kset is [3], [4], [33]

Pt =1/ ket (16)
Substituting (16) into x expression
z=1+B)k Q" = (1+ B)k? /kser- (17)

In fact, if the actual load is not optimal value, the dc—dc con-
verter for impedance matching is usually added at the secondary
side [35], [36]. The load matching problem is out of this paper’s
scope. So only the case at the optimal load and the settled output
voltage is analyzed.

B. Transmission Power Consideration

From the characteristic of transmission factor g(~; , ), setting
|71| = @ser ensure that the power fluctuation in the vicinity of
the kg minimum. According to efficiency optimization result
shown in (16) and (17), the secondary load quality factor Q.4 is
selected according to the ke, and then the /3 is also determined

|1+ﬁ|:|71|/kset~ (18)

The transmission power at ks is analyzed to present the rated
transmission power capacity of the WPT system

_ |U’in|2 ksct
1 Zeal 2|y |

Rran(kset) (19)

Therefore, the compensation coefficient 7, is selected accord-
ing to the required transmission power Piyan (Kset )

Uin|* /1211

- set "5~ /7. N\ ° 2
| \/k TRy (20)
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C. Soft-Switching Consideration

In order to reduce the switching losses of the inverter bridge,
the output current 7., of the inverter bridge must be slightly
lagged to the output square-wave voltage u,, to meet ZVS
condition. In addition, the inverter bridge output port should not
be directly parallel with the compensation capacitor; otherwise,
it will have a huge overshoot current at switching time.

Transmission power capacity determines the y; as shown
in (20). The optimal transmission efficiency decides Qoaq
according to (16). However, the principle of minimum power
fluctuation requires 1 = Zopt(kser). Thus, ratio factor [,
which is already determined by the kg and 7, as shown in
(18), is not an adjustable coefficient. Fortunately, the T-type
compensation network has three degrees of freedom, such
as (71, K, ). Therefore, the last compensation coefficient s
happens to the third design freedom for ZVS condition. The
impact of the x on the phase angle 6.;, is analyzed below.

According to (4) and (5), the input impedance seen from the
excitation source can be restated as

(1+8)(kZp1 + Zy) + Zemn _ Zemir1zr
1+(HZL1+ZT)/ZCH12 g

Ly = (21)

where Z.,,111/2, is the series impedance Z ; of the transmitter
coil branch after equivalent transformation shown in Fig. 5, and
( is the ratio between I.,,,1 and I}

ZcmlLl’Zr’ = (1 + 5) ("{ZLI + Zr) + Zcml

kP
= [J + kg] M 1 Z11] 22)

set,

Ly k2 ke
C: (1 + H’ZL1+ZT> _ (71=+) j"fnt (£71 —Fkset) .
Zewm ’7’1(1—i%)

‘set

Since the coefficients (1,3) have already been determined,
the impact of x to 6., is determined by (. Note that the real part
of (¢ does not vary with the coupling coefficient k and only its
imaginary part changes with k. It is required that Z;), is slightly
inductive from ky,;;, to kp, .. In order to analysis the phase angle
0., the phase angles of Z.,11,1/7,+ and the ratio ¢ = I, /111
are, respectively, discussed in four cases.

First, the phase angle of Z.,,111/z, 1s discussed in the cases
of 1+ = :t'Yl/ksct-

1) 14+ 8= —/kset Whenk = 0 — ki, according to the
positive or negative first compensation coefficient 1, the
trend of Z.m111/7 phase angle varies in the counter-
clockwise direction, respectively, in the second quadrant
or the fourth quadrant, as shown in Fig. 8

N

N>0, 14 f=—-<0: Oz, =90 —135°
set :
- o o‘
Mm<0,1+ 8 = ki >0 07, ., =—90° — —45

2) 1+ 8 =4 /kset When k = 0 — kg, according to the
positive or negative first compensation coefficient v,
the trend of Z.,,11 17, phase angle changes in the clock-
wise direction, respectively, in the first quadrant or the
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third quadrant, as shown in Fig. 8
Y >0,148 =101 0, . =90° —45°
set
Y <0,148 = k%t <0: 0y ., =—90° — —135°

Then, the phase angle of ( = I.;,2/I11 is discussed in four

cases.

1) 14+ 8= —/kset>, 1 > 0 When k varies from 0 to ks,

Zo 11y =907 — 135° In order to change 0z, =
90° — 0°, 0 = 0° — 135° is required. Note that the real
part of ¢ does not vary with k, only imaginary part changes
with k. It is unable to meet the requirement.

2) 1+ 8= —9/kset> 1 <0 When k varies from 0 to kg,
Oz, 11y = —90° — —45° In order to change 0z;, =
90° — 0°, O = —180° ~ — 45° is required. Obviously,
it is also unable to meet the requirement as above.

3) 14 08 = /kset> 11 > 0 When k varies from 0 to ke,

Zoii1y = 907 — 45° In order to change 0zi, =
90° — 0°, 0, = 0° ~45° is required, which means that
the real part > 0, the imaginary part > 0. Thus, the re-
quirement is that K < 1 < kgt Or K > y1 > ket

4) 14+ 8 =9/kset> 11 <0 When k varies from 0 to
ksets 07,15, = —90° — —135°. In order to change
Ozin = 90° — 0°, 6 = —180°~ — 135° is required,
which means that the real part < 0, the image part
< 0. Thus, the requirement is that k < v; < 0.

In summary, the necessary condition to meet the requirement

of the soft switching is:

14+ 08 ="/kset, & > 71 > ket OT £ < Y1 < Kset - (23)

V. DESIGN EXAMPLE AND EXPERIMENTAL VALIDATION

In order to validate the proposed design method of compen-
sation network, a WPT prototype based on the T-type compen-
sation network is built.

The input dc voltage Uy is 250 V, and the rated transmis-
sion power is 400 W. The circuit is shown in Fig. 9(a), where
the primary inverter bridge operates at fixed frequency f =
200 kHz, generating square voltage wave wu,},. It should be
noted that the frequency does not influence the power transmis-
sion characteristic of the compensation network as long as the
compensation coefficients remain consistent. According to the
latest SAE J2954 Task Force, the frequency of WPT for light
duty vehicles centers at 85 kHz. However, the design of power
coils is for the demonstration prototype of DWPT with low
power. Under the premise that operating frequency is not the
key parameter to the design of compensation network, we still
use operating frequency 200 kHz for verification. The design
of high-power practical wireless charging device in future will
choose the 85 kHz. The primary side has a T-type compensation
network which is tolerant to large misalignment. If the Z.,
and Z,,» are capacitive, then the LC series filter resonating at
frequency f is needed to be inserted between the inverter and
primary compensation network. The capacitor of this filter can
be combined with the first capacitive compensation element.
The secondary side is a fully compensated S-type network. The
high-frequency current in the receiving coil is rectified by the
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TABLE I
PARAMETERS OF POWER COILS AND SWITCHES

Component Parameter
Transmitter coil Ly = 94 pH, size: 60 cm x 20 cm, N; = 10
Receiving coil Ly = 91 pH, size: 20 cm x 30 cm, Ny = 12

k =0.245-0.12
The output power fluctuation <20% in 50%
lateral misalignment percentage
IXFH44N50P
DSEP 30-06A

The effective range of k
The requirement of
misalignment

Primary MOSFET
Rectifier diode

noncontrolled rectifier, sending to the dc rated resistance load
(Rg2) or constant voltage (U2 ) load.

The experimental power coils are 5 : 1 physical scale-down
models according to the actual sizes of EV and roadway. They
are made of Litz wires embedded on both sides of the perspex
plates and the turns of winding are respectively 10 and 12. To
increase the varied range of k for validation of the proposed
compensation network, the receiver coil covers with three ferrite
magnetic stripes and the vertical gap between transceiver coils
becomes 2 cm. The specific sizes of power coils are shown in
Fig. 9(b). The parameter of transceiver coils and switches using
in the circuit are listed in Table I. The misalignment percentage
0 is defined as the ratio of the lateral misalignment Ay to the
lateral width of the transmitter coil. The measured & varies with
¢ is given in Fig. 10(a). When the misalignment percentage is up
to 50%, k decreases from 0.245 to 0.115, approximately varying
two times (a ~ 2). The corresponding measured parameters
of the traditional transformer model about transceiver coils
are shown in Fig. 10(b). The magnetizing inductance L,,
decreases and the leakage inductances L;;, L;» increases when
the coupling coefficient k gets small. Whether in the mutual
inductance coupling model or the traditional transformer model,
the secondary impact on the primary side can both be equivalent
to the reflected impedance Z,. The detailed equivalence has
been given in the Appendix A. It should be noted that the theory
of compensation network is independent from the design of
power coils. The design method of compensation network is
not limited in the premise of predesigned power coils. It can be
incorporated in the design procedure of power coils as well.

A. Design Procedure

According to the previous design optimization in Section IV,
the basic design process of the primary T-type compensation
network is listed below.

1) Depending on the effective range (0.125, 0.25) of k, the

selected coupling point is kst = /a@kyin = 0.177.

2) According to the optimal principle (16) of the transmis-
sion efficiency, the secondary optimal quality factor is
determined Q}"', = 1/kye; = 5.65. Then, the equivalent
ac load is Rae = |Zr, |/QSE , = 20.22 €, and the actual
rated dc load is Ry = Ra./(2v/2/7)? = 25 Q.

3) Considering the power fluctuation percentage in effective
range of k and the transmission power capacity (19) at k¢,
the compensation coefficient v; is selected |v;| = 0.29.
Thus, the power curve of compensation network versus k
has been identified.
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Fig. 10. Measured parameters of transceiver coils at different misalignment.

(a) Measured k versus the lateral misalignment percentage A. (b) Leakage
inductances and magnetizing inductance measured at various k.

4) According to ZVS soft-switching requirement of the in-
verter bridge, the compensation coefficient « is selected.
Since |y1| = 0.29 > kget, 71 = 0.29 is selected, meeting
the necessary condition (23). Thus, the ratio 3 = 0.642.
Next, the tendency of 6;, with k at selected point
kset 1s investigated. As shown in Fig. 11(a), the second
compensation coefficient is selected x = 0.7. The input
impedance Z, is slightly inductive at k,,,x and becomes
more inductive with larger misalignment as shown in
Fig. 11(b). Therefore, the resulting compensation coeffi-
cients and compensation elements are selected as follows:

ksot = 0.177 Zem1 = [’}/1 — (1 + ﬂ)l{} AR
ﬁ = 0.642 = ZUIH? = BZcml
k=0.7 Zems = (k— 1) 213

(24)

The designed T-type compensation network is CCC T-type, as
shown in Fig. 12. According to the above design parameters, the



ZHAO et al.: GENERAL DESIGN METHOD OF PRIMARY COMPENSATION NETWORK FOR DWPT SYSTEM

=
=

2 =
s S

40

Phase angle of input impedance 63.-..

08 06 04 -02 0 02 04 06 08 1
compensation coefficient A

()

Phase angle of input impedance BZM

0 0.05 0.1 0.15 0.2 0.25
Magnetic Coupling coefficient k

(b)
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Fig. 12. CCC T-type primary compensation network.

primary T-type compensation network is built. The parameters
are listed in Table II.

B. Experimental Validation With Rated Resistance Load

To validate the effect of the designed compensation network,
the experiment with rated resistance load is carried out. The
resistance load R4 = 25 €2 is composed of four parallel 100-2
power resistors. The receiving coil is moved laterally step by
step, the currents in each branch and output voltage are recorded
at the same time.

Fig. 13 shows the output power versus the coupling coeffi-
cient k. The tendency of the experimental result is similar to
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TABLE II
PARAMETERS OF THREE-ELEMENT COMPENSATION NETWORK

parameter Theoretical value Experimental value
First element Cem1 = 7.85nF 8.05 nF
Second element Cema = 5.03 uF 4.94 nF
Third element Cems = 22.46 nF 22.65nF

Y1 0.29 0.294

I} 0.642 0.617

K 0.7 0.703

500+
—ir— P theoretical —  pemmisssecsssctoseecrrenconcosnocnsanaay
—¥—  P.-experimental
400+
= 300-
5
E 200+
s
&
=
O 1004
- ! Effective range of k
T ¥ T ’ DYUN YRR R SRS P e, Sy |
0.05 0.10 0.15 0.20 0.25
Magnetic Coupling coefficient k
Fig. 13.  Output power versus the magnetic coupling coefficient k.
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Z 1400
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2 12004 N
g 1 N\ 1
= 1000 R R “F
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z 72 +|1HB[ (Qouak’)
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400 - v
] P — o ?
200 I g, % p 2
- 2
p& * LCL
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0.00 0.05 0.10 0.15 0.20 0.25
Magnetic Coupling coefficient k
Fig. 14. Transmission power of three types compensation networks versus the

coupling coefficient k.

the theoretical curve, whereas some small deviations exist espe-
cially at kg, point. There are mainly two reasons for the devia-
tions. First, the theoretical model does not take into account the
parasitic loss. As can be seen from Fig. 15, the percentage of
power loss at the extreme point is about 8%. Second, the maxi-
mum transmission power and the actual ks, at the extreme point
are sensitive to the drift in the parameters of power coils and
compensation elements. The detailed sensitivity analysis of the
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Fig. 15.  DC-DC transmission efficiency versus the coupling coefficient k.

proposed DWPT system has been analyzed in the Appendix B.
It is found that the system is more sensitive to the detuning of
the secondary side and power coils than the drift of the T-type
compensation network. Since the theoretical curve in Fig. 13
is calculated from the measured compensation coefficients of
T-type compensation network listed in Table II, the influence
of the T-type compensation elements has been eliminated. The
variation of self-inductances of power coils is less than 0.5%.
So the influence of power coils is slight. The premise of theory
model in Section III is that the secondary is fully compensated.
However, the actual secondary compensation network in ex-
periment has the capacitive deviation percentage Ay ~ —1.2%,
resulting in the slight increase of ky.; and the obvious descent
of maximum transmission power by 6.8%. Therefore, the to-
tal deviation percentage at the extreme point is about 15%. To
achieve the designed effect, the secondary compensation net-
work should be kept in tuning state, namely the unity power
factor pickup mode.

The comparison of typical primary compensation networks is
listed in Table III. The corresponding transmission power char-
acteristics are theoretically studied in Fig. 14. The comparison
is carried out under the premise that all compensation networks
with the same transceiver power coils and optimal load hold
the same transmission power at the ky,,. So the required in-
put dc voltage Uy is different according to the compensation
network type. The LCL-type compensation network [25]-[28],
which maintains primary coil current constant in spite of k and
load, is the one popular type used in DWPT. It can be consid-
ered as current excitation type with no compensation elements
involved in the self-regulation of transmission power. Its trans-
mission power is reduced in proportion to k? when misalignment
occurs. The S-type fully compensated network [20], [24], [27],
which is the simplest structure, is another popular type used in
DWPT. Conversely, the transmission power is greatly increasing
in proportion to 1/k? when misalignment occurs. Therefore, it is
unsafe without close-loop control when misalignment becomes
larger. The SP-type compensation network possesses relative
high misalignment tolerance when the suitable factor K¢ is
chosen [30]. However, the regulation degree is limited com-
pared with the proposed T-type compensation network which
has the three design degrees. The transmission power capacity
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Fig. 16.  Total power loss and its calculated distribution at different coupling

coefficient k.

becomes low because the corresponding compensation coeffi-
cient y; which has already been determined by the factor K¢
is relatively large. According to (19), the required input dc volt-
age Uy is highest in the four types. Compared to the SP-type,
the proposed T-type added only one more compensation ele-
ment that has three design degrees (v, x, 3) for adjusting the
transmission characteristic. With the elaborate design process in
Section V-A, the effective range of k maintaining stable power
increases two times in the case of no close-loop control. The re-
quired input dc voltage U;; can be designed to the desired value
even if the rated power capacity and the power coils are first
fixed. The transmission power capacity is between the S-type
and the SP-type.

As shown in Fig. 15, high dc—dc efficiency over 90% is main-
tained in the range of k from 0.25 to 0.12. The total power loss
and its calculated distribution varied with coupling coefficient
k are depicted in Fig. 16. The power loss of the WPT system
mainly consists of following parts: the turn-off loss and conduc-
tion loss of the primary inverter, T-type compensation network,
transmitter coil, receiver coil, and rectifier

Ploss = anerter + Pcompensation + R:ransmitter + Preceiver

+Prectiﬁer
[Udliturn (tr + tf)f + 2TdSI(:21111]

2 2 2
+ [rcmllcml + rchIch + Tcm3ILJ

+7'L1-[%1 +TLQI%2 + 2uplps (25)
where Uy is the primary input dc voltage, ¢,y is the current of
the MOS switch at the turn-off moment which is increasing as
the k becomes small, (¢, + t;) ~ 50 ns is the rise and fall time
of the MOS switch, rqs &~ 140 m{) is the drain—source on-state
resistance of the MOS switch, 7.1 ~ 480 mf2 is the parasitic
resistance of filter, the parasitic resistance of other compensation
capacitors are less than 50 mS2, r7; ~ 460 mS is the parasitic
resistance of the transmitter coil branch, rr» ~ 550 mS?2 is the
parasitic resistance of the receiver coil branch, and ur ~ 1.4 V
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TABLE III
PRIMARY COMPENSATION NETWORKS COMPARISON

Type Compensation Compensation Advantage Disadvantage Ref.
order** coefficients

LCL Constant current - Constant current Low misalignment [25]-[28]
No elements - in transmission coil tolerance

S* Voltage excitation K Simple structure; Large Low misalignment [20]
One element transmission power capacity tolerance

SP* Voltage excitation 8.1 Relative high misalignment Low transmission power capacity [30]
Two elements tolerance Limited design degree

T Voltage excitation K, 3,71 High misalignment tolerance; Complex structure; Three [This work]

Three elements

three design degree;

compensation elements

lower current stress

* The “S” mean series, “P” means parallel.

** The compensation order means the number of compensation elements involved in self-regulation of transmission power.
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Fig. 17.  Each branch current versus the coupling coefficient .

is the forward voltage drop of diode in the rectifier. The parasitic
resistances are obtained from the measurement by an LCR meter
and FEM simulation, and the parameters of switch are acquired
from datasheet. The ur is so large that the rectifier loss is always
great. Since the input current /.,,,; and branch current /.5 are
much smaller than the coil current I;; as shown in Fig. 17,
the power loss of compensation network is relatively small. In
the range of k from 0.25 to 0.12, due to the ZVS state and the
low 4ty Of primary inverter as shown in Fig. 18, the loss of
primary inverter is small compared with the main loss resulted
from the power coils and rectifier. However, the transmitter coil
current Iz and 4, increase greatly when the & is less than
0.1, the power loss of transmitter and primary inverter becomes
larger. In fact, this range of & is out of the effective coupling area
and the system should stop the power transmission.

Each branch current versus k is shown in Fig. 17. With increas-
ing misalignment between the transceiver coils (k deceases), the
primary branch current I; gradually increases, while the sec-
ondary current I7, decreases. This tendency of the currents is
the instinctive response about the ability of the primary com-
pensation network to automatically regulate the transmission
power with varied k. When the misalignment increases, the k
decreases, the reflected impedance Z, of the secondary side

* *
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E E | i
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T - 4
z ]
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=
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(c) (d)
Fig. 18.  Output current ¢y, 1, the primary coil current 77, 1, and square voltage

u,, wave of the inverter bridge at different misalignment. (a) A is 0%. (b) A
is 0%. (¢) A is 50%. (d) A is 50%.

is reduced, and therefore, it needs to increase primary current
I to maintain the constant transmission power. When the k is
reduced to zero, namely the receiver coil is completely out of
the transmitter coil, the primary branch current increases to a
certain value, without any significant overshoot problem, and,
therefore, has no-load current limiting capability, which is im-
portant for dynamic wireless charging. In addition, the currents
in the branch Z.,,; and the branch Z,,,» are approximately the
half of the transmitter coil 17, . The power capacity is determined
by the maximum currents that the winding of power coils can
hold. Therefore, the current stress of the compensation element
is relatively small although the T-type has multiple elements.
When the receiving coil is mostly directed above on the
transmitter coil (k = 0.245), as shown in Fig. 18(a), the out-
put current 4., of the inverter bridge slightly lags to the square
wave of output voltage wu,y,, the current in MOSFET switch is
small at switching moment and the lag phase angle is close to
zero, as slightly inductive. When the misalignment increases
to the maximum misalignment percentage 50%(k = 0.12), the
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lagging phase angle becomes larger, being close to 90°, as shown
in Fig. 18(c). During the movement process from ky, . to 0, the
inverter bridge always operates at the soft-switching state which
is consistent with the theoretical analysis. Due to the filtering
effect of compensation network, the currents in transceiver coils
are nearly sinusoidal as shown in Fig. 18(b), (d), reducing the
high harmonic frequency (MHz) radiation.

C. Experimental Validation With Constant Voltage Load

According to the design method under the premise of rated
resistance load, the resulting T-type compensation network is
also suitable for DWPT with constant voltage load. It can keep
the transmission power stable even though the coupling coeffi-
cient k changes twice. We adopt the CV mode of electronic load
as the constant voltage load in the experiment. Considering the
maximum power of electronic load used in this experiment is
only 300 W, the input dc voltage deceased by half. U;; = 125V
and the rated transmission power reduces to 100 W. The output
dc current [z, with fixed output dc voltage U2 can be calcu-
lated by (15). The theoretical transmission power varied with k
at different settled Uy, is shown in Fig. 19.

Fig. 20(a) shows the experimental transmission power versus
coupling coefficient k at different settled CV mode of electronic
load. When the U2 = 40V, the transmission power fluctuation
is below 20% in the effective range (0.125, 0.25) of k. Though the
effective charging range of k is becoming smaller with increased
Uys, the transmission power in effective range k also keeps
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around 100 W with small fluctuation regardless of settled Uys,
showing the good ability of maintaining stable power. Further-
more, the transmission power automatically drops to zero when
out of effective range of k, avoiding inefficient transmission.
The stable transmission power with constant voltage load means
that the value of equivalent load keeps almost constant. Thus,
the good self-regulation ability of maintaining stable power has
been derived from the proposed T-type compensation network
designed in Section V-A. When the rated transmission power is
maintained, the value of equivalent load is varied according to
the settled Ugy. As aresult, the extreme point k corresponding to
the maximum power is deviated from the rated point ks and the
effective range of k becomes small when the U;o increases, as
shown in Fig. 20(a). Fig. 20(b) shows the experimental transmis-
sion power versus the Uy at the settled coupling coefficient . it
can be found that when k£ = 0.18, the transmission power is rel-
atively flat even though the Uy is fluctuated around the extreme
point. So the system has the tolerance to output voltage with the
slight fluctuation. To pursue the more stable power transmission,
the dc—dc converter which regulates the rectifier voltage Uyo
according to the varied k as well as the output voltage could be
considered at the secondary side. The current i, of inverter is
always lagging to the output voltage u,1, as shown in Fig. 21 at
maximum power point under different settled Uyo. During the
movement process from ky, . to 0, the inverter bridge always
operates at the soft-switching state. As a result, the designed
compensation network can automatically maintain and regulate
the transmission power by itself without the need of complex
control on secondary side, making the control of DWPT system
simple.

VI. CONCLUSION

The requirement of DWPT which is different from stationary
WPT is analyzed. Since the transmission power of DWPT eas-
ily fluctuates over large misalignment, a general design method
of primary compensation network is proposed in this paper.
The fundamental compensation network based on single com-
pensation element and high-order compensation network con-
sisting of multiple compensation elements are all included in
the design method. The power transmission factor is intro-
duced to uniformly describe the transmission characteristics
of the primary compensation network. Under the premise of
ensuring high transmission efficiency and soft switching, the
designed compensation network can maintain a stable output
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characteristic over large misalignment; also, a current limit-
ing protection under no-load operation is obtained. At last,
a 400-W WPT prototype with a fixed frequency operation
based on the T-type there-element compensation network is
built. The output power keeps stable within the 200% of the
coupling coefficient under constant voltage load or rated re-
sistance load showing the effectiveness of the design method.
In the further research, the regulation of dc—dc converter will
be added at the secondary side to resist the battery voltage
fluctuation and to pursue more stable transmission power in
movement.

APPENDIX

A. Comparison Between the Traditional Transformer Model
and the Mutual Inductance Coupling Model

There are two theoretical models about coupling power coils.
Fig. 22(a) is the mutual inductance coupling model which is
adopted in this paper, where L, Lo are, respectively, the self-
inductances of transceiver coils, and M = k+/Lq L+ is the mu-
tual inductance. The traditional transformer model is shown
in Fig. 22(b), where L;;, L;o are, respectively, the leakage
inductances of primary and secondary coils, and L,, is the
magnetizing inductance. The turn ratio between both sides is
N = Ny /Ns.

According to the general circuit theory, the relationship be-
tween two models is

L, =NM=(N,/Ny) M
Lyn=L,—-L, =L —NM
Ly =Ly — L,,/N?> = Ly — M/N.

(AL)

WPT system based on traditional transformer model is shown
in Fig. 23. The secondary impact on the primary side is analyzed
using the traditional transformer model as following. Since the
secondary compensation capacitor is fully compensated with
the self-inductance of secondary coil, the reactance of C5 is

Zey = —jwLy = —jw (Liz+Ln, /N?). (A2)
The impedance of secondary side is
Zsee = Zoo + Zig + Rae = —jwily, /]V2 + Rac. (A3)

The secondary side is equivalently converted to the primary
side as shown in Fig. 24(a). The equivalent impedance seen from
the input port of primary power coil is

jwLy, (—ijm + N? Rac)
jWLm + (7jWLm + NQRAC)

(WLm )2
N2R,.

Zy = jwlp +

jWLll +jWLm +

(wM)®
R‘(lC .

j(.ULl +

(A4)

The equivalent circuit in Fig. 24(b) is the same as the circuit
in Fig. 4(c). Although the leakage inductances and the mag-
netizing inductance are varied with coupling coefficient k, the
self-inductances of transceiver coils are almost fixed, resulting
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Fig. 22.  Two theoretical models of coupling power coils. (a) Mutual induc-
tance coupling model. (b) Traditional transformer model.

Fig. 23.  WPT system based on traditional transformer model.

Fig. 24. Equivalent transformation of traditional transformer model.
(a) Equivalent transformation of secondary side to primary side. (b) Equiva-
lent transformation of impedance Z; .

in that the compensation coefficients and transmission power
characteristic of the proposed T-type compensation network
are unchanged. Therefore, the secondary impact on the pri-
mary side can always be represented by the reflected impedance
Z, = (wLy)?/(N?Ryae) = (wWM)? /R, From the perspective
of the reflected impedance, the self-regulation principle of
T-type compensation using the traditional transformer model
is the same as the conclusion from the mutual inductance cou-
pling model described in Section III. The current Ir; in the
transmitter coil also can be described as (6). The current I}, as
shown in Fig. 24(a), is proportional to the secondary coil current
IR, ., indicating the load component of the primary coil current
111 which transmits the active power to the secondary side

(jwLy) _ 7 jwM
jWLm + (_jWLm + NQRac) oo

I, =1 .
2 L1 NR.

(AS5)
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The load component of I;; (A)
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Fig. 25. Load component of I,; versus the coupling coefficient k.

Substituting (6) and (7) into (A5), the current I}, becomes
Uin jwM
Zcml + (KZLI + Zr)(l + 5) NR&C
Uin _jwM
71ZL1 + Zr(l + 6) NR,.
_ Jwv Ly Ui (A6)
NRoc |Z11| [B2- + (14 B)Qroaak]

From the perspective of the traditional transformer model,
the load component of the primary-side current is smooth in
the vicinity of kg under the self-regulation of the proposed
T-type compensation network, as shown in Fig. 25. Therefore,

the transmission power is relatively flat in the effective coupling
area.

I, =

B. Sensitivity Analysis of the Proposed WPT System

1) Influence of the Secondary Detuning: The secondary com-
pensation network possibly has slight detuning in the actual sit-
uation. Assuming A, stands for the percentage of the secondary
detuning. The impedance of the secondary circuit is

Z2 = jWLQ + 1/jWC2 + Rac = (]AQ + 1/Qloa‘d) |ZL2| .
(BD)
Substituting (B1) into (2), the reflected impedance is obtained

S M) ()
" Zy Ay +1/Quead) | Z1o]
—j Ay (WM)? (wM)? 1
T BT QR 7] (AT 1/QE ) 2] Qs
(B2)

Generally, the detuning degree is quite tiny, namely
A9|Z15| < Rac, the approximation condition is

Ay < 1/Qioaa-
Thus, the reflected impedance can be approximated as
(wM )2 (wM )2
(I/Q%oad) ‘ZL2 | * 1/Qload |ZL2 \

(B3)

Z,. ~ —jAQ
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= (—jAy X Quona + 1) E*Quona | Z11] -

Due to the relationship of the rated ()aq and ksq¢ as shown
in (16) the reflected impedance near the k4. point becomes

Zy=— 0 |Zpa| + ket | Z11 ]| - (B5)

(B4)

The reactance of Z, resulted from the secondary detuning
may influence the compensation coefficient ~y;

= (Zp1+ Zem1)/Z11
= [(6Z01 = jA2 | Z1a|) (L + B)+Zem1] /211
= MNhiorm — A2 (14+5) (B6)
where 71 |,,,,, stands for the normal y; without the secondary

detuning. The fluctuation of v is —Ay (1 + 3).
Substituting (16), (18), and (B6) into (9), the coupling coef-
ficient k at the extreme transmission power point is

Al Ay
kopt=y | 7= Ksety /1 — .
Pt |1+ﬂ‘ Qload ! ksct

Considering the approximation (B3), (B7) can be expanded
by the Taylor formula, the first-order approximation is

1A, Ay
S = kset - 5 -
2 kgot 2

(B7)

kopt ~ kset (1 (BS)

The deviation of kg due to the secondary detuning is
— Ay /2. Similarly, the maximum transmission power is influ-
enced by the secondary detuning

|Uin |2 1
114 B8]1Z11] 2 I
(14+5)

! |nornl

Rnax (’Yl ) -

%

Pmax|norm |:1 + A2:| (B9)
where P ax|norm 1S the normal maximum transmission power
without the secondary detuning. The relative fluctuation of the
maximum transmission power is

5Rnax _ (1+/8) A _ A?
Pm - 2 kset )

If the Ay = 1%, the deviation of k. is 0.0053, the fluctuation
of Pyax 18 5.7%.

2) Influence of the Drift in the Transmitter Coil’s Self-
Inductance: The drift in the transmitter coil’s self-inductance
can influence the compensation coefficient v, resulting in the
fluctuation of extreme point k¢ and the maximum transmission
power. It is similar to the case of the secondary detuning.
Assuming A is the percentage of the primary self-inductance
drift. The self-inductance reactance of transmitter coil is
Zin =1+ A1) Zi4] The maximum transmission power
is analyzed as follows:

(B10)

ax ‘norm 2! ‘norm

norm*

Puaxluor :
S (L4 Ay) (1 (148) A/ m |
1
o T T 7 D A

Rnaxlnorm [1 - (1/14’,5(‘t + 1) Al] .

Pmax (’Vl ) =

nnrm}

~ Py

Q

(B11)
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Therefore, the relative fluctuation of the maximum transmis-

sion power is
Ay )
=—|—+A .
( kset !

The deviation of k., due to the primary self-inductance drift
is similar to the case of the secondary detuning
A

kopt ~ ksct + 71 .

Considering the Z,,,3 is in series with the transmitter coil,
the drift in Z.,,3 is also included in this case. If the A; = 1%,
the deviation of k. is 0.005, the fluctuation of P, is 6.6%.

3) Influence of the Drifts in the Primary Compensation Ele-
ments: The driftsin Z,, and Z,,,» may influence the compen-
sation coefficient 3, resulting in the fluctuation of extreme point
kset and the maximum transmission power. Assuming A1 and
Acm1 are, respectively, the percentages of the Z.,1 and Z.p,2
drifts. The fluctuation of 8 = Z¢y1/Zema is

6PH13.X

e (B12)

nax ‘norm

(B13)

9p op
= 5, —0Z 07,
65 aZcml ’ emt aZcmg 0 cm?2
= ﬁ|norm (Ale - Acm?) . (B14)

The compensation coefficient y; is influenced by the §/3

M = [KZLI (1 + ﬁ)+ch11] /ZLI =M |norm + K X 5ﬁ
(B15)
The coupling coefficient k at the extreme transmission power

point is
/ 7 -
| 1+6‘ Qload

1 1 K
= ket |1 +=| ——7——+— ) 3|. (BIO6
' { + 2 < 1 + /3|1101'111 + ’yl > ﬂ:| ( )

The maximum transmission power at extreme point £, is

akopt

Al ksct
+5 5

0
1+ /6|1101“Hl /8

kopt =

|l']in|2 i

-Pmax = T a5
) = ST A2 i
U 1
2 |ZL1| (1 Jr /6) ’Yl|n0rn] + [71|n0rm + (1 Jr /6) K::I 5/8

1
= Rnax|norm {1 o [’Yl|norm + ( + /6) ﬂ]
(1 + 6) g |norm

If the fluctuation of (3 is less than 1%, the drift of the ex-
treme point K,y is less than 0.86%. The fluctuation of P .«
is less than 1.85%. When the suitable values of compensation
components are chosen, the variations of these values are quite
small with little influence on the fluctuation of the transmission
power.

55} . (B17)
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