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ABSTRACT: In order to prolong the service life of lithium batteries, the charging process is usually divided into two stages: first constant
current (CC) charging and then constant voltage (CV) charging. This letter proposes a three-coil structure wireless power transfer (WPT)
system to realize inherent CC and CV characteristics and automatic CC-CV transition function. During charging, the proposed system
can operate in S-S-LCC tank for CC charging and in S-S-S tank for CV charging, respectively. Different from the previous closed-loop
control, hybrid topology switching and dual-frequency switching methods, the proposed method has automatic CC-CV transition function
due to the special circuit structure. Therefore, the communication links, state-of-charge detection circuits, and open-circuit protection
circuits are omitted, which ensures the high reliability and low cost of the system. Finally, a verification experimental prototype with a
rated power of 480 W is built to verify the feasibility of the proposed system.

1. INTRODUCTION

The charging method of constant current (CC) and then con-
stant voltage (CV) can ensure the high efficiency of charg-
ing and prolong the life of the battery. The three closed-loop
control methods of phase shift control [1], frequency conver-
sion control [2], and DC-DC converter control [3] are currently
commonly used technologies to realize CC and CV outputs.
However, all three methods have disadvantages. Phase shift
control is difficult to achieve zero-voltage switching when the
load changes greatly, resulting in increased inverter loss. There
is a possibility of frequency bifurcation in the frequency con-
version control technology, which affects the stability of the
system, and it is difficult to achieve zero phase angle (ZPA)
operation, resulting in reactive power circulation in the system
and increased losses. DC-DC auxiliary control technology has
a large number of components, high cost, and high system com-
plexity.

The hybrid topology switching method realizes the conver-
sion of the system’s CC and CV outputs by controlling the on-
off of the switches [4—6]. However, it introduces additional
AC switches, corresponding drive circuits and passive compo-
nents in the system, which increases the complexity of the cir-
cuit structure.

Dual-frequency switching method is also a commonly used
method to realize CC and CV outputs [7-9]. However, this
method is not only difficult to design the parameters of the com-
pensation components, but also difficult to limit the CC and CV
frequencies within the frequency range specified by the stan-
dard.
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In order to optimize the existing CC and CV wireless power
transfer (WPT) systems, this letter proposes a three-coil WPT
system, which can not only realize CC and CV outputs but also
automatically complete the transition from CC to CV mode.
Compared with the previous closed-loop control, hybrid topol-
ogy switching and dual-frequency switching methods, the pro-
posed method does not require communication links, state-of-
charge detection circuits, and open-circuit protection circuits.
Therefore, high reliability, simple structure, and low cost can be
ensured in the proposed system. It is worth noting that, similar
to the above-mentioned hybrid topology switching and dual-
frequency switching methods, the proposed method is suitable
for scenarios with fixed mutual inductance, such as electric bi-
cycle charging applications.

2. SYSTEM STRUCTURE AND THEORETICAL ANAL-
YSIS

2.1. System Structure

The architecture diagram of the proposed three-coil WPT sys-
tem is shown in Fig. 1, which is also the circuit diagram of the
system working in the CC mode. Up, is the DC input voltage,
and four Metal-Oxide-Semiconductor Field Effect Transistors
(MOSFET:) (Q1, @2, @3, and Q4) form an inverter to provide
AC power to the system. L, Lo, and L3 are coils forming
a three-coil loosely coupled transformer. C, Cs, Cs, and Cy
are the compensation capacitors of the primary, relay, and sec-
ondary circuits, respectively. L, is the secondary side compen-
sation inductance. Mo, M3, and Ms3 are the mutual induc-
tances. R1, R2, and Rj are the parasitic resistances of L, Lo,
and L3, respectively.
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FIGURE 1. The architecture diagram of the proposed three-coil WPT
system.

2.2. CC Mode

In the initial stage of charging, due to the small battery resis-
tance, the battery voltage is less than the voltage across Cy. At
this time, diodes D1, Do, D3, and D4 are conductive, and the
system performs CC charging with a special S-S-LCC struc-
ture. The simplified circuit of the proposed topology under the
CC mode is shown in Fig. 2. Rg4 and Rgp are the equiv-
alent resistance between terminals A, O and terminals B, O,
respectively. Since two half-bridge rectifiers are connected in
parallel, the following equation can be obtained as

{ Uao = Upo 0
1 _ 2
Rpa + Rep = 2Rp

According to Kirchhoff’s voltage law (KVL) and Fig. 2,
Equation (2) can be obtained.
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To simplify the analysis process, it is assumed that the system
satisfies the following resonance conditions.
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Substituting (1), (3) into (2), Equation (4) can be deduced.
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From (4), the root mean square (RMS) value of the equiva-
lent input current I of the rectifier can be derived as
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FIGURE 2. Simplified circuit diagram in CC mode.

According to U; = 2\[ Upand Ip = f Ip, the charging
current I can be obtained as

4 My3Up
Ip=— 2D 6
B 7T2 WL4M12 ()

Through (4) and (6), it can be found that the system can re-
alize load-independent CC output and zero phase angle (ZPA)
operation.

2.3. CV Mode

As charging progresses, the battery voltage continues to in-
crease. When the battery voltage is higher than the voltage
across Cy, the diodes D; and D, are forced to reverse bias,
making the branch where L4 is located open circuit. Conse-
quently, the system automatically converts to the S-S-S struc-
ture to perform CV charging. The system structure and simpli-
fied circuit diagram in CV mode are shown in Figs. 3(a) and (b).
According to KVL, Equation (7) can be obtained.

U; = (W%l —|—ij1) I + jwMioly + jwMsls
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Substituting (3) into (7), Equation (8) can be derived as
Upo = I3Rpp = M2
e (®)
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According to U; = ¥ Up and Ugp = gUB, the charg-
ing voltage Up can be obtained.

2Mo3Up
Up = 222870 9
B Mo ©)

As evident in (8) and (9), the system can achieve load-
independent CV output and ZPA operation.
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FIGURE 3. The system structure and simplified circuit diagram in CV

mode. (a) System structure. (b) Simplified circuit diagram.
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FIGURE 5. Experimental waveforms of U;, I; and Ig in the CC mode
when (a) Rg = 5Q and (b) Rg = 10€2.

3. EXPERIMENTAL VERIFICATION

In order to verify the correctness of the above theoretical anal-
ysis, an experimental prototype is fabricated, as displayed in
Fig. 4. By combining Equations (3), (6), and (9), the specific
parameters of the compensation components in the system can
be calculated, as presented in Table 1.

Figure 5 shows the output waveforms of the system when
the battery load Rp is 52 and 10 €2, respectively. It can be
noted that when R g changes, the charging current /5 is roughly
maintained at a constant value of 4 A, which proves that the sys-
tem has CC output characteristic. Fig. 6 shows the output wave-
forms of the system when the battery load is 45 {2 and 90 €2,

FIGURE 4. Experimental prototype.
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FIGURE 6. Experimental waveforms of U;, I; and Ug in the CV mode
when (a) Rgp = 45Q and (b) R = 90 €.

respectively. From Fig. 6, it can be found that the system can
achieve a stable 120V CV output. Since the input voltage U;
and input current I; are always in the same phase during the
whole charging process, the system can realize ZPA operation.

The efficiency curve of the proposed system from the DC
input to the DC output during the whole charging process is
shown in Fig. 7. As can be seen from Fig. 7, in CC mode, the
power transfer efficiency of the proposed system first climbs
from 88.27% to the peak value of 92.07%, and then drops to
91.23% before entering CV mode. In CV mode, the system
efficiency rises from 91.23% to the peak value of 93.8%, then
drops to 92.17%. During the entire charging process, the sys-
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TABLE 1. Specific parameters of the proposed system.

Parameters Value Parameters Value Parameters Value
Up 50V L3 128 uH M2 24.55 uH
Us 120V Ly 11.5 pH M3 14.95 uH
]B 4A Cl 66.15nF M23 30.35 p,H
f 85kHz Co 35.14nF Ry 0.082
L 53.04 uH Cs 43.02nF R2 0.12Q
Lo 99.78 uH Cy 304.869 nF Rs 0.14Q
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FIGURE 7. Efficiency curve of the proposed system during the entire
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tem efficiency is always maintained at a high level. It is worth
noting that the system efficiency in CV mode is high, because
the half-bridge rectifier is adopted in CV mode. According to
studies in [10, 11], the equivalent AC resistance seen from the
half-bridge rectifier is one quarter that of the full-bridge recti-
fier. Since the load resistance is large in CV mode, the equiv-
alent AC resistance seen from the half-bridge rectifier is closer
to the optimal load point, thereby enhancing the efficiency in
CV mode.

4. CONCLUSION

This letter proposes a special S-S-LCC compensated three-coil
WPT system with CC and CV output characteristics and au-
tomatic transition from CC mode to CV mode. In the initial
stage of the charging, the CC output can be realized through
the S-S-LCC structure. When the battery voltage value rises to
exactly equal to the voltage value on the compensation capac-
itor Cy, the system automatically converts to the S-S-S struc-
ture for CV charging. Due to the automatic CC-CV conversion
function, the proposed system does not require additional aux-
iliary circuits, such as wireless communication links, state-of-
charge detection circuits, and open circuit protection circuits,
etc. Therefore, the proposed system features simple structure,
low cost, easy control, and high robustness.
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