7766

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 6, JUNE 2024

Synthesis of Inductive Power Transter Converters

With Dual Immittance Networks for Inherent
CC-to-CV Charging Profiles

Zhicong Huang
Li Ding, Member, IEEE, Herbert Ho-Ching Iu

Abstract—To comply with the constant current (CC) and con-
stant voltage (CV) charging characteristics of a lithium battery,
it is expected that an inductive power transfer (IPT) charging
system can provide the required power forms simultaneously. This
article first proposes a systematic design pathway for IPT charging
systems that inherently support CC-to-CV charging profiles on
the basis of immittance networks. By appropriately connecting
an IPT immittance network and a clamping immittance network
with resistive input impedance and constant output characteristics,
a family of IPT charging systems capable of delivering CC and
CV output forms can be derived. Restricting the number of the
compensation components to a maximum of 4, a total of 11 types
of IPT immittance networks and six types of clamping immittance
networks are derived. These immittance networks can be combined
in various ways to provide 11 X 6 possible inherent CC-to-CV charg-
ing systems. The inherent CC-to-CV transition capability under
passive control is achieved, maximizing the simplicity of control
schemes. Both the design freedom for parameter configuration and
the modularity of charging systems are improved, due to the power
decoupling nature of the interconnected dual immittance networks.
Two sets of IPT battery chargers are constructed to verify the
proposed design methodology.

Index Terms—Battery charging, constant current (CC), constant
voltage (CV), inductive power transfer (IPT), passive solution.

I. INTRODUCTION

NDUCTIVE power transfer (IPT) technology has emerged
I as a promising trend for future power supply, due to its
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superior safety coefficient, enhanced flexibility and conve-
nience, and ease of automation compared with traditional con-
ductive charging methods [1], [2]. The successful application of
IPT technology has been demonstrated in numerous scenarios,
including electric vehicles [3], [4], [5], biomedicine [6], [7], [8],
and consumer electronics [9], [10], among others.

Lithium-ion batteries, being a relatively new and high-
performance battery technology, have generated substantial in-
terest and found widespread application across various indus-
tries. To fully maximize the advantages of these batteries, careful
consideration of an appropriate charging method is essential.
Conventionally, lithium-ion battery charging requires the usage
of charging methods featuring constant current (CC) and con-
stant voltage (CV) characteristics [11]. As such, IPT transfer
technology has been extensively studied and applied to meet this
requirement, necessitating the tackling of technical challenges to
achieve both CC and CV output forms with a single IPT system
[12], [13].

Multiple approaches have been proposed, aiming to ad-
dress the challenges mentioned above. An intuitive approach
to achieve both CC and CV output forms with a single IPT
system is through incorporating a de—dc converter at the sec-
ondary side, which regulates the output current and voltage
[14], [15]. However, the addition of a dc—dc converter as an
extra stage increases design complexity, raises component cost,
and degrades system efficiency. To minimize the power stage of
the charging system, further research in the manner of control
development and topology modification is then conducted. It is
possible to utilize an active rectifier instead of the traditional
passive rectifier to perform the functions typically carried out
by a de—dc converter. Nevertheless, this substitution leads to a
more intricate control scheme, as it necessitates the inclusion of
extra design for detection, calculation, and communication, as
presented in the previous work [16], [17]. To simplify the control
design, a primary-tuning IPT charging system adopting a switch-
controlled capacitor is designed featuring no secondary-side
control and wireless communication [18]. The primary tuning
is achieved through the phase-shift modulation of the switch-
controlled capacitor, while it is still necessary to detect the zero
crossing point and amplitude of the primary tank circuit current
for performing the modulation effectively. Frequency-hopping
approaches, adjusting the operating frequency of an IPT system
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TABLE I

COMPARISON WITH EXISTING DESIGNS
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Desirable features Backend converter Active rectifiers Switch-controlled Frequency hopping | Hybrid switching Proposed
[14], [15] [16], [17] capacitor [18] [4],[19]-[23] [28]-[32] scheme
No control/sensing X X X X X \/
No wireless feedback \/ \/ X X possible \/
Fixed frequency \/ \/ X
Simplified secondary X X Possible Possible Possible Possible
design
Add-on cost DC/DC converter Active switches Active switches Unnecessary Bidirectional Resonant tank
switches and rectifier

from the CC point to the CV point, ease the control efforts further
[4], [19], [20]. However, the bifurcation phenomenon can be
caused by large frequency variation [21], [22], [23]. Besides,
the parameter configuration and frequency calculation process
for frequency-hopping methods tend to be relatively complex.

In addition to the second-order compensation circuits that
enable CC or CV output, higher order compensation circuits that
support CC or CV output are also studied [24], [25], [26], [27].
These compensation circuits are utilized to mitigate the impact
introduced due to frequency variation. Hybrid compensation
structures are derived by combining two sets of compensation
circuits, with each set enabling CC output and CV output,
respectively, at the same operating frequency. By selectively
switching between these different topological networks using
ON/OFF control of the switches, both CC and CV output forms
can be provided with a single system [28], [29], [30], [31],
[32]. Despite the significant reduction in control complexity
and complete elimination of frequency variation, the use of ac
switches in this type of topological modification is inevitable.
Consequently, active control techniques for topology switching,
along with detection methods for output states, are still neces-
sary, particularly in the context of battery charging that requires
CC-to-CV transition. Furthermore, during the design process,
it is necessary to consider at least two sets of compensation
networks and ensure seamless interaction between these sets,
which complicates the parameter configuration.

According to the aforementioned development, it remains a
challenge to achieve both a simple design of control scheme
and a straightforward configuration of topology parameter. In
this article, therefore, we try to systematically address this issue
by exploring the design pathway of IPT systems that possess
the capability of automatic CC-to-CV transition and offer high
freedom for topology parameter selection. The design starts with
immittance networks, which are composed of capacitors and/or
inductors. An immittance network can be viewed as a two-port
network, which converts a voltage source into a current source,
and vice versa, as long as the input impedance is proportional
to the load admittance connected to the output [33]. It has
been investigated that power flow between each energy port
can be easily controlled by connecting an independent current
source to the voltage bus or an independent voltage source
to the current bus, thus easily achieving the bidirectional and
decoupling power control of each energy port and facilitating the
implementation of zero voltage switching [34]. Following this
connection style, we suggest the series connection of a clamping
immittance network with the IPT immittance network. Such a
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configuration enables the automatic CC-to-CV charging process
and removes the requirement of communication between the
primary and secondary sides, which maximizes the simplicity
of control. Moreover, the power decoupling feature between
immittance networks streamlines the parameter process, enhanc-
ing the design freedom and improving the system modularity.
Since approximate zero reactive power can also be achieved,
reactive power circulation and power losses can be eased. Table I
summarizes the desired features of an IPT charging system
and compares the proposed scheme with existing schemes. The
proposed scheme features all the desired features, and as a pure
passive scheme, it can eliminate complex sensing, active control,
and wireless feedback, and it also enables a simple secondary
design.

The rest of this article is organized as follows. Section II ana-
lyzes the characteristics of an immittance network. On this basis,
the configuration of an IPT system with inherent CC-to-CV tran-
sition consisting of an IPT immittance network and a clamping
immittance network is designed. The corresponding operating
principles are also described. Section III identifies available
IPT immittance networks and clamping immittance networks.
Configuration requirements of the networks are then presented,
providing the selection guidelines of appropriate structures in
different application scenarios. Experimental results are given
in Section IV. Finally, Section V concludes this article.

II. SYSTEM CONFIGURATION AND ANALYSIS
A. Characteristics of Immittance Network

A resonant circuit can be considered as a two-port network, as
shown by Fig. 1(a). The voltages and currents at the primary and
the secondary ports are sinusoidal and represented by V1, I,
Vo, and I, respectively. The two-port network can be defined
as an immittance network [33], if its circuit equations satisfy

Vil | 0 JjZo| |V2 M
Il ]ZLO 0 I2
where Z is defined as the characteristic impedance of the
immittance network. Suppose the primary port is driven by a

power source, and the output current and voltage at the secondary
port can be derived as

Vi
I, = —, and 2)
T %
Vi =—3iZ4 3)
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Fig. 1. Characteristics of resonant immittance network: (a) two-port network model, (b) CC output with CV input, and (c) CV output with CC input.
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Fig. 2. Block diagram of the proposed IPT converters with dual immittance networks for inherent CC-to-CV charging profiles.

respectively. Given Zy, is the load impedance at the secondary

port, it complies with

=1
The input impedance of the immittance network, thus, can be

derived as

Z, “)

Vi Z
L Zp

With (2)—(5), some characteristics of the immittance network
can be observed and concluded as follows.

1) Itis noteworthy that the immittance network is reciprocal,
which means either the primary or secondary port can be
the input. When one port operates as the input, the other
will be considered as the output.

From (2) and (3), the output current is proportional to
the input voltage, and meanwhile, the output voltage is
proportional to the input current. If the immittance net-
work is driven by a source with a CV output, a CC output
can be achieved, as shown in Fig. 1(b). Vice versa, if the
immittance network is driven by a source with a CC output,
a CV output can be achieved, as shown in Fig. 1(c).

From (5), unity power factor at the input port can be
obtained, if the load is purely resistive, i.e. Z;, = R(Zy,).

The abovementioned characteristics of immittance networks
are utilized in this article to configure IPT systems featuring
inherent CC-to-CV charging profiles and unity power factor.

Z; (&)

2)

3)

B. System Configuration

Fig. 2 depicts the configuration of the proposed IPT systems
that feature inherent CC-to-CV charging profiles and unity
power factor. It includes two immittance networks, which are

named as “IPT Immittance Network” and “Clamping Immittance
Network™ according to the functionality. The primary ports of
these two immittance networks are in series connection and
driven by a sinusoidal ac voltage source V p chopped from a
dc voltage source Vin. With fundamental approximation, the
amplitude of Vp is given by |Vp| = %VIN. Since these two
immittance networks are in series connection, and thus, they
share an identical primary current I;, whereas their primary
voltages are donated as V; ipt and V; cr,a, respectively. Un-
less specified, subscripts “IPT” and “CLA” indicate associated
parameters of the IPT immittance network and the clamping
immittance network, respectively.

The secondary port of the clamping immittance network is
rectified and then clamped by Vin. Its voltage and current are
givenby V. cr,a and I, 1A, respectively. The secondary port of
the IPT immittance network is rectified as a dc output to charge
the battery. In the steady state, the battery can be modeled as a
resistor given by RpaT = ‘I/E:E , Wwhere Va1 and Igat are the
battery terminal voltage and the charging current, respectively.
The equivalent load at the secondary port of the IPT immittance
network is given by R.q = BRpaT, where 3 is a scaling factor
determined by the filter used in the rectifier [35]. To be specific, if
the secondary compensation circuit includes a component in se-
ries connection with the rectifier circuit, a capacitor filter should
be used and 5 = %. If the secondary compensation circuit
includes a component in parallel connection with the rectifier
circuit, an inductor filter should be used and 5 = %2. The voltage
and current at the secondary port of the IPT immittance network

are V, 1pT and I, 1p, and they are in phase complying with
_ V,ipr

Req — I,pr

As shown in Fig. 2, the IPT immittance network is respon-

sible for wireless power transfer, and it consists of a primary
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compensation circuit, a loosely coupled transformer, and a sec-
ondary compensation circuit, which are cascaded in series. All
these three parts can be represented by 2 X 2 transmission met-
rics, givenby A p, Ar,and Ag, respectively. To be an immittance
network, the overall transmission matrix should satisfy (1) and,
thus, can be given by

0 jZO,IPT:| ©)

Apr = ApArAg = [ 1 0
J Zo,1pT
where Zg 1pr is the characteristic impedance of the IPT im-
mittance network. The circuit equations of the IPT immittance
network are given by

[ViipT, L)" = Apr [Vo, 1T, Io,IPT]T . (7

Similarly, the clamping immittance network is a resonant circuit
with circuit equations satisfying (1), and thus, its transmission
matrix is given by

0 i 7
Acpa=|. a1 J70cmA 8)
]ZO,CLA 0

where Zy cr,a is the characteristic impedance of the clamping
immittance network. The circuit equations of the clamping
immittance network are given by

[Vicra, LT = Acra [Vecra, Lecral” )

C. Operating Principle

With fundamental approximation, all voltages and currents at
the ports of the immittance networks in Fig. 2 are considered as
sinusoidal. Ideally, there are two operating modes: CC mode and
CV mode. In the CC mode, the secondary port of the clamping
immittance network (V. cr,a) is unclamped due to the reverse
bias of the rectifier, whereas in the CV mode, it is clamped by
the voltage source Vin due to the fully conducted rectifier. A
detailed illustration is given as follows.

1) CC Mode: Based on the analysis in Sections II-A and
II-B, the IPT immittance network can achieve a CC output if it
is driven by a CV source. Note that the secondary port of the
clamping immittance network is unclamped and open circuit
(00), if the rectifier is reverse biased, i.e.,

[Ve,cral < Vin. (10)

Thus, with (5), the primary port of the clamping immittance
network has null input impedance and can be considered as
short-circuit, i.e.,

VicrLa = 0. (11)

In this case, the IPT immittance network is driven by a CV
source as given by (12). According to (6) and (7), it can achieve
a CC output as given by (13)

Viipr=Vp (12)
\%
Lpr = — . (13)
JZo1PT

Since the load at the secondary port of the IPT immittance
network is purely resistive, i.e., V, 1pT and I, tp are in phase,
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unity power factor can be achieved at the primary port of the IPT
immittance network with (5). It also holds true for the overall
IPT system.

Observed from the primary port, the clamping immittance
network is driven by I, which depends on the load condition.
With (5) and (12), it can be derived as
_Vr_ Req.

I = 72
0,IPT

(14)

Excited by I; at the primary port, the voltage at the secondary
port of the clamping immittance network can be derived with
(8) and (9) and is given by

—JZo,cLAV pReq

2
ZOJPT

Vecoa = —jZo,coali = (15)

To satisfy the assumption given in (10), the range of R, can be
derived as

Z2
0 < Req < 40&, for CC mode.
=20,CLA

(16)

2) CVMode: Based on the analysis in Sections II-A and II-B,
the IPT immittance network can provide a CV output if it is
driven by a CC source. To achieve that, the clamping immittance
network is designed to help with facilitating the CC source. If the
rectifier is fully conducted, the secondary port of the clamping
immittance network will be clamped as

4
|VC,CLA,max‘ = ;‘/IN (17)

It is observed that the clamping immittance network is driven
by a CV source at the secondary port. Due to the characteristics
of an immittance network described by (2), the current at its
primary port is restricted to be constant. Thus, the current
flowing through the primary port of the IPT immittance network
is kept constant as given by

Vc,CLA7max

I, = . .
’ —JZo,cLA

(18)
Driven by the CC source given in (18), the CV output at the
secondary port of the IPT immittance network is derived as

Zo1PT
Z0,CLA

VoipT = V. ,cLA, max- (19)

The rectifier of the clamping immittance network is assumed
to be fully conducted in (17), which means that the power is fed
back to the source via the clamping immittance network, and
the voltage at the primary port is not zero. Thus, the condition

for (17) is

[Viwpr| < |[Vp]|. (20)

With (5) and (18), the voltage at the primary port of the IPT
immittance network is given by

2
Zo,IPTVaCLA

: . 1)
_]Z(),CLAReq

Vit =
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Fig. 3.
(i) SP-PS. (j) T-S. (k) T-P.

Therefore, the range of R, for CV mode can be derived as

ZQ
Req > ﬂ, for CV mode.
0,CLA

(22)

The input impedances at the primary ports of both immittance
networks are resistive, because the corresponding voltages and
currents at both secondary ports are in phase. Therefore, unity
power factor can be achieved at the input of the overall system.

In addition, it can be estimated from (16) and (22) that there
is a narrow transition process from the CC mode to CV mode in

Zg‘IPT ZO2,IPT
1 Zo,cLa’ Zo,cLA
nonlinearity of the rectifier (partial conduction) in the clamping
circuit. Nevertheless, it will not affect the realization of inherent
CC-to-CV charging profiles.

practice, i.e., Req € ( } , which is caused by the

III. AVAILABLE CIRCUIT TOPOLOGIES
A. IPT Immittance Networks

As illustrated in Section II-B, the IPT resonant tank consists of
three components: the loosely coupled transformer, the primary
compensation circuit, and the secondary compensation circuit.
The IPT resonant tank is designed to provide CC output when
the corresponding input is a CV source. Meanwhile, it is capable
of delivering CV output when the corresponding input is a
CC source, given its design fulfills the requirements of the
immittance network, i.e., its transmission matrix satisfies (1).

In general, the transmission matrix of the loosely coupled
transformer A7 can be represented as

Le  jwM (& —1)

Ar=| i (23)
JwM M

)

Available IPT immittance networks with up to four compensation components. (a) S-S. (b) S-SP. (¢) S-PS. (d) S-T. (e) S-II. (f) SP-S. (g) SP-P. (h) SP-SP.

where Lp, Lg, and M are the primary self-inductance, sec-
ondary self-inductance, and mutual inductance, respectively. As
usual, k is the coupling coefficient given by k = \/% Ac-
cording to (23), itis obvious that the loosely coupled transformer
is not an immittance network, and thus, the design of Ap and
Ag for compensation is needed.

A variety of compensation circuit topologies together with
appropriate parameters design are possible to facilitate IPT
immittance networks. To simplify the deviation of compensa-
tion designs, the available topologies of IPT immittance net-
works with the maximum number of total components being
restricted to four are depicted in Fig. 3. With the corresponding
compensation designs summarized in the second column of
Table II, the transmission matrix of the primary and secondary
compensation circuits are given in the third column (Ap and
Ag). In the same column, it can be observed that the overall
IPT immittance networks Arpr satisfy (12), which means the
compensation designs enable immittance networks. The charac-
teristic impedance of the IPT immittance network is donated as

Z0,1PT-

B. Clamping Immittance Networks with Isolation

For the clamping immittance network, it is crucial to maintain
electrical isolation from the IPT immittance network to prevent
potential shoot-through issues in the inverter and rectifier within
the primary circuit. Therefore, an isolated transformer with a 1:1
turn ratio is connected in cascade with the clamping immittance
network, as shown in Fig. 4. Notably, the isolated transformer
has no effect on the characteristics of the immittance network
and its volume is minimized due to its closely coupled design.
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TABLE II
AVAILABLE IPT IMMITTANCE NETWORKS
Topologies Compensation design IPT Networks Zy1pr
Xpp==Xp, . . 0 ;
» —J Xy
S-S Ap = [ 1 /XIPI ] AS:[ (1) /XISI ] Apr=| 1 0 X
Xs1 ==X JXu
Xg1=-Xpg Xg14+Xs2 . .
° L jXp S;(j-z =X 0 —jXy
S-Sp » Ap = 0 1 Ag= i 1 Apr= ! 0 Xy
Xs2 = X1, +Xp1 iXs2 iXu
i 1 JX s
Xy Ap =[ (l) JXIPI ] As={ 1 Xs1+Xsy
X1 ==Xp o+ X, +Xpp) JXs1 Xs1 5
<.pS P » . Xy, Xpg (=KX Xpy
X = X, ( 1 b+ XpgXpi 0 JIXpp X g U=kD+X g Xpy] X
s2= X0z — e, Apr= . Xm
P IPT Xy
X1, Xpg 1=K+ X Xpy 0
s Ap :[ I jXp ] Ag=-L Xsi+ Xsy X1 Xy + XX 53+ X53X51) ]
Xs1 = XLP:'XH =X+ Xs2) 0 1 X2 -J Xso+ X3
(X1, +Xp)X,
ST X+ X p) X5 _ZLpTTPUTS2
X522 (Xy ,+Xp1) 0 _ I XL+ XpDX sy Xor
_ Xs2"(Xpp+Xp — x.
Xs3 = lez - X5 Apr=|  ixy OM
Xpp+Xp1) X2
. Xso+Xs3 :
X X< Ay = 1 jXp Aoe] o JXs2
Xg = LgAs2 P 0 1 N —j(Xg1+X50+X53) Xs1+Xg2
: XigtXsa X51Xs3 Xsi Xy Xsr
S 242 ; XLy
Xex= KXo X1p 0 JXuXso x
S3 T (—IX X K2 X Xso+Xpi X g Apr=|  x, Xig
S
XuXe 0
F Xp i Xp 3
_| T iAm _| U iXs
1 Xs1 Ap = f? Ag= 0 1
Xpi =X1,,,[,72(1+T)*1] | = L
SP-S : X Xpg(I-k)4+X, , X5y
_ Xu? X X (=KX, Xy Xy
N JXm
Xpp Xpg(I-KHX , X 0
r XpiiXp 3
In X, 10
2 Ap = f? | As=| _L_
Y A-kDXp ¢ 5% iXs1
b Xp1= (7 = D=5+ 1] L iXe L (i, Xy
JA-KDX X g Xu
Xpy= (k2= DX, e 0 s
TPT™ JXm "
(=KX, X 0
[ XpitXp2 N 7 r Xsi+X, N 7
7’;“”" JXp 75;(50 £ jXs)
Xpy = —X, + 20 Ap = I | As = I 1
P2 =R T Y Xy L ixp J L iXs2 ] o Ko ks X
SP-SP LpXLg =K+ X1 p Xs1
X = (Xp =X 1, (Xpg+X g0 0 ijPXLSu—k?HXL,,Xﬂ Xy
527 XX+ Xp1)=X 1, "X g+ Xs1) Apr=| Xy Xnm
X1, Xiy =K+ X1, K51 0
2 [ XpitXp JX T 1 iX
X=Xy (X + Xgo) = X [Xg1 X o + X (X1 + X)) Ap= X2 11’1 Ag=| O,
_ 1 1 1 L JXp L JXs1 Xsi1
sprs X =Xl () o e
0 __JX R
) O S — Apr= Xy X X Xs)
P27 X XgrtX g (Xs1+X5) : - f\] 0
A=l | Xpr+Xpy J(Xp Xpy+ XpyXp3 + Xp3Xp))
p= .
Xp 2 (X g +Xs1) Xpa —Jj Xpy+ Xp3
Xpp=——F 57— Xpm
T-S . 0 JXpr (X g+Xs1) _ XX +Xs)
X2 Ae=| b FXsi | 4 _ - Xur Xy
XP3=#_(XLP+XP2) s=l o 1 PT= Xy 0
LgtXsi XX +X51)
Ap=-l Xpi+Xpy JXp1Xpy+ XpyXps + Xp3Xpy)
X3, (X g +Xs1) Xp2 =J Xpy+ Xps
Xpi = pz7 LgT7s1 - Xp
P X, Xs1 = X 0 0 XigXp _)(L)?)(,,2
Ag = 1 Apr= Xy M
Xpy ==X, - X S [ PT=] Xy
P3 Lp P2 X5t X3 X 0

In general, to formulate an immittance network, at least three
components are needed. The commonly used 7-network and
II-network are depicted in Fig. 4(a) and (b). They feature the
characteristics of immittance networks if the corresponding
reactances satisfy

X=X, =—Xs. (24)

Equation (24) implies that the amplitudes of reactances in all
branches are identical. If X; and X5 are inductive, X3 should
be capacitive, and vice versa.

Authorized licensed use limited to: SOUTH CHINA UNIVERSITY OF TECHNOLOGY. Downloaded on May 14,2024 at 07:30:27 UTC from IEEE Xplore. Restrictions apply.

In addition to the three-component immittance networks,
four-branch topologies are studied, as shown in Fig. 4(c)—(f).
They are termed as Ladder Circuit 1, Ladder Circuit 2, Bridge-T
circuit, and Lattice Circuit. As usual, X; (: = 1,2, 3,4) repre-
sents a generic reactance and the subscript ¢ donates the numbers.
The transmission parameters for the topologies can be derived.
By making the transmission matrix satisfy (1), the design of
the reactances is summarized in Table III. The characteristic
impedance of the immittance resonant network is represented

by Zo,crA-
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Available clamping immittance networks with isolation. (a) T circuit. (b) II circuit. (c) Ladder circuitl. (d) Ladder circuit2. (e) Bridge-T circuit.

TABLE III
IMMITTANCE RESONANT NETWORKS OF CLAMPING IMMITTANCE NETWORKS

Topologies Compensation design A ZycLa
0 JjX;
T circuit X =X,=-X; 1 0 X3
JX3
- 0 JjX;3
II circuit X=X, =-X; _ 1 0 X3
JX3
Ladder cireuit 1 | X; = =Xy X, = 22 A X
adder circuit 1= X5 Xy = s, L 0 23
JX3
Ladder circuit 2 | X, = —Xy; X, = 22 ) X X
adder circuit R J% 0 -X;
3
2431 0 —jX;+ X))
Bridge-T circuit | X = Xp; X, = —X3(—) 1 0 -Q2X3+ X))
KA oy R —
X J2X3+X))
S1: Xl = —X3,X2 = X};
o S2: X=Xy =-X5; 0 —jX, 0 iX, S1-3: = X35
Lattice circuit S1-3:] 1 0 S4:|_ 1 0
S3: X, = X3, X, = —X5; JX3 iXi S4: X,
S4: X, = —X|, X, = X,

C. Configurable Output Current and Output Voltage

During the CC charging, output current I, ;pr of the sec-
ondary compensation circuit is inversely proportional to the
characteristic impedance Zj rpr of the IPT immittance network
at a constant input voltage of the primary compensation circuit,
as shown in (13). Thus, by designing corresponding parameters
of the loosely coupled transformer and compensation circuits
that affect Zy ypr, as given in Table II, various output currents
can be configured to comply with different CC charging speci-
fications.

The output voltage V, ipr of the secondary compensation
circuit is proportional to the ratio of the characteristic impedance
Zo,ipr of the IPT immittance network and inversely propor-
tional to the characteristic impedance Z c1,4 of the clamping
immittance circuit, while V. cr,a of the clamping immittance
network remains unchanged, according to (19). Once the CC
output is configured via the design of Zj c1,4, the requirements
of CV output can be configured by designing Zy cr,a. Con-
sidering there may exist practical limitations on the design of
Zo,CLA, 1t is an alternative way to modify the CV output by
varying the turn ratio of the isolated transformer, while keeping

Zo,crA unchanged. Given an arbitrary turn ratio n of the isolated
transformer, the secondary port of the IPT immittance network
is derived in (19) can be modified as

Z0,1PT v

—_— 25
Z0,CLA (25)

VO,IPT =n ¢,CLA max-

IV. EXPERIMENTAL VERIFICATION

To validate the synthesis of IPT converters with dual immit-
tance networks for inherent CC-to-CV charging profiles, two
sets of experimental prototypes are built. Key parameters are
summarized in Table IV. The first prototype adopts the sim-
plest configuration, which means series—series compensation
for the IPT network and T circuit for the clamping network.
The second prototype uses higher order resonant circuits, i.e.,
SP-PS compensation for the IPT network and Ladder Circuit 1
for the clamping network. Parameters for the IPT network and
the clamping network are given in Table IV. A 48-V dc voltage
source chopped by a full-bridge inverter is used to drive the [PT
converters and an electronic load is used to emulate the battery.

Authorized licensed use limited to: SOUTH CHINA UNIVERSITY OF TECHNOLOGY. Downloaded on May 14,2024 at 07:30:27 UTC from IEEE Xplore. Restrictions apply.



HUANG et al.: SYNTHESIS OF IPT CONVERTERS WITH DUAL IMMITTANCE NETWORKS

TABLE IV
PARAMETERS OF EXPERIMENTAL PROTOTYPES

Parameters Symbols Measured values
Input voltage Vin 48V
Inverter switches 0:-0, IRF640
Diodes D,-D, MBR20200
Equivalent load resistance R, 2Qto 80 Q
Operating frequency wl2n 85 kHz
. Lp, M, L 101.7 uH, 29.2 uH, 92.1 yH
S-S compensation Xl;p Xy, S 34.5 nF, 377 nF
Air gap distance £ 40 mm
Board inner diameter d; 117 mm
Board outer diameter d, 200 mm
Primary turns Np 21
Secondary turns Ng 20
Litz wire D, 1.1 mm
T circuit X1, X5, X5 120.6 nF, 120.6 nF, 29.2 uH
Lp, M, Lg 20 uH, 12.9 uH, 23 yH
SP-PS compensation Xp1, Xpy 20 uH, 167 nF
s1» X2 152 nF, 23 yH
Air gap distance £ 20 mm
Board Inner diameter d; 40 mm
Board Outer diameter d, 200 mm
Primary turn number Np 16
Secondary turn number Ng 17
Lize wire D, 2.1 mm
. X, X 25.2 uH, 14.8 yH
Ladder circuit 1 X3l, Xi 140 nF. 49.5 yH

A. S-S Compensated IPT Immittance Network with T Circuit
as Clamping Immittance Network

In the experimental prototype shown in Fig. 5, the IPT
converter includes an S-S compensated IPT immittance net-
work, which works in conjunction with a T circuit clamping
immittance network. The operating waveforms are shown in
Fig. 6. The load conditions are set as Ry, = 5%, Ry, =25,
and Ry = 80(2, which indicates the CC, transition, and CV
modes, respectively. Since there are seven signals in total, two
four-channel oscilloscopes were used to capture the waveforms
simultaneously to better demonstrate CC and CV modes. vp,
1;, and v, 1p are the ac input voltage, input current, and output
voltage of the IPT immittance network, respectively. v, cr,a and
ic,cLA are the ac input voltage and input current of the clamping
immittance network, respectively. The dc output current and
output voltage are labeled as Ipar and Vpar, respectively.
In the CC mode, i..cr,a is zero, as shown in Fig. 6(a), and
diodes D1—D, of the assistive rectifier are reverse biased and
the clamping immittance circuit does not operate, at which
point the IPT immittance network operates as a conventional
S-S compensated IPT converter to achieve the CC output. Dur-
ing CC-to-CV transition, as shown in Fig. 6(b), the assistive
rectifier is activated early because of the partial conduction
of D1-Dy. Since i.cra is still small, the rectifier works
in discontinuous conduction mode. In the late CV mode, as
shown in Fig. 6(c), ¢; is clamped to achieve the CV output
because the clamping immittance network is fully conducted.
Furthermore, the output voltage is almost independent of the
load. Throughout the charging process, v; rpT and #; remain in
phase, verifying that the unity power factor has been achieved
and ensuring that the low reactive power in the circuit will be
minimized.
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Fig.5. Proposed IPT charging system including S-S compensated IPT immit-
tance network and T circuit clamping immittance network. (a) Circuit diagram.
(b) Experimental prototype.

The measured Igar (marked with“()”) and Var (marked
with “[J”) versus R are plotted in Fig. 7. An approximate
CC output at 2.5 A can be achieved when R; < 15 €2, while
an approximate CV threshold at 51 V is maintained if Ry >
26 . Nevertheless, the required inherent CC-to-CV transition
can be achieved in a short load range. The measured efficiency
n (marked with “/\”) versus Ry, is also plotted in Fig. 7. A
maximum efficiency of 88.3% is achieved at 15 €. At the
CC stage, the clamping immittance circuit is not activated
(ic,cr.a = 0), and thus, no power loss is incurred by the clamping
immittance circuit. In the CC-to-CV transition process and early
CV stage, due to i, cra =~ 0, the efficiency is not affected too
much by the power losses incurred by the clamping immittance
circuit. Atthe late CV stage (light-load conditions), power losses
incurred by the clamping immittance circuit become signifi-
cant as ¢.cra increases with the decrease of output power.
It is acceptable that a penalty in efficiency caused by the use
of the clamping immittance circuit only occurs in light-load
conditions.

Transient waveforms for step change in load are shown in
Fig. 8. The primary current %;, output voltage Vzar, and out-
put current Ipam are presented. The load resistance is step
changed from 8 to 40 2 and from 40 to 60 2. When R; =
8 ), the magnitude of ¢; is smaller than its maximum value
4.8 A, and thus, the IPT converter operates as a CC charger.
When Ry, is step changed to 40 and 60 €2, the magnitude of
1; 1s tightly limited to its maximum value 4.8 A, and Vpar
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Fig. 6. Captured operating waveforms of experimental prototype with S-S compensation as the IPT network and T circuit as the clamping network. (a) CC mode,
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Fig. 7. Measured DC output current IpaT, DC output voltage VpaT, and
power efficiency 7 versus load resistance R, of the experimental prototype with
S-S compensation as the IPT network and T circuit as the clamping network.
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Fig. 8. Transient waveforms for R, step changing from 8 to 40 €2 and from
40 to 60 €2 of the experimental prototype with S-S compensation as the IPT
network and T circuit as the clamping network.
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is tightly limited to a threshold value 51 V, as shown in
Fig. 8.

B. SP-PS Compensated IPT Immittance Network with Ladder
Circuit 1 as Clamping Immittance Network

In the experimental prototype shown in Fig. 9, the IPT con-
verter includes an SP-PS compensated IPT immittance network
that works in conjunction with a Ladder circuit 1 clamping
immittance network. The operating waveforms are shown in
Fig. 10. The load conditions are set as Ry, = 102, Ry, = 25€),
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Fig. 9. Proposed IPT charging system including SP-PS compensated IPT
immittance network and Ladder circuit 1 clamping immittance network.
(a) Circuit diagram. (b) Experimental prototype.

and R; = 80%2, which indicates the CC, transition, and CV
modes, respectively. Since there are seven signals in total, two
four-channel oscilloscopes were used to capture the waveforms
simultaneously to better demonstrate CC and CV modes. vp, ;,
and v, 1pr are the ac input voltage, input current, and output
voltage of the IPT immittance network, respectively. v. cr.a
and 7. cr,a are the ac input voltage and input current of the
clamping immittance network, respectively. The dc output cur-
rent and output voltage are labeled as Ipat and Vpar, respec-
tively. In the CC mode, i cra is zero, as shown in Fig. 10(a),
diodes D1—D, of the assistive rectifier are reverse biased, and
the clamping immittance circuit does not operate, at which
point the IPT immittance network operates as a conventional
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Fig. 10. Captured operating waveforms of experimental prototype with SP-PS compensation as the IPT network and Ladder circuit 1 as the clamping network.

(a) CC mode, Ry, = 10 2. (b) Transition process, Ry, = 25€2. (¢) CV mode, Ry, = 80.
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Fig. 11.  Measured DC output current IgaT, DC output voltage VpaT, and
power efficiency 1 versus load resistance Ry, of the experimental prototype with
SP-PS compensation as the IPT network and Ladder circuit 1 as the clamping
network.

SP-PS compensated IPT converter to achieve the CC output.
During CC-to-CV transition, as shown in Fig. 10(b), the assistive
rectifier is activated early because of the partial conduction
of Dy—Dy,. Since 4.1, is still small, the rectifier works in
discontinuous conduction mode. In the late CV mode, as shown
in Fig. 10(c), ¢; is clamped to achieve the CV output because the
clamping immittance network is fully conducted. Furthermore,
the output voltage is almost independent of the load. Throughout
the charging process, v; ;pT and ¢; remain in phase, verifying
that the unity power factor has been achieved and ensuring that
the low reactive power in the circuit will be minimized.

The measured Igar (marked with“()”) and Var (marked
with “L]”) versus Ry are plotted in Fig. 11. An approximate
CC output at 2 A can be achieved when R; < 19 (), while
an approximate CV threshold at 50 V is maintained if R; >
28 Q. Nevertheless, the required inherent CC-to-CV transition
can be achieved in a short load range. The measured efficiency n
(marked with “/\”) versus Ry, is also plotted in Fig. 11. A max-
imum efficiency of 88.1% is achieved at 19 Q2. At the CC stage,
the clamping immittance circuit is not activated (z.,cra = 0),
and thus, no power loss is incurred by the clamping immittance
circuit. In the CC-to-CV transition process and early CV stage,
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Fig. 12.  Transient waveforms for Ry, step changing from 10 to 35 €2 and from
35 to 60 €2 of the experimental prototype with SP-PS compensation as the IPT
network and Ladder circuit 1 as the clamping network.

due to i.,cr.a ~ 0, the efficiency is not affected too much by the
power losses incurred by the clamping immittance circuit. At the
late CV stage (light-load conditions), power losses incurred by
the clamping immittance circuit become significant as 7. cr,a
increases with the decrease of output power. It is acceptable
that a penalty in efficiency caused by the use of the clamping
immittance circuit only occurs in light-load conditions.

Transient waveforms for step change in load are shown in
Fig. 12. The primary current ¢;, output voltage VpaT, and output
current IpaT are presented. The load resistance is step changed
from 10 to 35 € and from 35 to 60 2. When Ry, = 1012,
the magnitude of v; ;p is smaller than its maximum value
4.7 A, and the IPT converter works as a CC charger. When
Ry, is step changed from 35 to 60 €2, the magnitude of v; 1p is
firmly constrained to its most maximum value 4.7 A, and Vpar
is firmly constrained to a threshold value 50 V, as shown in
Fig. 12.

V. CONCLUSION

Traditional IPT systems used for battery charging often face
challenges in achieving a seamless transition from CC to CV
charging. These challenges include the need for additional con-
trol design, redundant topology structure, and complex param-
eter configuration. To overcome these challenges, we propose
a systematic approach to design IPT charging systems that
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simplify the control schemes, modularize the system structure,
and improve the design freedom for parameter configuration
based on the theory of immittance networks. By adding a
clamping immittance network to the primary side of an IPT
converter with characteristics of immittance networks, a family
of the charging systems can be derived. The automatic CC-to-CV
transition of an IPT charging system can be realized by clamping
the primary side current of the IPT immittance network through
a clamping immittance circuit. This passive solution allows the
removal of state-of-charge detection and wireless communica-
tion, simplifying the corresponding control scheme significantly.
The connection style of the dual immittance networks offers the
possibility of power decoupling between the networks, thereby
enables a modular structure and straightforward parameter con-
figuration process. IPT resonant tanks and isolated resonant
circuits, exhibiting characteristics of immittance networks, are
analyzed and identified, facilitating the derivation and selection
of dual-immittance-network IPT charging systems for various
application scenarios. The proposed passive control solution
offers high reliability, simplicity in secondary circuit design,
and elimination of complex control algorithms. However, it
should be noted that efficiency can still be further improved.
Specifically, reducing power losses caused by mismatching
load impedance and components in the clamping immittance
network would enhance the performance of the proposed IPT
system.
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