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Abstract: Compared to the plug-in charging system, Wireless power transfer (WPT) is simpler,
reliable, and user-friendly. Resonant inductive coupling based WPT is the technology that promises
to replace the plug-in charging system. It is desired that the WPT system should provide regulated
current and power with high efficiency. Due to the instability in the connected load, the system
output current, power, and efficiency vary. To solve this issue, a buck converter is implemented on
the secondary side of the WPT system, which adjusts its internal resistance by altering its duty cycle.
To control the duty cycle of the buck converter, a discrete fast terminal sliding mode controller is
proposed to regulate the system output current and power with optimal efficiency. The proposed
WPT system uses the LCC-S compensation topology to ensure a constant output voltage at the input
of the buck converter. The LCC-S topology is analyzed using the two-port network theory, and
governing equations are derived to achieve the maximum efficiency point. Based on the analysis,
the proposed controller is used to track the maximum efficiency point by tracking an optimal power
point. An ultra-capacitor is connected as the system load, and based on its charging characteristics,
an optimal charging strategy is devised. The performance of the proposed system is tested under
the MATLAB/Simulink platform. Comparison with the conventionally used PID and sliding mode
controller under sudden variations in the connected load is presented and discussed. An experimental
prototype is built to validate the effectiveness of the proposed controller.

Keywords: wireless power transfer; non-linear; fast terminal sliding mode control; power converters

1. Introduction

Wireless power transfer has been desired since the proposition made by Nikola Tesla about
100 years ago [1]. Due to the recent progress in power electronics technology and advancements in
WPT techniques, it is realized that implementing a WPT system is now economical and can be used
as a commercial product [2]. Compared to the plug-in charging system, WPT is simpler, reliable,
and user-friendly [3]. Companies like Qualcomm, Witricity, and Evatran have developed many
commercial products that can be charged wirelessly with good efficiency. Due to such developments,
WPT can be used in many industrial applications [4] and in our daily life such as wireless charging of
smartphones [5], electric vehicles [6,7], and biomedical implants [8-10].

Energies 2020, 13, 1370; doi:10.3390/en13061370 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-8917-5952
http://dx.doi.org/10.3390/en13061370
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/6/1370?type=check_update&version=2

Energies 2020, 13, 1370 2 0of 18

According to the operating principles, WPT can be broadly divided into four categories, i.e.,
capacitive wireless power transfer (CWPT), electromagnetic radiation (EMR), acoustic wireless power
transfer (AWPT), and resonant inductive power transfer (RIPT) [11,12]. In CWPT, the power is
transferred using capacitor plates instead of coils. CWPT is simpler and can be used for both high
voltage and low current, but the efficiency decreases when the air-gap between the transmitter and
receiver plate increases [13]. In EMR, the power is transferred using microwaves. Although using
this operating principle, WPT can achieve long-distance power transfer, this mode has much lower
efficiency and has many health hazards due to high power radiation [14]. In optical wireless power
transfer (OWPT), which is considered as a subclass of EMR, the same principles for power transfer are
used, but the wavelengths are in the visible spectrum [15,16]. At the transmitting side, lasers are used
to convert the electrical signal into the optical signal, and at the receiving side, photovoltaic diodes
convert the optical signal back into an electrical signal. The advantage of EMR and OWPT techniques
is that both techniques have high capability for power beaming. However, due to the conversion steps,
almost 40 to 50% of the energy is lost [15]. In AWPT, the power is transferred by propagating energy in
the form of sound or vibration waves. At the transmitting side, the electrical signals are converted
into pressure waves by a transducer. The waves propagate through a medium and then are collected
by the receiving side transducer, which converts it back into electrical signals. The benefit of AWPT
is that it can achieve higher power beam directivity than electromagnetic transmitter of the same
size and the power is transferred omnidirectional which reduces the losses such as coil misalignment
but the power transfer capability and efficiency of the AWPT is very less compared to other WPT
systems [12,17,18]. In RIPT, the power transfer takes place between a transmitter coil and a receiver coil
using electromagnetic induction. A typical RIPT WPT system is shown in Figure 1, which consists of:

e DC voltage source.

o DC/high-frequency AC inverter.
e Compensation networks.

e  Transmitting and receiving coils.
o  Rectifier.

e  Regulatory circuitry.

7 L\

Compensation

AC/DC Regulatory
Rectifier ] Circuitry ™

Energy Storage

Transmitter, > Compensation DC/HF AC AC/DC .
Coil @/ Network T Converter T Converter T Grid

Figure 1. Typical RIPT WPT system.

To transfer the power from the transmitter coil to the receiver coil, the DC power is converted into
high-frequency (HF) AC power through an inverter. To cancel out the leakage inductance, improve
the system’s efficiency, and lower the reactive power transfer in the WPT system, compensation
networks are required on both the transmitting and receiving sides. The compensation network on the
transmitting side eliminates the phase difference between the voltage and current, which minimizes
the reactive power transfer, while on the receiving side, it maximizes the power transfer by improving
the efficiency [19,20]. The required system characteristics, i.e., constant voltage or constant current,
can also be achieved using suitable compensation networks. Based on the output characteristics,
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the compensation networks can be broadly divided into four different categories, i.e., series-series
(SS), series-parallel (SP), parallel-parallel (PP), and parallel-series (PS) [21]. The equivalent circuit
diagrams of these topologies are shown in Figure 2. In PP and PS, the transmitter coil does not transfer
power in the absence of the receiver coil, protecting the source. Although it is a safe power transfer,
during the misalignment of both coils, the topology cannot transfer high power [22]. The SP topology
can transfer high power with constant output voltage, but it depends on the load variation, and the
voltage gain is too high [23]. The SS topology is the most commonly used technique as the value of the
capacitor is independent of the mutual inductance and load resistance [24]. In the SS topology, the
resonant frequency is independent of the coupling coefficient and load conditions. This independence
is very important as the coupling coefficient varies with misalignments between the coils, and when
charging, the resistance of the battery changes. The problem with using the SS topology is that the
output current has an inverse relationship with the duty cycle of the DC-DC converter due to which
traditional control methods cannot be used. To solve the problem of this inverse relation, the LCC-S
compensation topology was introduced in [25], which can achieve adjustable constant voltage at the
input of the DC-DC converter.
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Figure 2. Basic compensation networks (a) series-series, (b) parallel-series, (c) series-parallel, and
(d) parallel-parallel.

The primary objective of the WPT system is to transfer the energy from the transmitter to
charge the energy storage device, i.e., battery, ultra-capacitor, etc. For the simplification of the WPT
system design, the energy storage device is considered as a variable load. Furthermore, based on the
compensation topology, the WPT system efficiency varies with the load, i.e., the system can achieve the
maximum efficiency at a particular resistance value [26]. The objective is to keep the system efficiency
high regardless of the load variations. A common approach to solve this issue is to implement a
DC-DC converter after the rectifier circuit, which adjust its input resistance by altering the duty
cycle of the switch. According to the mentioned approach, researchers have implemented different
DC-DC converters such as buck and boost converters [26,27]. By controlling the duty cycle, the input
resistance of the buck and boost converter can be altered in the range of R — 400 and 0 — Rj,
respectively [28]. Conventionally, proportional-integral-derivative (PID) control is the method used to
adjust the duty cycle of the DC-DC converter [26,29]. However, due to the linear nature of the PID
control, the regulation is limited to a small region. To overcome the shortcomings of PID, the author
in [30] proposed a sliding mode control (SMC) for the secondary side DC-DC converter. Due to the
non-linear nature of SMC, compared to PID, it is not limited to a small region, but still under the
load variations, it exhibits overshoots and has chattering at the equilibrium point. A super-twisting
differentiator based high order sliding mode controller (HOSM+STD) was presented in [31]. Compared
to the SMC, HOSM+STD has a quicker response during the transition phase, but the controller depends
on an optimizing factor “B”, which needed to be adjusted for different voltage levels. Otherwise, the
response time of the controller will be slow.
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Based on the mentioned research work, the LCC-S compensation network based WPT system
with a secondary side buck converter is presented in this paper. To control the duty cycle of the buck
converter, the discrete fast terminal sliding mode controller (DFTSMC) is proposed to overcome the
shortcomings of the SMC. An ultra-capacitor (UC) is connected as the system load, the resistance of
which will vary during the charging process. The objective of the paper is to control the duty ratio of
the buck converter to maintain the maximum system efficiency during the charging process. Based on
the charging requirements of the UC, an efficient control strategy is adopted to ensure that the UC
is charged with maximum efficiency. The LCC-S compensation topology is implemented to ensure
constant output voltage at the input of the buck converter during the variations in its duty cycle.
Depending on the system requirements, the DFTSMC controller regulates the output current or output
power under the variations in the connected load.

The paper is structured as follows. Section 2 presents the design and analysis of LCC-S
compensation for the WPT system. The relationship of the system efficiency with respect to output load
is derived and then transferred to the relationship between the output power and efficiency. The UC
charging strategy and the design of the DFTSMC for the buck converter are presented in Section 3.
The simulation results of the proposed system and the comparison with other control schemes are
discussed in Section 4. Section 5 presents the experimental validation of the proposed system, and
Section 6 concludes the paper.

2. Analysis of the LCC-S Compensation Network

The circuit diagram of the proposed system using LCC-S compensation with the buck converter
and UC is shown in Figure 3.

N X
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Discrete Fast Terminal
Sliding Mode Controller

Figure 3. Circuit diagram of the proposed WPT system.

Lf; and Cyq are the compensation inductor and compensation capacitors for the transmitting
side, respectively. L and L, are the self-inductances of the primary and secondary coils, and C; and
C, are the series capacitors for the transmitting and receiving side, respectively. V45 is the inverted
AC voltage by the high-frequency inverters, and V,;, is the output voltage of the receiving coil. M is
the mutual inductance between the two coils, and wy is the operating resonant frequency. U;, is the
input DC voltage, and U,y is the output DC voltage. R 1, Ry, and R, are the self-resistances of the
compensation inductor, primary coil, and secondary coil, respectively. L, C, and S5 are the inductor,
capacitor, and IGBT switch of the buck converter, respectively. R; is the equivalent resistance of the
UC, which varies with its state of charge (SOC).

The equivalent circuit diagram of the proposed system is shown in Figure 4. The R is the
equivalent resistance of the buck converter, which is equal to:

1
Req = ?RL (1)
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Figure 4. Equivalent diagram of proposed system.

The system can be analyzed using the two-port network theory. To convert the system into a
two-port network, the secondary side parameters are transferred to the primary side. The two-port
network of the system is shown in Figure 5. Z, is the transferred impedance of the secondary side, and
V7, is the voltage across Z,. Z, can be calculated as follows,

2012
w M
Zy = — 2
" Ryt Ry @)
The system’s two-port network can be expressed using the following equations:
Vap = Zuli+Znh 3)
Va*b = Zonlh +Zxl
Converting Equation (3) into matrix form:
Vap | _ | Z11 Zn2 L @)
vV Zy 2y I
L e i el 2
+ I L L, I 1+
f1 @) 1 )
=p ! Cop” S
> | 10 I 5
- I M I — |
I~ T
I f1 1

Figure 5. Two port network of the proposed system.

To find the system impedance matrix, two modes are used. In the first mode, shown in Figure 6a,
the load is disconnected, which makes I, = 0. In the second mode, shown in Figure 6b, the input source
is disconnected, which makes I; = 0. Using the two cases, the system impedances are calculated as:

Vap . 1
Zn = I lb=0= Rs1 +j <WLf1 - wCﬂ) ©)
_ Va*b _ 1
Zy = I |L=0= jCh (6)
Va*b : 1 1
Zyn = T, lL—0= Ry +j <CUL1 - wCr - (UC1> ()
\% 1
Zyy = 2B (8)

B " ucy
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Figure 6. (a) Mode 1: Load is disconnected. (b) Mode 2: Input source is disconnected.

Using the following equations, the system’s parameters are tuned in such a way that the system
input voltage and current have zero-phase difference.

1
Cr=—— 9
f1 LUZLfl ( )
Ci = __t (10)
YT WL - L 1)
1
Chp= — 11
T (11)
When the system’s parameters satisfy Equations (9)—(11), then Equations (5) to (8) become:
Zn = Rp
Z12 = Z21 = ]wa1 (12)
Zy = IN|

The voltage gain from inverter output voltage to the secondary coil output voltage can be
calculated as follows,

V*
Gy = |t | — | Vab || Vo (13)
Vag Vol Vas
According to the two-port network theory, \‘,/“*b can be calculated using the following formula,
AB
‘ Vb _ InZy . w3Lf1 M?
Vap|  Zi1(Zy+Zo) — Z12Zo1 202 2 (14)
r (R2+qu) Rf] (ﬁ"z}TRW—FRl) + ((A)qu)
From the circuit diagrams, shown in Figures 5 and 6, V,; and Va*b can be derived as,
jwM12
V,=|Z1"= )R 1
ab (R2+Req> “ (13)
w?M?1,
Vi=— 16
Substituting Equations (14)—(16) into Equation (13), the system’s voltage gain is derived as,
2
w-L MR
Gy = i (17)

(Rz +Req) (Rfl (% +R1) + (wal)2>
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Similarly, according to the characteristics of the two-port network theory, the inverter output
current I; and primary coil current I and the current gain G can be calculated as:

VAB (Zzz + Zr) VAB <R1R2 + Rleq + szZ)

h= 711 (Zop + Zr) — Z1pZo1 2 (18)

Rt (RiRa + RiReg + @?M2) + (wLyg1)” (Ra + Reg)

VapZ2 VapwLs1(Ry + Reg)

2= Zn (Zo+ Z)) — Z1nZoy 2 (19)

Rt (RiRa + RiReg +@?M?) + (wLs1)” (Ra + Rey)
G — é - 7 _ CULfl (Rz + Req) 20)

"L Z 4 Zm M2+ R, (R2 4 Req)
Using Equation (19), the secondary coil current can be derived as,
2
w*ML#V,

I = f1VAB 1)

2
Rp1 (RiRs + RiReg + 0?M2) + (wLg1)” (R + Reg)

Under the assumption that the system is under resonance condition and there are no conduction
losses in the inverter, rectifier, and buck converter, the system efficiency can be calculated as,

g = Vil Reg _

Vapli R+ Reg Rz + Req

(22)

Substituting Equations (17) and (20) into Equation (22), the system’s efficiency can be obtained as,
472 Af2

w*L f1M Req

(Rfl (R“z’il\fz; + Rl) + (wal)z) (R‘Zij\fa; + Rl) (R + Reg)?

n= (23)

For the system parameters listed in Table 1 and 2, the relationship between the system’s efficiency
1 and load resistance R,; is shown in Figure 7. It can be seen that at a particular resistance Ry, i.e.,
11 ), the system can operate at maximum efficiency. R, can be derived by differentiating Equation (23)
with respect to Reg, and R, can be derived as follows,

2
{RlRZRfl + R, ((ULﬂ) + RLf1w2M2} (RiR; + w?M?2)

R, {RlRLf1 n (wLﬂ)z}

an
IReq

=0= Ry = (24)

According to Equation (1), for varying R;, the buck converter duty cycle u can be used to
regulate Re=R,, to make sure that the system operates at maximum efficiency. For the ease of control
designing, the optimal resistance R,, can be translated into optimal power P,,. When the output
power of the system is P, the system will operate at maximum efficiency. Using Equation (17), P,
can be obtained as,

Vazb _ 1 szflMRquAB

B ()
p Rop ROP (Rz —|—Req) (Rfl (RLZZT]%; +R1) + (a)Lfl)Z)

(25)
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Using Equation (25), the relationship between the efficiency and the output power is shown in
Figure 8. It can be seen that at Py, i.e., 120 Watts, the system efficiency is highest. To track the system
output power Py to this maximum efficiency point, the DFTSMC controller is designed in the next
section to control the duty cycle u of the secondary side buck converter.

__100 ‘
*
= 95 |
3 90 1
S \
(0]
S el
| |
LIJ 80 1 1 1
0 Rop 25 50 75 100
Req (Q)
Figure 7. Efficiency, 77 vs. Reg.
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P_ . (Watts)

out (

Figure 8. Efficiency, 17 vs. Poyt.

3. Discrete Fast Terminal Sliding Mode Controller Design for the Buck Converter

During the charging of the ultra-capacitor, its voltage Uy and current I, vary in real time due to
which R} constantly varies and can be derived as follows,

uuc
Ry = =%
P e

(26)
The ultra-capacitor can be charged at maximum efficiency if the system output power is equal
to the optimal power, i.e., Poyt=Ppp. However, if initially, Uy is too low and it is charged with high
power, then it will draw an enormous amount of current, which can damage the system. To solve this
issue, the charging of the ultra-capacitor is divided into two stages. The charging strategy is shown in
Figure 9. In the first stage, constant current I,.¢ is provided to the ultra-capacitor till its voltage Uy
reaches Uj,, then in the second stage, it is charged with optimal power P,, for maximum efficiency.

ety —
Tyc _
Pout
+ u
P,
ve | x| P DFTSMC e

Vi2 T

Figure 9. Charging strategy for the ultra-capacitor.
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In order to regulate the output current (I,,;) and output power (Pyy¢) to the desired I, f and Py,
respectively, a buck converter at the secondary side of the proposed system is used. The required
references can be tracked by controlling the duty cycle of the switch S5. The circuit diagram of the
buck converter is shown in Figure 3. Under the assumption that the buck converter is operating in
continuous conduction mode, the following dynamic model is derived.

P Vab Uout
: IL uout

_ 2
uaut C RLC ( 8)

where I} and Uy are the values of the inductor current and capacitor voltage. u = [0,1] is the duty
ratio, used to generate the driving cycle for the switch. For the control design, we will average the
model over one switching period. If x1 is the average value of I}, x; is the average value of Uy, and u
is the average value of 1, then Equations (27) and (28) take the form,

; V. X
f=pp -7 (29)
= L 2
Xz—c RLC (30)

By controlling the output voltage of the buck converter, the output current I,,; and output power
P,+ of the proposed structure can be tracked to the desired references, i.e., I, Y and P,, 7 respectively.

Vi1 = LefRe 31)

Vi = \/ PopRL (32)

A discrete fast terminal sliding mode controller is designed to generate the required duty ratio for
these reference voltages. For this purpose, an error signal is defined.

e1 =x3— Vi (33)

where (j = 1,2). When j = 1, the controller will track constant current, and for j = 2, the controller will
track constant power. By converging the e; to zero, we can get our desired result. The dynamic model
in Equations (29) and (30) can be rewritten as,

. . . X1 X2 .
=% V. == _ V. 34
€1 = X2 rj C ~ R.C rj (34)
To simplify the expressing, a new variable e; is defined as,

Taking the derivative of e; and using Equations (34), (29), and (30), it yields:

=75 (W — (2= Vi) = Vi) = m5+ 16— W (36)

The overall dynamic model can be represented as follows,

&= e
_ ) L . (37)
b= 1c(WVw—e1=Vsj) +xc (Vij—e2) =V



Energies 2020, 13, 1370 10 of 18

Using Euler’s discretization method, the dynamical model presented in Equation (37) can be
discretized as follows,

{e1 (k+1) = ey (k) + hey (k) (38)

ex (k1) = ez () + e (Vi (0) = e2 (k) = Wy () + e (1 () Vi () = ex () = Vi (k)

where /1 is the sampling period. To converge these error signals to zero, a fast terminal sliding surface
can be designed as follows,

==

s (k) = ep (k) + aqreq (k) + agsign (eq (k)) |eg (k)| (39)

where 0 < a1h < 1,0 < aph < 1,and 0 < % < 1 with p and g positive odd integers. As discussed
in [32], the sliding mode condition occurs when s(k + 1) = 0, and Equation (39) becomes,

s(k+1) =0 =apsign(e; (k+1)) |eg (k+ 1)|§ +e(k+1)+aer (k+1)=0 (40)
Substituting Equation (38) into (40), it yields,

h

0 =ey (k) + Lhic (V (k) Viap (k) — €1 (k) — Vrj (k))p'i— RC (Vr] (k) —e2 (k)) + ay (e1 (k) + hea (k)) 41)
+ apsign (ey (k) 4 hey (k)) [er (k) 4 hey (K)[7 — bV, (k)

Finally by solving Equation (41), the DFTSMC law can be obtained as,

_ hV,; (k . hV,;
M(k) Ih‘l/f; (62 (k) (1 - RI/% +1X1h> + ‘;]é, )> - hl{/(a:b (61 (k) (D(l — Z/é:) *l’lVr] (k) — LVC])

B hV(ajb (wzsign (1 (k) + hey (k) |eq (k) + hey (k)ﬁ)

(42)
4. Results and Discussion

To verify the performance of the proposed controller, simulations were performed in
MATLAB/Simulink using the “Sim Power Systems” toolbox under the abrupt and time-varying
fluctuation in load R; . The uncontrolled rectifier was connected to the load through the buck converter,
which was controlled by the DFTSMC. Under variations in “R;”, DFTSMC could regulate the output
current Ip,; and output power P,,;. The specifications of the wireless charging system are shown in
Table 1. Using Equations (9)—(11), the parameters of the compensation network were designed and are
listed in Table 2. The parameters of the buck converter and DFTSMC are listed in Table 3.

Table 1. Wireless charger parameters.

Symbol Parameter Value

Vin Input voltage 80V

Lq Transmitting coil inductance 400 utH
Ry Transmitting coil resistance ~300 mQ)
Ly Receiving coil inductance 30 uH

Ry Receiving coil resistance ~120 mQ)
M Mutual inductance 60 uH

fs Switching frequency 40 kHz

b, Output power 120 Watts

Iy Output current 5A
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Table 2. Compensation network parameters.

110f18

Symbol

Parameter

Value

Transmitting side compensation inductance
Transmitting side parallel compensation capacitance
Transmitting side series compensation capacitance
Transmitting side compensation inductor resistance
Receiving side series compensation capacitance

135 uH
0.117 uF
0.059 uF
200 mQ)
0.52 uF

Table 3. Buck converter and DFTSMC parameters.

Symbol Parameter Value

L Inductor 5mH

c Capacitor 500 uF
aq Constant 500

%3 Constant 3000

h Sampling period 1 ms

According to the charging strategy shown in Figure 9, the DFTSMC was used to generate duty
cycle u to regulate the output current to the reference current, i.e., Iuc = I,.f, and the output power
to the optimal power Pyy; = Pop. The current, voltage, and power of the ultra-capacitor are shown in

Figure 10.
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Figure 10. Current, voltage, and power of the ultra-capacitor.

In the first stage, a 5 A current was tracked by the DFTSMC, and then, in the second stage, the
output power was regulated to the optimal power, i.e., 120 Watts. It can be seen in Figure 11 that when
the DFTSMC regulated P,y to Py, the Rey was regulated to Ry, i.e., 11 Q. The duty cycle generated
by the DFTSMC, during the charging process, is shown in Figure 12. The efficiency curve is shown in
Figure 13, verifying that during the constant power charging stage of the ultra-capacitor, the system
operated at a maximum efficiency of about 96%. During the constant power stage, the inverter output
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voltage and current are shown in Figure 14. According to the voltages and currents in Figure 14, the
inverter output power was approximately 129 Watts, which showed that the overall efficiency from
the inverter output to the load was approximately 93%.

50
40} A
g sof 1
D'Zg 20} ]
10} =
0 ‘ ‘
0 50 100 150
Time (s)
Figure 11. Equivalence resistance of the system.
1
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Figure 12. Duty cycle during the charging process.
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o2}
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~
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Figure 13. WPT system efficiency during charging process.
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IMUMMMMMMI

Time (s)

Figure 14. Inverter output voltage and current.
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Comparison with Other Control Schemes

To check the robustness of the DFTSMC and compare it with other control schemes such as PID
and SMC, load resistance Rj, was changed abruptly after every 0.1 s, i.e., with a perturbation frequency
of 10 Hz. The value of R was initially set at 5 (), and then with a fluctuation of 40%, i.e., 2 (), it was
decremented to 3 () and then incremented back to 5 () at 0.1 s and 0.2 s, respectively. The perturbation
scheme is as follows,

50, te[0,0.1)s,
RL =430, te[0.1,02)s,
50, te[0.2,0.3]s,

Under the mentioned perturbations in R, a constant output current of 5 A and constant output
power of 120 Watts was tracked by the DFTSMC, sliding mode controller (SMC), and PID controller.
Figure 15 shows the regulation of the output current to the referenced current, and Figure 16 shows
the convergence of the output power to the referenced power, under the mentioned perturbations in
Ry. It can be seen that not only initially, DFTSMC tracked the required current faster, but also under
the sudden variations at t = 0.1 s and 0.2 s, DFTSMC recovered quickly with respect to PID and
SMC with less steady-state error. It can be observed that under these perturbations, although the PID
and SMC tracked the required power, compared to DFTSMC, they exhibited initial overshoot, and
comparatively, the settling time was large.
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Figure 15. Regulation of output current, I,,;, during perturbation in Ry .
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Figure 16. Regulation of output Power, Py, during perturbation in Ry.

5. Experimental Validation

5.1. Experimental Setup

To validate the effectiveness of the proposed system, an experimental platform was fabricated.
The topology of the fabricated system was similar to Figure 3, but using DC electronic load instead
of the ultra-capacitor. The experiment setup is shown in Figures 17 and 18. The parameters of the
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experimental setup are consistent with Tables 1-3. The AC/DC rectifier was used to convert the grid
AC voltage into DC voltage, and the high-frequency inverter converted the DC voltage into 40 kHz
AC voltage. The transmitter and receiver coils were made from tightly wound litz wire with turns of
23 and 10, respectively. The diameter of the transmitter and receiver coils was 29.5 cm and 18.5 cm,
respectively, and the gap between the transmitter and receiver coils was 10 cm. The compensation
elements such as filter inductance and capacitors were chosen according to the parameters listed in
Table 2. The filter inductance was also made from the litz wire, designed in a DD structure to cancel
out the cross-coupling effect due to the transmitter coil [33]. The buck converter was connected to
the Chroma programmable DC electronic load 63200E, which was configured in constant resistance
mode. The DFTSMC controller for the buck converter was implemented using the STM32F334C8
microcontroller, which generated the required PWM signals to track the constant current and power.
The output current, output power, and the inverter output current and voltage were observed using
the Tektronix MDO3024 Oscilloscope.

Tektronix
MDO03024

r Oscilloscope

DC Electronic
Load

Primary
Compensation
Capacitor

AC/QC ; » NI IGETRY
Rectifier |- = "= - - % ,\Compensation
- - Capacitor

N Uncontrolled

Rectifier and
Buck

Converter

High Frequency Transmitting
Inverter and
Receiving Coils

AC/DC
Resctifier

High Frequency
Inverter

= == STM32F334C8
Filter il o T Powered
Inductance = liszir
= = Inductance

(0) (d)
Figure 18. (a) AC/DC rectifier and high-frequency inverter. (b) Transmitting and receiving coils” gap.
(c) Transmitting and receiving coils. (d) Uncontrolled rectifier and buck converter.
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5.2. Results

To check the robustness of the proposed controller, using the programmable DC electronic load,
the load resistance was abruptly changed from 5 () to 3 (2 and then reverted back from 3 (2 to 5 Q).
During these fluctuations, the controller was used to track the constant current of 5 A and the constant
power of 120 Watts.

Figures 19 and 20 show the tracking of the constant current and power, respectively. It can
seen that during the fluctuations, the controller quickly recovered and tracked the required reference
efficiently. Under the constant power tracking of 120 Watts, Figure 21 shows the inverter output current
and voltage. According to Figure 21, the inverter output power was approximately 136 Watts, i.e.,
the power was transferred from the inverter to the DC Electronic load with an overall efficiency of
about 88% and coupling coil efficiency of 95%. The decrease in the overall efficiency was due to losses
incurred in the rectifier and buck converter. It can be seen that both the simulation and experimental
data exhibited similar behavior, which validated the effectiveness of the controller in real life.
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Figure 19. Tracking of constant current.
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Figure 20. Tracking of constant power.
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Figure 21. Inverter output voltage and current.
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6. Conclusions

In this paper, the LCC-S topology combined with a buck converter at the secondary side was
presented. The buck converter was controlled by DFTSMC to regulate the system’s output current and
power. Using two-port network theory, the system was analyzed, and optimal efficiency equations
were derived. Based on the analysis, the proposed system operated at maximum efficiency, when
connected with optimal load, or generated optimal power. Using DFTSMC, the duty cycle of the buck
converter was generated to track the required optimal power point. The simulation results verified
that during charging of the ultra-capacitor, under the constant power stage, the system operated at the
maximum efficiency point. The comparison with PID and SMC showed that the proposed controller
overall performed better in tracking the desired current and power. Experiments were performed
to validate the effectiveness of the proposed controller. The experimental results coincided with the
simulation and theoretical analysis. The experimental data verified that under the abrupt perturbation
in the load resistance, the controller performed well and tracked the required current and power.
The future aim of this study is to model the losses incurred in the inverter, rectifier, and buck converter
to analyze the effects on the system efficiency.

Author Contributions: Conceptualization, N.A. and Z.L.; formal analysis, N.A. and Z.L.; funding acquisition,
Z.L. and Y.H,; investigation, Z.L. and X.W.; methodology, N.A., X.W. and H.A.; project administration, Z.L. and
Y.H.; resources, Z.L. and Y.H.; software, N.A., Y.H. and H.A; supervision, Z.L.; validation, N.A., Z.L., XW.,, H.A.
and A.A.; writing, original draft, N.A.; writing, review and editing, N.A., H.A. and A.A. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Science and Technology Research Project of Shandong Province under
Grant No. 2019GGX104080.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

WPT Wireless power transfer

RIPT Resonant inductive power transfer
CWPT Capacitive wireless power transfer
EMR Electromagnetic radiation

AWPT Acoustic wireless power transfer
OWPT Optical wireless power transfer
SMC Sliding mode controller

PID Proportional-integral-derivative
DFTSMC  Discrete fast terminal sliding mode controller
SOC State of charge

SS Series-series

SP Series-parallel

PS Parallel-series

PP Parallel-parallel

LCC inductor-capacitor-capacitor
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