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Abstract: The usage of the Wireless Power Transfer (WPT) technique for charging lithium-ion
(Li-ion) batteries of electric vehicles (EVs) is increasing rapidly. The Li-ion battery requires constant
current (CC) followed by constant-voltage (CV) supply for efficient battery charging and to enhance
its lifespan. However, it is hard to obtain CC and CV outputs due to the variation of battery
resistance during charging. Moreover, a zero-phase angle (ZPA) of the input source is essential to
improve the power transfer capability. Therefore, this paper proposes a new hybrid compensation
topology to achieve load-independent CC and CV behavior of the WPT system along with ZPA.
Two symmetrical coils have been used in the proposed WPT system as transmitter (Tx) and receiver
(Rx) coils. A comprehensive mathematical analysis for achieving CC and CV characteristics as well as
for power losses is carried out. A new hybrid compensation is designed by combining Series—Series
(SS) and Inductor—Capacitor—Capacitor/Series (LCC-S) compensation topologies along with two
additional switches. The proposed compensation works on single resonance frequency, and it is
simple, reliable, and easy to implement with only one compensation capacitor from the Rx side.
Simulations are performed, and a prototype is fabricated to verify the mathematical analysis and
simulation results. The overall result shows that the mathematical analysis and simulations comply
with the experimental results. Full load efficiencies of 90.33% and 88.91% are achieved in the CC and
CV modes, respectively.

Keywords: wireless power transfer (WPT); symmetrical coils; load independent; constant voltage (CV);
constant current (CC); SS topology; LCC-S topology; Zero-Phase Angle (ZPA)

1. Introduction

Wireless Power Transfer (WPT) technology using inductive and magnetic resonant coupling has
been broadly investigated because of its variety of applications, such as charging the batteries of
implantable medical devices, consumer electronic devices, unmanned aerial vehicles (UAVs), electric
bicycles (EBs), and electric vehicles (EVs) [1,2]. WPT offers certain benefits in terms of its reliability,
environment friendliness, aesthetics, enduring lifespan, and lack of electrical shocks [3,4]. Lithium-ion
(Li-ion) batteries are often incorporated for the abovementioned applications. A constant-current (CC)
supply followed by constant voltage (CV) irrespective of load fluctuations for charging the battery is
often preferred [5]. It is difficult to achieve CC and CV outputs together in one system with zero-phase
angle (ZPA) switching operation using single-compensation topology. The typical charging behavior
of a Li-ion battery shows that the battery voltage increases drastically during CC charging mode and
then arrives at certain constant levels as illustrated in Figure 1 [6].
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Figure 1. Typical charging profile of a lithium-ion battery.

Different methods have been employed to attain load-independent CC and CV outputs, such as
frequency tuning, phase shift adjustment, buck or boost converters, and design of a hybrid compensation
topology. Load-Independent operation of the WPT system using frequency tuning was proposed
in [5]. This method obtained load-independent CC and CV using single-compensation topology at
two different frequencies, but a controller was required to automatically supply the desired frequency
signal to adjust the frequency. Besides, a proportional integral (PI) controller-based phase shifting
method was proposed in [7]. This method is good for achieving load-independent operation; however,
it needs an adjustment of the phase by applying pulse width modulation (PWM) to the corresponding
four metal oxide semiconductor field effect transistors (MOSFETs) of the power inverter to maintain
the required output voltage and current, which increases the losses of the power inverter circuit during
the adjustment. However, in that method, zero-phase angle was also not discussed. In addition,
the combination of two compensations, including series—series (SS) and parallel-series (PS) along with
series-parallel (SP) and parallel-parallel (PP) were suggested in [6] for charging applications; however,
in both proposed combinations, two input sources for each combination were required, i.e., constant
voltage and constant current. However, it is difficult to provide two input sources for one WPT system.
Moreover, when secondary parallel compensation is employed, an additional inductor is required to
take the output, which can increase the losses of the WPT system. Multiple compensation topologies
were investigated in [8] for CC and CV characteristics, and they noticed that the single topology
provides CC or CV behavior but that the CC and CV behavior in one hybrid system was not discussed.

A method of using a dc-dc converter was proposed in [9] to regulate the output voltage and
current. Different frequency and control techniques for voltage and current control were depicted
in [5,10,11]; however, these methods did not guaranty frequency stability at single resonance frequency.
The analysis of receiver (Rx) side parallel and series compensation topology for load-independent
voltage transmission was discussed in [12,13], but the CC output transmission was not considered.
A two-sided inductor—capacitor—capacitor (LCC)-compensated topology and its tuning mechanism
were illustrated in [14] and offered certain advantages over the SS counterpart in terms of performance;
however, the load-independent CV and CC features were not analyzed. Furthermore, it was found
in [15] that an LCC compensated network can be efficient for light and heavy loads, especially, in case
of heavy loads, the voltage stress on primary compensation capacitors is less in the LCC topology than
the SS topology. A tuning method for double-sided inductor-capacitor-inductor (LCL) compensation
was proposed in [16], which gives slightly higher efficiency than the traditional tuning method of
the LCL network; however, the constant current and voltage features were not presented. Different
circuit topologies for EVs were discussed in [17-19]. The research reported in [17] presented LC-LC2
topology, but only load-independent voltage gain was achieved. The authors have utilized SS topology
and have calculated the voltage transfer function with varying loads in [20]. They found that the
voltage transmission rate can be maximized by minimizing the parasitic resistance of primary and
secondary coils. The switchable hybrid topologies for battery charging of electric vehicles (EVs) and
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electric bicycles (EBs) were presented in [21-24], but the switches were employed in the receiver (Rx)
side rather than the transmitter side (Tx). The switching from the Rx side is not preferred because a
single transmitter can be used for charging many receivers; therefore, it is strenuous to implement a
switchable compensation network for every receiver.

This article emphasizes the design of a new hybrid compensation network to satisfy the needs of
the battery charging mechanism. Symmetrical coils have been utilized as Tx and Rx coils to implement
the hybrid topology of a WPT system. A comprehensive theoretical analysis is carried out to design
the parameters for obtaining the CC and CV modes of operations. The proposed hybrid topology
utilizes two different compensations including SS and LCC-S along with two additional switches.
The systematic design equations are derived for both the topologies to ensure the load-independent
CC or CV output. To diminish the voltage—current rating and to increase the efficiency of the inverter,
the equations of input impedance are derived to attain the zero-phase angle (ZPA). The switches
are employed from the primary side rather than the secondary side to minimize the Rx circuit size;
therefore, the control mechanism and its parameters can be significantly simplified. The proposed
topology operates at single resonant frequency, which is independent of the coupling factor and load
settings, this adds an extra benefit to the proposed design. The design equations of the proposed
topology can be used for any type of power requirement.

This article is arranged as follows: Section 2 comprises the modeling of the CC and CV mode
operation of a WPT system. Section 3 consists of the implementation of proposed topology and coil
structure design. Power loss analysis is presented in Section 4. Section 5 presents the simulation and
analysis of proposed topology. Experimental results are provided in Section 6. The voltage, current,
and power gain analysis is discussed in Section 7. Finally, the conclusion is presented in Section 8.

2. Mathematical Modeling of Proposed Topology

A hybrid topology is proposed in this research, which includes SS and LCC-S compensation
to obtain CC and CV characteristics. Mathematical modeling is accomplished for both topologies,
separately. Thereafter, the parameters of hybrid topology are obtained by combining both compensations
along with two additional switches.

2.1. System Modeling of SS Topology

A complete circuit design of the WPT system using SS compensation is depicted in Figure 2a and
its equivalent circuit is illustrated in Figure 2b. The following equations can be extracted with the help
of Kirchhoff’s Voltage Law (KVL).

US = les —j(UMlZIL (1)

0 = —jwMy,ls + Zolp )

where Z; = w%] +R; +jwL; and Z; = jwL, + Ry + ]w;cz + Rp.. where Ug is the voltage of the source,
which is applied on the Tx side at resonance frequency w. Besides, Z; and Z; are the impedances of the
Tx and Rx sides, respectively. The mutual inductance My, between the primary and secondary sides

can be formulated with reference to coupling coefficient k and coil self-inductances and is as follows:

Mp; = kL1 Ly 3)

It is worth mentioning that the greater value of the coupling coefficient reflects the short airgap
between the Tx and Rx coil and vice versa. When both the source and load sides work on the resonance
frequency, the currents flowing through the source side and the load side are determined by solving
Equations (1) and (2), which yields the following;:

Us Ry

g = —>L_ 4
° (wMpp)? @



Symmetry 2020, 12, 1453 4 of 21

~jUg
I, = oM ®)

In Equations (4) and (5), the source voltage Ug is the output of inverter, whereas R; and R; are
negligible compared to load resistance R; ; therefore, Z; = 0 and Z; = Ry. An H-bridge inverter is
utilized for acquiring a high-frequency (HF) input source for the WPT system. From Equation (4), it is
perceived that, when a constant voltage source is applied from the primary side, a load-dependent
current flows through the primary coil, so the voltage induced in the secondary coil is also dependent
on the value of load resistance. Hence, the load-independent CV features cannot be achieved using SS
topology. Moreover, the constant current is distributed across the secondary side using Equation (5),
while it does not depend on the load resistance. Hence, the SS topology gives the load-independent CC
output behavior. The voltage gain and current gain can be described by the following set of equations.

_ U LR R

G = = = 6
uu Us US (,UM12 ( )
Gy = L _1Us/oMi2 ] @)
R Us wMyp
Uy, IRy .
= — = = M
Gy I I Jwivl, (8)
G — I_L _ Is jlez/ Ry . jlez (9)
=1 I TR,

Both Equations (7) and (8) are independent of load. Besides, Equation (7) determines that the
constant input voltage gives the load-independent output current at resonance frequency w while
Equation (8) shows that the constant input current provides the load-independent output voltage at
resonance frequency w. The fixed coupling factor, i.e., at fixed mutual inductance amidst Tx and Rx,
is also mandatory to realize load-independent CC and CV features. However, a constant input voltage
source is always preferred due to its easy control; hence, Equation (7) is used to obtain the constant
output current, irrespective of load.

Y, ¥
— G 2 ILD D Ds
™
. U
Crr =
j B:‘: /q Us
- Battery
. ZSD L D, Pack
Unc 5 N
Primary or Secondary or
/XHF Inverter Transmutter Side Receiver Side Ry -
(a)
|
Us
Transmitter Coil Receiver Coil

(b)

Figure 2. (a) Complete schematic of a Wireless Power Transfer (WPT) system using Series—Series (SS)
topology and (b) an equivalent circuit.
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Furthermore, the SS topology or any other topology can provide the zero imaginary reflected
impedance if both the primary and secondary coils are in resonance. Here, also the primary and
secondary sides are adjusted to work on the resonance frequency. Thus, zero imaginary reflected
impedance is achieved, which is helpful to achieve ZPA of the inverter output. Therefore, to attain
ZPA from the source side, the equation of input impedance can be yielded as follows:

US (LUMlz)z
Zo = —= =2/ 1
b (10)

Zin only comprises of the resistive load as in Equation (10) and the real component, which proves
that using SS topology ZPA can be realized.

1 1
VOC VG,

From the resonance frequency formula provided in Equation (11), the appropriate capacitance

Wss = (11)

value at required operating frequency can be calculated. The resonance frequency is independent
of the coupling factor, which indicates that the resonance frequency for the Tx and Rx sides can be
easily determined by calculating its own side of parameters. It is noted that the coupling coefficient (k)
affects the output side parameters; therefore, the desired CC behavior can be disturbed because of the
deviation in k value. Therefore, to achieve constant output current, a fixed value of coupling coefficient
is required. Furthermore, the output power and the efficiency n can be depicted by Equation (12) at
given load Ry ; however, this efficiency equation is valid only when the parasitic resistances of coils as
well as of other components are neglected, which indicates that the efficiency will be always 100%
if the losses of parasitic resistances of the components are omitted. Moreover, a detailed power loss
analysis is given in Section 4 to calculate efficiency by considering all the parasitic resistances in a
practical system.

_ POUtSS UL2 / RL

UES Pinss Us Is (12)

By substituting Is from (5) into (12), the efficiency equation can be determined.

_ E j(UM12
T]SS - US RL

(13)

The efficiency is directly associated with output voltage and mutual inductance, while it is
inversely related to the source voltage and load resistance.

2.2. System Modeling of LCC-S Topology

An equivalent circuit of the LCC-S compensation model is illustrated in Figure 3b, while the full
circuit along with the inverter and rectifier is provided in Figure 3a.

The following expressions can be derived by applying KVL. The parasitic resistances of the coils
are neglected (R; = R, = 0) for simplifying the analysis.

. 1
Us =1g ]wLO + (IS - I1>]_wCO (14)
0= (I —I) L +1 ( ! +'wL)—'wMI (15)
1—1s jwC, 1 jwCqy Jwby =] 2

. 1 :
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To resonate the Tx and Rx coils at similar frequency, the following equations can be defined.

1
jwL; + —— =jwL (17)
) 1 ]wCSZ ] 0
. 1
](ULO + m =0 (18)
WL, + —— =0 (19)
) 2 wcz -
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Figure 3. (a) Complete schematic of a WPT system using Inductor—Capacitor—Capacitor/Series (LCC-S)

topology and (b) an equivalent circuit.

It can be seen from the above equations that the system achieves stable resonance without
depending on the other side of parameters because the compensation conditions for resonance are only
related to its own side of parameters, i.e., the transmitter or receiver. In other words, all the conditions
of resonance frequency equations are not related to mutual inductance, i.e., they are independent of
coupling coefficient. Therefore, when the two coils are not aligned together or displaced, the WPT
system can still sustain steady resonance.

Three different currents flowing from the source, the Tx coil, and the Rx coil are given as follows
by solving the above Equations (14)-(19) and by substituting Co = 1/w?Ly.

2
IS = Ui_M (20)
L5 Ry

11:.&

oL, (21)
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Us M
L =— 22
L Ri Lo (22)

From Equations (20)-(22), it can be comprehended that the currents through the Tx and Rx coils,
i.e., I; and Iy, increases proportionally as the source voltage increases. In other words, the constant
voltage input gives the constant current through the Tx coil; consequently, a constant voltage will be
induced in the receiving coil. This behavior shows that the Tx coil has CC characteristics and that
the Rx coil has the CV characteristics. The voltage gain and current gain can be determined by the
following set of equations.

Guu = %1; = —iA—O (23)
Gur = IFLS - —Rlio (24)
Gy = 7 = £ 25)

Gi= 1 = o 26)

It is noticed from Equations (23) and (26) that both equations do not depend on load
resistance, which specifies that, when constant voltage is applied according to Equation (23),
the load-independent output voltage is achievable. In Equation (26), when constant input current is
supplied, a load-independent output current can be acquired. In this research work, a constant input
voltage source is utilized as mentioned earlier. Hence, Equation (23) can be simplified as follows.

M
UL = —UsL—0 (27)

After using (24), a new equation is derived as follows:

Us = —LMO LRy (28)
If Ly is equal to M, then Ug = I Ry. That specifies that the voltage induced across the Rx coil
equals the source voltage, showing the equivalency in a way that the source coil is directly connected
to the load coil. Thus, high efficiency using LCC-S topology is achievable. However, this is usually
not the case because, by equaling Ly to M, the load-independent operation is not possible. Moreover,
this equivalency of Ly and M is valid for an ideal case. In practical applications, there are always some
losses due to coupling conditions, parasitic resistances of coils, and other components.
Using Equation (26), “Is” is determined as follows:

MU

e = —
T Lo Ry

(29)

From Equation (29), Ig is directly proportional to the mutual inductance and inversely proportional
to the compensation inductance. Furthermore, to achieve ZPA from the source side, we can derive the
equations of input impedance as in (30). Z;, only comprises the resistive load and real component,
which proves that ZPA is attained using LCC-S topology.

2
Ug Ry Lj
Zin = I_s = o (30)
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When the primary and secondary sides resonate at identical frequencies according to
Equations (17)—(19), then power inputs Pjn; cc and Py cc can be calculated by the following equation.

PouiLcc-s _ UpL2/Rp
NLcc-s = = (31)
LS ™ Pirces Us s

After substituting Is from Equation (29) to (31), the efficiency equation can be determined
as follows: U L
NLce-s = U_; MO (32)
The efficiency equation is valid only when the parasitic resistances of coils and of other components
are neglected, which means that the efficiency will become 100% if the losses of parasitic resistances
are not considered. Moreover, see Section 4 for the detailed power losses analysis to calculate the
efficiency by considering all the losses of parasitic resistances. From Equation (32), the efficiency is
directly proportional to the compensation inductance and load voltage while inversely proportional
to the mutual inductance and source voltage. It is noted that all the parameters of SS and LCC-S are
derived; now by combining both topologies, a new hybrid topology can be designed. The parameters
of hybrid topology are derived in the next section. The implementation procedure to achieve CC and
CV characteristics is also provided.

3. Implementation of Hybrid Topology

An equivalent circuit model of the proposed hybrid compensation is illustrated in Figure 4a
and its switching schemes are shown in Figure 4b. As discussed earlier, the SS topology can achieve
constant current (CC) characteristics while LCC-S can achieve constant voltage (CV) characteristics. In
addition, both the topologies provide ZPA. Therefore, a hybrid topology is adopted by combining the
SS and LCC-S along with two switches from the primary side to realize the CC and CV characteristics.
MOSFET IRF3710 was used for designing the switches due to its low conduction loss Rpg of just
23 mQ). Each switch is made of two anti-series-linked MOSFETS as depicted in Figure 4c. Because of
huge conduction losses of mechanical switching, the MOSFET switches are preferred. In addition,
the motion of switches will be only once for each mode of operation; hence, the losses due to MOSFET
switching can be omitted.

3.1. Parameter Derivation of Proposed Hybrid Topology in CV Mode

When S; is on and S is off, the system operates in an LCC-S compensated network; we can find
the values of Cy and Ly from Equation (27) as follows:

UL 1
Co = = 33
0 Us WM w?Lg (33)
UsM
Ly = —=— 34
0=, (34)
From Equation (19), we can get C;:
1
C = 35
2= L, (35)
Cs; can be achieved from Equation (17):
Cg = __t (36)
27 WLy - Lo)

Now when the system operates in resonance frequency, we need a total of four parameter values:
inductor, capacitor, capacitor from the primary side, and capacitor from the secondary side, which are
Loy, Co, Cs from primary, and C; from secondary.
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Figure 4. (a) An equivalent circuit of the proposed hybrid compensation, (b) the control logic of
switching, and (c) a switch made of two anti-series-connected MOSFETs.

3.2. Parameter Derivation of Proposed Hybrid Topology in CC Mode

Figure 4 depicts the equivalent circuit of the hybrid LCC-S compensation model. When S; is on
and S; is off, the system will operate as an SS compensated network, which can give CC characteristics.
Now, the values or Cs;, Csp, and L from the primary side need to be found. All three values should be
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equivalent to C;. In addition, C, from the secondary side is also required; however, it will remain as
given in (35).

Us
I, = — (37)
jwMy,
The following equation can be derived from Figure 4a.

jwLy

jawC 1 1
: S1 - o = - C (38)
joLy + o, 12 19

By substituting Equation (11) into (17) and by using Equation (36), the value of C; can be derived
as follows:

=S 1 (39)
1+ (.UZLO C52 szl
By replacing the parameters from Equations (39) and (33)—(36) into (38), we get
2
Cq1 = 40
T (40)

By substituting Equation (37) into (34), L is obtained as given in Equation (41); after calculating
Ly, Cs1 can be calculated from Equation (40) and Cg; can calculated from Equation (36). In addition,
Cp and C; can be obtained using Equations (33) and (35).

wM?,

L:
0 UL

(41)

In order to design the parameters of the CC and CV mode operations, it is necessary to describe
the mutual inductance amidst the coils. Therefore, to find the mutual inductance, the prototype of two
coils is realized and is provided in the next section.

3.3. Design of Two Symmetrical Coils

Before extracting the parameters of the proposed hybrid topology, it is essential to find the
self-inductance of the Tx and Rx coils and the mutual inductance amidst the coils. The coils are
simulated and constructed to find the mutual inductance. The circular coil is a very prevalent design
in resonant WPT systems due to its consolidated dimensions and largely constricted electromagnetic
(EM) field behavior [25,26]. Hence, the circular coil is selected in this work and its simulation model
and a prototype is built as shown in Figure 5. Ferrite bars are also employed to intensify the magnetic
field between the coils. Ten ferrite bars are used for Tx and Rx (each), having widths of 0.75 cm, heights
of 0.25 cm, and lengths of 11.5 cm. The same number of turns and ferrite bars are used to design the
coils in order to make them symmetrical in nature. The parameters of the simulated coil structure,
including the self-inductances (L and L,) and mutual inductance (M) between the coils at a 13.5 cm
airgap are calculated using the finite element method. Besides, the magnetic field is also calculated
between the coils as shown in Figure 5a. Enough red, yellow, and green color combinations of the field
between the coils indicates that the intensity of the field is in a good range to achieve the high efficiency
of power transfer. Moreover, the self-inductance as well as mutual inductance of the prototype are
measured according to the method provided in [27] using an RLC meter. It is noted that the prototype
uses litz wire with fabric insulation. In addition, Teflon (e, = 2.2) is used as coating for both coils.
The diameter of the prototype coil’s wire is approximately 0.29 cm (including insulation) with total
29 turns. After achieving the value of M, the remaining parameters to implement the hybrid topology
are determined in Section 3.
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Figure 5. (a) The simulated coil structure and (b) a prototype of the circular coils along with

its dimensions.

3.4. Parameter Derivations of Proposed Hybrid Topology

Figure 6 shows the flow diagram for derivation of parameters of hybrid topology to achieve CC
and CV output features. Table 1 provides the parameters, which are calculated according to the flow
chart. There is small variation in measured values as compared to calculated values. The variation
occurs due to the realization of the prototype because of +5% tolerance in hardware components.
Therefore, to make a fair comparison between simulation and experimental results, only measured
parameters are utilized for both the circuit simulations and the experiments. As the H-bridge power
converter is utilized as a high frequency (HF) source during experiments, it is necessary to find the dc
voltage required for the inverter. The H-bridge inverter provides a square waveform as the output.
The square waveform contains always a lot of harmonics. Using Fourier series expansion, the output
of H-bridge or full bridge inverter can be calculated using the following formula [28].

_ 4 Uge pe sinnwt ,
Us=— Zn:1,3,4... — (n=134,.) (42)

The simplified form of Fourier transform gives the dc input voltage required for the inverter,
which is yielded as follows:

Uspeak to peak 4 Udc

V2 \2nm

The DC voltage required for the inverter can be calculated by (43) using the given peak-to-peak
voltage, as provided in Table 2.

US_rms = =09 Udc (43)
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Figure 6. Flow diagram to implement the proposed hybrid topology.

Table 1. Simulation and prototype results of coils.

Distance Self-Inductance of Self-Inductance of Mutual Inductance
between Coils Tx Coil (Lq) Rx Coil (L) between Coils (M)
Simulation 13.5cm 203.15 uH 204.30 uH 27.355 uH
Results
Measured Results 13.5 cm 202.70 uH 207.70 uH 27.275 uH

Table 2 shows the designed and measured parameters. To implement the hybrid topology, initially,
the operating frequency along with the desired voltage and current are selected. After that, the coils’
self-inductances and mutual inductance are measured according to the flow diagram, as shown in
Figure 6. Thereafter, further compensation parameters such as capacitors, inductors, and the source
voltage are calculated according to the derived equations of CC and CV models. Then, capacitor and
inductors are soldered together in parallel and series, respectively, to obtain the values according to
the design requirements. It is noted that, to provide a fair comparison between the simulations and
experiments, all the prototype measured values were used in simulations.

Table 2. Designed parameters based on the given values in Table 1.

Parameter Name Designed Parameters Measured Parameters

Ry, 6,12,18,24 O 6,12,18,24 O)
M 27.275 uH 27.275 uH
L, Ly 202.7 uH, 207.7 uH 202.7 uH, 207.7 uH
Ry, Ry 030 030
F 160 kHz 160 kHz
Desired Maximum UL (peak to peak) 48V 48V
Desired Maximum I, (peak to peak) 2A 2A
Lo 31.16 uH 31.10 uH
Cg1 63.50 nF 63.35 nF
Cs 5.80 nF 5.95 nF
Co 31.75nF 31.62 nF
Cy 4.764 nF 4.86 nF
Us (peak to peak) 54.84 V Upc =43V

4. Power Loss Analysis of CC and CV Mode

This section includes the derived equations of power losses. If the proposed topology is designed
for high-voltage applications like the battery charging of electric vehicles, then to measure the losses
of parasitic resistances of the coils, capacitances and inductances can be calculated in both modes of
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operation as described below. In the previous section, the equations of efficiency have been derived
by considering negligible parasitic capacitances and resistances. However, in practical applications,
this is not the case because all elements of the WPT system, including capacitor, inductors, and coils,
etc., have losses. Therefore, the following derivations of the equations are useful for loss analysis in
practical applications.

4.1. Power Loss Analysis of CC Mode Operation

The circuits of the CC and CV modes are illustrated in Figure 7 and are divided in blocks to find
out the efficiency and losses. For CC mode, the corresponding parasitic resistances of all elements
and coils are given in Figure 7a. Rj and R; are the corresponding parasitic resistances of L1, and L,,
respectively. Moreover, Ry, Rcsy, and Resp are the corresponding parasitic resistances of Ly, Cgy,
and Cgp, respectively. In addition, R¢g, and Rc; are the parasitic resistances of Cy and C,, respectively.
In previous efficiency equations, as provided in Equations (13) and (32), the parasitic resistances of
coils and all elements were ignored. However, here, detailed power loss equations are provided to
find the losses in the developed system. Both modes of operations including CC and CV are divided
into blocks to simplify the derivations. As illustrated in Figure 7a,b, each block’s efficiency is derived
separately and then combined with other blocks’ efficiencies.

Rp

_ _ 44
Nc1 Res TRy TRy (44)

Re(Zref cc)
Ne2 = —— (45)

Re R - R oty Rest Re(Z
g2 + R1 + Re| — TR + e( reffCC)

jwCsy st

(wM)?
Zref_CC = X 1 (46)

Ry + Rcsz + Ry —‘r](,ULZ + ]w_Cz

Ncc = Mc1' N2 47)

Iy | Rest Goi|Reg, Cn2 , I
RLD LD '
N ‘
R, B2l |
A i
US® !
L !
i
| 1 Block V1
""""""""""""" : t o LBlockva T L
Block C2 Block C1 e - A
(a) (b)
Figure 7. Equivalent circuits of loss calculation in (a) constant-current (CC) mode and (b) constant-voltage
(CV) mode.

It is noted that Zf cc is the reflected impedance of a CC mode while Z.f cy defines the reflected
impedance of CV mode. The equations of both reflected impedances are also provided, separately,
as given in Equations (46) and (54). Moreover, the efficiency of each block is given the name of that
block, such as n¢; describing the efficiency of block C1 and so on.
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4.2. Power Loss Analysis of CV Mode Operation

Figure 7b should be referred to find the losses in CV operational mode.

Ry
_ 48
nvi Rey TRyt Ry (48)
Re(Zret cv)
Nv2 = — (49)
Resy + Ry 4+ Re(Zret cv)
us = (Re(Zies cv) + Reo) Zbiockval’ (50)
v3 =
Re(Zplockva) 1 Zblockval* + (Re(Zret cv) + Reo) + Re(Zeet cv) + [Zblockval?
Re(Zplockva
Mvs = Zotockvs) (51)
Ry + Re(Zpioekvs)
Zplockv2 (Rco + ]w%o)
Zplockva = . (52)
Zplockv2 + (Rco + Jw_Co)
. 1
Zplockv2 = Zref cv + Ry +jwl; + - ot Resp (53)
JWlg
(wM)?
Zref_CV = N 1 (54)
Ry +Resp + Ry +jwL, + G,
Nev = NMvi v Nvs: Mva (55)

The above equations provided for the CC output and CV output modes can be effectively used
for power losses and efficiency calculation of the proposed hybrid topology. The parasitic resistance
values and component ratings are required to calculate the losses. In low-power applications, the
values of parasitic resistance can be ignored, but in case of high-power applications, losses are crucial
and therefore needs to be calculated.

5. Simulation Results and Analysis

This section comprises the operations in CC mode and in CV mode using a simulated circuit.
To apply the proposed hybrid topology model, the measured data of the self-inductances and mutual
inductance (M) amidst two symmetrical coils were used. All parameters along with their values are
calculated according to the derived equations and then given in Table 3.

Table 3. Peak values of voltage and currents.

CC,6Q CC, 120 CC, 180 CC,24 0 CV, 240
Peak to Peak Output Current of Inverter (A) 0.652 A 1.019 1.402 1.780 1.726
Peak to Peak Output Voltage (V) 12.03V 23.79 35.14 46 45.44
Peak to Peak Output Current (A) 2.005 A 1.983 1.952 1.917 1.852
Efficiency (%) 67.46% 84.42% 89.21% 90.33% 88.91%

The simulations are carried out starting from CC mode, meaning when the switch S; is in the on
position and S; is in the off position. The initial battery resistance is low; it increases during charging
as discussed in the Introduction section. Therefore, to test the proposed topology in CC behavior,
an initial resistance of 6 () is applied. The zero-phase angle (ZPA) is also achieved as illustrated in
Figure 8. Then, resistance is enhanced to 12 (), 18 }, and 24 (). The acquired current during all four
values of resistances is approximately 2 A, which is the desired current. The maximum desired voltage
limit is set as 48 V. When the maximum resistance value is simulated in CC mode, then maximum
voltage is achieved as depicted in Figure 9b. Afterward, the CC mode needs to be changed to CV
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mode by switching on S, and by turning off S;. Then, the system works in CV mode based on
LCC-S topology. Vi, indicates the input voltage waveforms, while V; represents the output voltage
waveforms. Furthermore, I probe1 shows the input current waveforms and I proper illustrates the output
current waveforms.

m1 m2 m1 m2
time=4.002msec | [time=4.006msec time=4.002msec | time=4.006msec
Vin=54.838 Vout=12.347 Vin=54.838 \Vout=24.555
m3 m4 m3 m4
time=4.001msec | time=4.013msec time=4.002msec | time=4.013msec
|_Probe1.i=0.594 | ||_Probe2.i=2.052 |_Probe1.i=0.967 | ||_Probe2.i=2.041
60——Mt 4 0t 4
40 m4 r
—2
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5 0 —0 g 5S¢ 14
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-40 |
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8RR 8 88 &8 38 ® 2 » S 8RR & 8 8 2”8 3 5 » S
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m1 m2 m1 m2
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m3 m4 m3 m4 7PA
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|I_Probe1.i=1.408| |_Probe2.i=2.025 |_Probe1.i=1.832| [|_Probe2.i=2.008 f
60——mt 4 s0——mt 4
5 5
2> g 2> 3
> }» >
0+—T T T T T 1114 -60“‘\‘\““‘\‘\“‘\‘\!»—4
Lol I o o o o Lol ol o o o -
8 S 8 8 8 30 ®» » » S 8 8 8 8 8 33 » » » o
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(0 d)

Figure 8. Input, output voltage, and current waveforms using Ry: (a) 6 (3, (b) 12 (), (c) 18 ), and (d) 24 Q).

Figure 9 illustrates the CV characteristics based on LCC-S topology, and 48 V constant voltage is
achievable in CV mode. A minor change occurs in the value due to the transient nature of a simulation
analysis. It is observed that the proposed hybrid topology is capable of working in CC and CV modes
according to the desired output current and voltage. The zero-phase angle (ZPA) is also obtained in
both operational modes based on Equations (10) and (30). Vin, I probe1 indicates the input voltage and
current, whereas Vs, I,probez represents the output waveforms of current and Voltage. Moreover,
the efficiency of the simulation can be calculated by the power output divided by the power input.
The power input and output can be calculated by multiplying the corresponding peaks of the voltage
and current values according to the waveforms. At 24 (), the efficiency of CC mode and CV mode are
96.5% and 97.9%, respectively.
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m1 m2
time=4.002msec | {time=4.008msec
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>
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Figure 9. Input, output voltage, and current waveforms using Ry, =24 Q).

Change of Mode from CC to CV Based on Estimation of Uy

In the proposed topology, the change of mode can be obtained by estimating the maximum voltage
value of the Rx side by using the value of maximum input current from the primary side. The maximum
input current can be calculated by multiplying the voltage gain with the desired maximum current
by the following expression: Up/Us X desired output current = required input current, where the
voltage and currents are peak-to-peak values. The required input current is the maximum current
needed for the transition of the operational mode from CC to CV. A current sensor is introduced in
practical applications from the primary side to detect the input current. Then, the sensed input current
can be used for estimating the Ur. Hence, the desired switching operation is obtainable without any
communication link between the primary and secondary sides.

6. Experimental Results and Discussion

Figure 10 shows the experimental setup. H-bridge power inverter is utilized as a high-frequency
(HF) source with an output square waveform. A variable load resistor is employed to change the
resistance from 6 () to 24 (). During the switching mode from CC to CV, the small disturbance in the
waveform occurred; after that, the waveform stabilized. The experimental results of the waveform are
presented in Figures 11 and 12.

Capacitors Coils Variable Resistor ~ OScilloscope DCPower Supply

Arduino For Pulse Generation

HF Inverter

Figure 10. Experimental setup.
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Figure 11. Input voltage and current waveforms together with output waveforms in CC mode using
different values of Ry : (a) 6 (), (b) 12 (), (c) 18 O, and (d) 24 Q.

Inverter output voltage (V)
b. 4

PR
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S T L

time, psec (2 psec/div)
Figure 12. Output waveforms in CV mode using Ry, =24 Q).

Figure 11 illustrates the output voltage (Ur ) and current (I ) waveforms using 6 (2 load resistance.
It is seen that Up, and I}, are sinusoidal and that the desired output current of approximately 2 A is
achieved with all load resistances. The output voltage increases with increasing load resistance in CC
mode operation (Figure 11a—d). Figure 11d shows that, when the maximum load resistance of 24 () is
applied, the output voltage becomes approximately 48 V (maximum desired voltage) while the output
current is approximately 2 A.
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Figure 12 depicts the results of a CV mode operation, where output voltage remained constant
as approximately 48 V, which is the desired voltage, and the output current is approximately 2 A.
The result analysis presents that CC and CV characteristics are achievable with various loads, showing
the effectiveness of the proposed hybrid topology. The proposed equations are applicable for any type
of WPT system, i.e., low voltage or high voltage to obtain load-independent CC and CV features.

7. Voltage, Current, and Power Gain of Simulation Results

Figure 13a,b illustrates the voltage and current gains of the proposed topology in CC and CV
modes using different values of load resistance. It is seen that, during the switching of modes from
CC to CV at 24 () resistance, both topologies of SS and LCC-S resonate at identical frequencies of
approximately 160 kHz and that both the curves (purple and green) are very close to each other at
this frequency. Moreover, the frequency is shifted a little bit towards a higher frequency due to the
tolerance of capacitors and the parasitic capacitance of coils. Furthermore, Figure 13b shows that,
when 24 () resistance is applied, then the CC (SS topology) and CV (LCC-S topology) mode curves
are very close to each other at the frequency of approximately 160 kHz and that both give almost the
same current gain. It is also seen that the voltage gain is maximum while the current gain is minimum
during maximum load condition. However, when the load is decreased from 24 () to 6 (), the voltage
gain decreases, and the current gain increases simultaneously.

Voltage Gain vs Frequency —O—CCoohmv s Current Gain vs Frequency
1.2 —8—CC 120hm V ’ &—CC 6ohm|
L laomny 4 —E—CC 120tm |
= %_ CC 240hm V = CC 180hm |
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= ¥ = —3f— CV 240hm V
= a 3
3 i 8
508 =
=l £Z25
L= (o] %
= -
D 06 =
@
o ¥ g
Be 3157
L 04
14
0.2 0.5
150 165 160 165 170 150 155 160 165 170
Frequency (kHz) Frequency (kHz)
(a) (b)
Power Gain vs Frequency 515 Transconductance Gain vs Frequency
1 .1
= =#— CC 6 ohm Trans
o 0.1 =8~ CC 12 ohm Trans
=y 0.9 X :4 ? CC 18 ohm Trans
o ;b : 0.08 —%F— CC 24 ohm Trans
= = 0.
208 o ~{— CV 24 ohm Trans
o @
= 7 S 0.06 4
® __0 IS
@ 07 g
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& o) @
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~FF—CC 24o0hm P =
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Figure 13. (a) Voltage gain vs. frequency, (b) current gain vs. frequency, (c) power gain vs. frequency,

using different resistances, and (d) transconductance gain.
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Figure 13c shows that the maximum power gain is achievable using 24 () resistance in CC and CV
modes, which is above 0.9. In addition, the power gain using 12 (2 and 18 () resistance is almost the
same as that of the 24 () gain at approximately 160 kHz frequency; however, the power gain drops
below 0.9 using 6 () resistance, as illustrated in the blue curve with diamond markers in Figure 13c.
Therefore, it can be deduced that the low load resistance provides less efficiency as compared to the
high load resistance. Moreover, the operating frequency range is increased at high resistance values,
which shows that, when 18 () and 24 () resistances are applied, high power gain can be obtained
between the frequencies of 154 kHz to 168 kHz. Therefore, even some variation in the resonance
frequency does not decrease the efficiency, especially at high load resistances. However, using a
low resistance value, the operating frequency should be equal to the resonance frequency; otherwise,
the efficiency will be affected.

8. Conclusions

Wireless battery charging requires CC and CV input characteristics to improve the battery life
cycle. This paper proposes a new hybrid topology to obtain load-independent CC and CV outputs.
A comprehensive modeling and investigation of the symmetrical-coil-based WPT system are performed
to design the parameters of the proposed compensation topology. Furthermore, the zero-phase angle
(ZPA) is also ensured in both CC and CV operational modes to diminish the voltage-current rating
of the input source and to improve the efficiency of the system. The power loss equations are also
derived. As compared to other similar topologies, the proposed hybrid compensation is novel, reliable,
and easy to implement, with only two additional switches from the primary side. It uses only a single
capacitor from the secondary side, thus minimizing the number of components from the secondary side.
Moreover, it utilizes the primary side switching control method, which can be achieved by sensing
the input current. Therefore, the problem of communication link between the primary and secondary
sides can be avoided. The proposed topology operates at a single resonance frequency, which is
independent of the coupling factor and load settings. Therefore, it does not require adjustment of the
frequency during switching operation; this is an extra benefit of the proposed design. A prototype is
constructed to validate the simulation results and the theoretical analysis. The simulation results show
that the maximum load efficiencies of 96.5% and 97.9% are obtained in CC and CV modes, respectively,
while the maximum load efficiencies of the experimental results are 90.33% and 88.91% in CC and
CV modes, respectively. Overall, it can be concluded that the maximum efficiency of around 90% is
achieved when a maximum power of around 96 W peak to peak was delivered to the load at 13.5 cm
distance. It is worth mentioning that the proposed compensation topology is suitable for fixed-distance
stationary charging applications because, due to distance variations or misalignments, there may be
changes in the output voltages and currents.
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