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Abstract—Recently, wireless power transfer (WPT) charging
systems have been attracting extensive attention for overcoming the
drawbacks of the traditional plugging charging systems, making it
a promising candidate for automatic guided vehicles (AGVs). As
far as AGVs’ applications are concerned, it is quite essential to
lower the cost and save space. In order to supply power to both the
driving system and control system simultaneously, a dual indepen-
dently regulatable outputs WPT system without de—dc converters
is presented. Only two diodes and two MOSFETSs are employed for
the rectifier circuit on the secondary side. A 500-W prototype is
built to verify the feasibility of the proposed system. Experimental
results show that when a load varies and its output current is
regulated with open-loop control, the maximum output current
fluctuation of the other load is only 1-0.688 %, and the verified dual
outputs are independently regulatable. With closed-loop control,
the output voltages can be regulated to the desired ones and remain
constant when the loads alter or misalignments happen. The overall
efficiency ranges from 86.22% to 90.93%.

(AGVs), dual
wireless power

Index Terms—Automatic guided vehicles
independently regulatable outputs (DIRO),
transfer (WPT).

1. INTRODUCTION

N recent years, with the rapid growth of the logistics mar-

ket and the demand for flexible automation, the number of
automatic guided vehicles (AGVs) has significantly increased.
In 2019, the sales volume of AGVs in the Chinese market
reached up to 6.175 billion RMB. For the plugging charging
systems, the AGVs are imposed on traveling the extra distance
to the charging stations. Also, queuing time is another drawback
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when multiple AGVs are waiting to recharge simultaneously.
Besides, the connector is prone to damage due to the electrical
spark caused by frequently plug-in/plug-out actions, leading to
high maintenance costs. The wireless power transfer (WPT)
technique is one of the possible solutions for AGVs’ charging,
as it can overcome the drawbacks mentioned above [1]-[3].
However, since the number of AGVs has grown rapidly, low cost
has become one of the most important concerns, and a compact
structure is also essential. Hence, the WPT charging system
with fewer semiconductor devices and passive components is
acclaimed.

For AGVs’ charging, there are two independent batteries to
supply power for the driving system and control system, respec-
tively. The AGVs have various power ratings, and the charging
requirements of two batteries are also different (normally 24 and
48 V for driving system and 12 and 24 V for control system)
[4], [5]. Thus, dual outputs with different voltage levels are
required. Besides, the requested charging modes of the batteries
are unpredictable. Thus, the WPT system is preferred to have
dual independently regulatable outputs (DIRO).

The technical schemes to enable the WPT system to realize
dual outputs can be roughly classified into two categories: the
system with a single transmitter and single receiver, and the
system with dual receivers.

First, the general WPT system includes one transmitter and
one receiver, which can produce a fixed output when the pa-
rameters are determined. In order to provide dual outputs, the
method of parallelling the dc-dc converter to the output of
the rectifier is presented [6], [7]. Whereas, the extra space is
occupied since an additional dc-dc converter is requested. The
double T resonant circuit is another feasible approach to provide
dual outputs, which achieves voltage conversion by configuring
the parameters of the double T resonant circuit [8], [9] at the
cost of more passive components and semiconductor devices.

Second, the system with dual transmitter and dual receiver is
proposed to achieve two independent power deliveries [10], [11].
However, the cost is relatively high, and the volume is bulky.
Thus, in order to reduce the volume, the method of achieving
dual outputs by one transmitter and dual receiver is proposed
[12]. Nevertheless, the presence of cross-coupling between the
receivers induces interference between outputs. Based on the
above method, a decoupling circuit employing an additional
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Fig. 1. Configuration for AGVs’ batteries.

capacitor to eliminate the influence between receivers without
complicated control is proposed [13]. Whereas, the outputs are
unable to be independently regulated.

For further deployment of the WPT system for AGVs, the low
cost, compact structure, and DIRO are preferred. As for some
specifications of AGVs, the batteries share the common ground,
and there are several isolated dc-dc converters paralleled to the
battery of the control system to realize the voltage conversions
of 3.3, 5, and 12 V for the control chips and devices. Then, the
devices share the same ground as shown in Fig. 1.

In this letter, the feasibility of adopting two MOSFETs and two
diodes on the secondary side to achieve independent regulation
for dual outputs is investigated. The proposed DIRO WPT
system provides one load with a portion of the charge contained
in the secondary current during its positive half cycle, and a
portion of the charge contained in the negative half cycle is fed
to the other load. By controlling charging durations for each load,
their voltages can be independently regulated. Compared with
the methods mentioned before, only four power semiconductor
devices, a coupler, and corresponding passive components are
needed.

II. PROPOSED DIRO WPT SYSTEM

A. Circuit Configuration

The proposed DIRO WPT system consists of the primary
compensated circuit (L, and C),), secondary compensated circuit
(Ls and Cy), a bidirectional switch (Q; and Q5), dual outputs
half-wave rectifier circuit (D1, D2, Cy1, Cy2, Ry, and Ry), syn-
chronization circuit, and digital signal processor (DSP) as shown
in Fig. 2(a). M represents the mutual inductance.

The operating resonant angle frequency of the proposed sys-
tem is w. When the bidirectional switch is open, according to
Kirchhoff’s voltage law, the system can be described as

JjwL, + ]w% —JjwM fp - Vp )
—jwM JwLs + 5 C +Rac| |Is] | O
where

w=1/\/LPC’p:1/\/L503. (2)

After solving (1), the current of the receiver coil is obtained
as

Iy =jV,/ (wM). ©)
According to the circuitry analysis, the secondary current

I, is independent of the load and only relates to the output
of ac voltage source V,, and mutual inductance M, which are

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 6, JUNE 2021

AC
Voltage
Source
: Synchronization circuit | R
:‘Hall current| |Phase- shlft’r,‘ DSP ‘
I|___sensor cm:ult
I
1| Bandpass Zero-cross
: filter detectlon
(@
I i'BI v g2
o1yt Cpl
b AR Ry
I v, PWMIQA Rl[]iolT T ‘iu i
PWM25,B-Y ¥ p, XD,
(®)

Fig. 2. Schematic diagram of the proposed DIRO WPT system. (a) Compo-
sition of the system. (b) Simplified equivalent circuit.

considered as fixed in the given AGVs’ applications. Thus, the
secondary current / is constant, and the equivalent circuit of the
secondary side can be simplified as shown in Fig. 2(b).

B. Operational Principles

In order to demonstrate the operating principles of the pro-
posed regulatable dual-load WPT system, the adopted assump-
tions are given as follows.

1) The equivalent resistances of the passive components and
parasitic resistances of the diodes and MOSFETS are suffi-
ciently small, which can be neglected.

2) The output capacitors Cy; and Cyp are relatively large.
Thus, the dc outputs are relatively constant.

As shown in Fig. 2(a), the Hall current sensor is employed
to detect the secondary current /. After passing the bandpass
filter, zero-cross detection circuit, and phase-shift circuit, the
square wave which has the same frequency and phase angle
with I, is generated and sent to the DSP. Therefore, the required
driving signals PWM1 and PWM2 are generated. To simplify
the analysis, assume D¢y is the duty cycle of PWMI in the
positive half period and D s is the duty cycle of PWM2 in the
negative half period. Fig. 3 illustrates the operational principle
of the proposed circuit, and there are four modes in total for a
working period. The critical waveforms of the proposed DIRO
WPT system are depicted in Fig. 4.

Mode 1 [At time nTs ~ nTs + D g1-T,]: Mode 1, as depicted
in Fig. 3(a), MOSFET Q1 turned ON in the negative half period and
remained in the ON-state. Due to the existence of an antiparallel
of MOSFET (5, a short circuit branch forms, and the secondary
current /; flows into Branch I. After a short delay, the voltage
of MOSFET Q- drops to zero, where MOSFET Q5 turns ON, and
zero voltage switch (ZVS) turn-ON is achieved. At this period,
the current source does not supply power for loads.

Mode 2 [At time nTs + Dgq-Ts ~ nTs + T4/2]: Mode 2, as
shown in Fig. 3(b), MOSFET Q5 keeps the ON-state, and MOSFET
Q1 turns OFF at nT, 4+ D1-T,. Thereby, since the antiparallel
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Fig. 3. Equivalent circuit models of four operational modes of the proposed
DIRO WPT system.
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Fig. 4. Key waveforms of the proposed DIRO WPT system.

diode of MOSFET Q1 blocks the current, the secondary current
I will no longer flow into Branch I but Branch II and supplies
power for load Ry until nTs 4 T/2, when the positive half period
ends.

Mode 3 [At time nTy + To/2 ~ nTs + Dgo-T,]: Mode 3,
the negative half period starts, and the secondary current / is
opposite. Since MOSFET Qs is still in the ON-state, the secondary
current /; will flow into Branch I consisting of MOSFET Q5 and
an antiparallel diode of MOSFET Q;. Then, MOSFET (Q; turns
ON when its voltage drops to zero, thereby the ZVS turn-ON is
achieved, as shown in Fig. 3(c).

Mode 4 [Attime nTs + D go-Ts ~ (n+ 1)T,]: Mode 4, MOSFET
(0, remains in the ON-state, and MOSFET Qs turns OFF at nT, +
Dqo-Ts. Therefore, since the antiparallel diode of MOSFET Qo
blocks the current, the secondary current I flows into Branch
III, and load R; is supplied until the negative half period ends,
as shown in Fig. 3(d).

Thus, the load R; (R2) is powered in the positive half period
(negative half period) of the secondary current /,. The output
branch currents iy (ip2) can be regulated by adjusting the
duration of Mode 2 (Mode 4).

By filtering by the capacitors, the currents of loads i,; and
io2, are only the dc components of the branch currents ig; and
ipo. Thus, the rms values of i,,; and i, are equal to the average
values of i1 and ipo. According to the above operating status,
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Fig. 5. Block diagram of the controller algorithm.

the rms value of I, Igs, i,1, and i,2 can be expressed as

L=y

%- [ 2mDay (V2I, sm(wt)) dwt

+ f:”ﬂ Daz (V2I, sin(wt))det]
— 2\/77% \/sin(47rDQ1) +sin(4rDg2)—4m (Dg1 + Dg2)
Tl = 5= f;;"DQl V21 sin(wt)dwt = ‘7( Y2 cos? (1Dg1)
02 =5 772127rADQ2 V21, sin(wt)dwt = g : %COSQ (mDg2) .
“)
The secondary current I is constant, according to (4), the
output currents i,1 and i, are load-independent, and only relate
to the duty cycles D1 and D o, respectively.
Since the energies before and after rectifying are conserved,
the equation can be obtained as

I? - R, =i

" (V2I, sm(wt)) dwt = XTI\;[

Iss=

Ry +i2y - Ro. Q)
Substituting (4) into (5), the R,. can be expressed as

R _ Ry[3+4cos(2nD1)+cos(4mD1)]+ Ra[3+4 cos(2w Dy )+cos(4w D))
ac — 47\'2 M

(6)
The output voltages v,1 and v,2 of the load Ry and R» can be
described as
Vo1 = g Y2l 0082 (1Dg1) (7)
Upy = g . VU’J’]@? cos? (1Dgs) -

According to (7), for the given output of ac voltage source V,,
and mutual inductance M, the output voltages v, and v, only
depend on the corresponding values of loads and duty cycles. In
order to output constant voltages, the duty cycles D gq and D o
should be regulated as the loads Ry and Ry vary. Thus, the PI
controller is used to realize closed-loop constant voltage control,
as shown in Fig. 5.

III. EXPERIMENTAL RESULTS

In order to verify the feasibility of the proposed DIRO WPT
system, a 500 W experimental prototype operating at 85 kHz
switching frequency is fabricated, as shown in Fig. 6.

The design flowchart of system parameters is shown in Fig. 7.
Since the output of ac voltage source V), and the operating
frequency w of the proposed system are given, according to
the desired output currents i,1 and i,5 and output voltages v,
and v,9, the mutual inductance M can be calculated by (4).
Then, the coupler having desired mutual inductance M will be
constructed, and self-inductances and compensation capacitors
are determined. The parameters of the proposed system are listed
in Table I.
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Fig. 7. Implementation chart of the proposed DIRO WPT system.

TABLE I
SYSTEM SPECIFICATION AND PARAMETER VALUES

Value
14.425 pH
63.52 uH
55.07 nF

Parameter Value Parameter
v, 100 V M
L, 63.85 uH L
C, 54.70 nF C,

Voira, | | |

47.95V & 48.53V § || 47.95V%
Voo | 12.53V !
48.45V 48.45V 23.98V y| 23.98V
96Q 10482 1 480109.60 || 9.6Q 10482 1 48010960

(a) (b)

48.83V 41| 4841V §
24.45V

Fig. 8. Experimental waveforms with open-loop control when load Ry step
changes happen. (a) D@1 = D@2 = 0%. (b) D@1 = 0% and D g2 = 25%.

In order to prove that the dual outputs are independent of each
other, the open-loop load step changes with different duty cycles
are conducted, as shown in Fig. 8. Fig. 8(a) reveals the variations
of the output voltages of two loads when Do = Dgo = 0%.
The initial values of two loads are both set as 9.6 €2, then load Ro
alters from 9.6 to 4.8 €2 and back to 9.6 2. The output voltage
Voo at the first moment varies from 48.45 to 24.45 V and raises
back to 48.45 V at the second moment. On the other hand, the
output voltage v, of the two moments are basically the same
(48.41 to 48.83 to 48.41 V). Furthermore, the variation of the
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output voltages of two loads when D = 0% and D g2 = 25%
with the same step changes is shown in Fig. 8(b). The output
voltage v, at two moments are with a minor difference (47.95
to 48.53 to 47.95 V), while the output voltage v,2 halves and
doubles (23.98 to 12.53 to 23.98 V). It is observed that load
R, changes 100%, but output voltage v,; barely alters and even
duty cycles are different. Fig. 9 illustrates the measured output
current i ,; when the load R; = 9.6 (2, while load R» alters from
4.81t09.6 Q and D g, varies from 0% to 40%. The fluctuation of
the output current i, is only within £0.688%. Therefore, it is
verified that the dual outputs are independent of each other, and
the system has good load-independent constant current output
performance.

Fig. 10 shows the secondary voltage/current and driving sig-
nals of MOSFETs when Ry = Ry = 9.6 2, D1 = Dgo = 10%.
It is observed that the ZVS turn-ON operations of MOSFETs are
achieved, respectively, to reduce the switching losses. Fig. 11(a)
shows experimental efficiencies when the two loads vary from
4.8109.6 (2, respectively, which ranges from 87.48% t0 90.93%.
And the corresponding efficiencies are measured when load R,
= 9.6 Q) and load R alters from 4.8 to 9.6 () with variational
duty cycles, as shown in Fig. 11(b). The overall efficiency ranges
from 86.22% to 90.93%.
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Fig. 12.  Dynamic responses with closed-loop constant voltage control under
(a) balanced loads conditions with rated voltages, (b) unbalanced loads condi-
tions with rated voltages, and (c) sudden misalignment conditions.

Fig. 12 illustrates the dynamic responses with closed-loop
voltage control. Fig. 12(a) reveals variations of the output volt-
ages under balanced loads conditions with rated voltages, v, is
set as 48 V and v, is set as 24 V. The loads R, and R» alter from
9.6 to 19.2 (), then back to 9.6 €2, and the output voltages v,
and v, can restore to the rated voltage within 120 ms. Fig. 12(b)
shows variations of the output voltages under unbalanced load
conditions with rated voltages. The load R; varies from 9.6
to 19.2 €, then back to 9.6 €2, and R, changes from 19.2 to
38.4 ), then back to 19.2 ). The output voltages v, and ves
hardly change, and response times are 160 ms. Moreover, the
experiment under sudden misalignment conditions is conducted
whenR{ =R;=9.6 ), v,; =48V, and v,2 = 24 V. The mutual
inductance M changes from 14.425 to 7.425 pH and back to
14.425 pH (70% misalignment), and the output voltages hardly
vary, as shown in Fig. 12(c). Therefore, the experimental results
illustrate that the dual outputs are both able to resist load step
changes effectively under load balance/unbalance conditions
and keep stable when sudden misalignments happen.
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IV. CONCLUSION

In this article, a DIRO WPT system is proposed for charging
the driving system and control system of AGVs, simultaneously.
Compared with the methods mentioned above to realize dual
outputs, the proposed WPT system only requires four power
semiconductor devices, a coupler, and corresponding passive
components without additional dc-dc converter, and the dual
outputs can be regulated independently. The experimental results
validate that outputs are independent of each other. The fluctua-
tion of the output current i,,; is within £0.688% when the load
Ri = 9.6 Q while R» changes from 4.8 to 9.6 Q2 and D varies
from 0% to 40%. Also, the proposed WPT system can achieve
output regulation by controlling the duty cycles of the driving
signals. The overall efficiency ranges from 86.22% to 90.93%.
Besides, the dual outputs are both able to resist load step changes
effectively and sudden misalignments with closed-loop voltage
control. Future work may consider using fewer semiconductor
devices and improve efficiency.
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