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Abstract: Unlike the plug-in charging system, which has safety concerns such as electric sparks,
wireless power transfer (WPT) is less-time consuming, is environmentally friendly and can be used in
a wet environment. The inclusion of hybrid energy storage systems (HESSs) in electric vehicles (EVs)
has helped to increase their energy density as well as power density. Combined with static wireless
power transfer, a WPT-HESS system is proposed in this article. The HESS system includes a battery
and supercapacitor (5C) connected to a WPT system through DC-DC converters. To ensure a stable
DC bus voltage, an inductor—capacitor—capacitor series (LCC-S) compensation network has been
implemented in the WPT system. Utilizing the two-port network theory, the design equations of the
LCC-S compensation network are derived in order to realize the maximum efficiency point for the
WPT system. To ensure that the WPT system operates at this maximum efficiency point and that the
SC is charged to its maximum capacity, an energy management system (EMS) has been devised that
generates reference currents for both the SC and battery. An integral terminal sliding mode controller
(ITSMC) has been designed to track these reference currents and control the power flow between
the energy storage units (ESUs) and WPT system. The stability of the proposed system is validated
by Lyapunov theory. The proposed WPT-HESS system is simulated using the MATLAB/Simulink.
The robustness of the ITSMC against the widely used proportional-integral-derivative (PID) and
sliding mode controller (SMC) is verified under abrupt changes in the associated ESU resistance and
reference load current. Finally, the simulations of the WPT-HESS system are validated by controller
hardware-in-loop (C-HIL) experiments.

Keywords: wireless power transfer; hybrid energy storage system; LCC-S; integral terminal sliding
mode control

1. Introduction

Wireless power transfer (WPT) charging technology is superior to plug-in charging
systems as it can be used in wet environments and is safe from electric shock [1]. The recent
advancements in power electronics technology have led enterprises such as Qualcomm,
Evatran and Witricity to commercialize WPT technology into many products used in daily
life that can be charged wirelessly with high efficiency. These products have many indus-
trial [2] as well as daily life applications, such as the wireless charging of smartphones [3],
EVs [4,5] and many biomedical implants [6,7].

The increasing carbon footprints and the ever-dwindling oil supply have led vehicle
manufacturers to look for alternative options. One of the promising and efficient perspec-
tives is the use of hybrid energy storage system (HESS)-based EVs. The commonly used
energy storage units (ESUs) are batteries and supercapacitors (SCs) as they combine the
high energy density of batteries and high power density of SCs [8]. To charge these units,
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a wired connection is provided at the designated charging stations, which not only has
reliability and safety issues but also needs a certain duration to link the vehicle with the
charging point. In order to solve these issues, a static WPT system is considered to be a
viable option that has no safety concerns regarding sparks caused by contact. A static WPT
combined with an HESS can ease the charging process in many types of commercially used
EVs such as modern trams, electric scooters, automatic guided vehicles (AGVs) and light
rail vehicles (LRVs). In urban areas, trams stop at multiple tourist sites where it would
not be appropriate to construct a charging station. As the WPT charging system has high
concealment, it can be used in these scenic spots to charge the tram [9]. Similar to other
EVs, charging an electric scooter through a plug-in charging system incurs the problems of
possibly getting an electric shock, wire twisting and the lack of a unified charging plug.
Therefore, implementing the WPT charging system along with HESS in electric scooters has
not only solved the safety concerns but also improved the charging process and propulsion
rate [8]. AGVs are revolutionizing the logistics industry by improving automatic process-
ing and mechanical assembly [10]. However, to continue their operations, AGVs need to
frequently recharged, and using a plug-in charging system decreases their utilization rate
and increases the overall cost [11]. Therefore, the use of a WPT to energize these AGVs has
solved the automated charging requirements and security concerns [12]. Apart from the
above-mentioned benefits, an HESS has been implemented in LRVs to lower the power
level of WPT charging systems [13]. A typical WPT-HESS system implemented in an LRV

is shown in Figure 1.
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Figure 1. Wireless power transfer-hybrid energy storage system (WPT-HESS) implemented in a
light rail vehicle (LRV).

On the transmitting side, a high frequency (HF) DC/AC inverter converts the DC
power into the required HF AC power. The AC/DC rectifier on the receiving side converts
the AC voltage back into DC voltage. The compensation networks are implemented on both
sides to improve the system efficiency by canceling the leakage inductance and lowering
the reactive power transfer [14,15]. Finally, the DC-DC converters are interfaced between
the rectifier and storage units to control the power flow. Based on this topology, different
attempts have been made to integrate an HESS with WPT. In [8], the author proposed a
WPT-HESS system to charge an electric scooter. According to the battery state of charge
(SOC), a three-mode strategy is proposed to meet the power demands of the battery and
SC. In [16], an HESS-based WPT system was proposed in which the ESUs—i.e., the battery
and SC—were linked to the WPT system by the DC-DC converter, and the implemented
WPT system ensured a stable current to these units. The issue with such a configuration is
that the power-receiving ability of the SC is wasted. In [17]; using the same HESS topology,
the WPT and HESS system were configured to meet the desired power requirements of the
storage devices. However, the article lacks an analysis of the WPT system efficiency, which
is a key factor in designing a WPT system.

For the accurate charging of the battery and SC, a stable bus voltage is required.
Therefore, the connected WPT system must provide a constant DC bus voltage to the
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ESUs. To solve this issue, the compensation networks that defines the system transfer
characteristics—i.e., a constant current or constant voltage—are utilized [18]. Based on the
inductor—capacitor structure, the compensation networks can be categorized as parallel-
series, parallel-parallel, series—parallel and series—series [18]. The circuit diagrams of these
networks are shown in Figure 2. In parallel-series and parallel-parallel configurations,
the source is protected, since there is no power flow from the transmitter coil in the case
of the non-availability of the receiver coil. The drawback of these networks is that if the
transmitting and receiving coils are misaligned, then high power cannot be transferred [19].
To solve this problem, the series—parallel network can transfer high power, but its de-
pendence on load variation and high voltage gain make its implementation limited [20].
The series—series network is widely used because, using this network, the resonant fre-
quency does not vary with coupling-coefficient and load variations. The drawback of this
network is that the output current and duty cycle of the connected DC-DC converter are
inversely related, making the use of traditional control methods obsolete [21]. To solve this
issue, an LCC-S-based WPT is proposed in [22] that can maintain a quasi-constant voltage

at the output.
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Figure 2. Types of compensation networks: (a) series—series, (b) parallel-series, (c) series—parallel and (d) parallel-parallel.

Another design element that needs consideration is the system efficiency of WPT and

its dependence on the connected load; i.e., the WPT system provides maximum efficiency
for a specific load. To operate the WPT system at this maximum efficiency point and
control the power flow to the storage devices, DC-DC converters are interfaced between
the WPT system and the connected ESUs [23]. By controlling the DC-DC converter
duty cycle, the WPT system equivalent resistance can be altered; i.e., the duty cycle of
buck and boost converters can change their input resistance in the range R; — 400 and
0 — Ry, respectively [24]. Conventionally, the PID controller is implemented to control
the duty cycle [25,26]. However, the linear nature of THE PID limits its regulation to a
smaller region. A linear model predictive controller (MPC) is designed for a dynamic WPT
system in [27] to control its output voltage. Compared to the PID controller, its response
time is faster and it provides better system efficiency. However, the MPC controller
needs an accurate dynamic model and an optimization algorithm, which implies high
computation cost [28,29]. To expand the regulation range of the linear controllers, an SMC is
presented in [30]. Due to its non-linear nature, the SMC not only exhibits faster tracking for
different load conditions but also fewer transients. However, the SMC has some of its own
shortcomings, such as overshooting and the presence of chattering at the equilibrium point.
A high-order SMC based on a super-twisting differentiator is proposed in [31], enhancing
the traditional SMC for a quick transient response. However, the gains of this improved
controller should be optimized for various output voltages for a faster response time.

According to the above-mentioned literature, a WPT-HESS system based on the LCC-

S compensation topology is presented in this article. The SC and battery are linked to the
WPT system by buck and bidirectional buck-boost converters, respectively. To control the
converter duty cycles, an integral terminal sliding mode controller (ITSMC) is proposed to
overcome the drawbacks of the traditional SMC. Due to LCC-S compensation, the WPT
system ensures stable output voltage at the DC bus. Furthermore, to ensure that the
WPT system operates at maximum efficiency, the DC-DC converters are controlled to
provide optimal power to ESUs. The ITSMC controls the connected bidirectional buck—
boost converters to distribute the power flow between the ESUs and ensure that the WPT
system provides the injected power at maximum efficiency. In the proposed WPT-HESS
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system, SC is considered as the main ESU and the battery as an auxiliary ESU. Therefore,
the majority of the power is injected into the SC and the remaining power into the battery
so that the injected power is equal to the optimal power. During the charging process,
the voltage of the SC will rise, due to which its power requirement will increase. When
the power requirement increases beyond a threshold, then the power generated from the
WPT system will not be optimal; therefore, the battery will be discharged to make sure
that the power generated from the WPT system is equal to the optimal power. A detailed
energy management system (EMS) is devised to provide the current references for the
charging of ESUs, and then the ITSMC is used to track the ESU’s charging currents to the
desired references.

The article is structured as follows. The proposed WPT-HESS system and the con-
nected DC-DC converters are modeled in Section 2. The EMS for the generation of the
current references is discussed in Section 3. The design and closed-loop stability analysis
of the proposed controller are discussed in Section 4. Section 5 presents the simulation
results of the proposed WPT-HESS structure, comparison of the ITSMC with the PID and
SMC and the validation of the simulation results by controller hardware in loop (C-HIL)
experiments. Section 6 concludes the article.

2. System Modeling
2.1. Governing Equations of the LCC-S Compensation Network

Figure 3 shows the circuit diagram of the proposed WPT-HESS system using the
LCC-S compensation network.

in +

Ibat
A\ 4

—/—= + Dy
Rbaz||Vhat ‘

Figure 3. Circuit diagram of the proposed WPT-HESS system.

In the figure, L; and L, are the inductances of the transmitting and receiving coils
and C;, C, are their series capacitors, respectively. L 1 and C 1 is the inductance of the
compensation inductor and its compensation capacitor, respectively. R¢y, Ry and R, are the
equivalent series resistances (ESRs) of L¢y, Lt and Ly, respectively. V4p is the HF root mean
square (RMS) AC voltage generated by the HF inverter from the input DC source V;, at
resonant frequency w. V,;, is the HF AC voltage received at the receiving coil. Vs and V,;
are the DC voltages of the SC and battery, respectively. M is the mutual inductance between
the transmitting and receiving coils. S5, S¢ and Sy are the IGBT switches of the bi-directional
buck-boost and buck converters connected with the battery and SC, respectively. Ls. and
Ly, are the inductors of the buck and bi-directional buck-boost converters, respectively.
Ry, and Ry, are the equivalent resistances of the battery and SC, which vary with their state
of charge (SOC).

Figure 4a shows the equivalent circuit diagram of the proposed structure. The equiva-
lent resistance R¢q4 of the DC-DC converters connected with the battery and SC is derived
by considering three different modes of the charging process. In all the three cases, the SC
is charged through the connected buck converter; depending on the system requirements,
the battery will either charge, not charge or discharge. In first mode—i.e., no battery mode—
the DC-DC converter connected with the battery will not function, and therefore no
charging or discharging occurs. In second mode—i.e., battery charging—the bi-directional
DC-DC converter operates in buck mode to charge the battery. In the third mode, the bi-
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directional DC-DC converter operates in boost mode to discharge the battery. Based on
these modes, V},;; can be derived as follows:

0 (No battery)
Viat = 15V (Battery charging) 1)
(1 —ps5)Ve, (Battery discharging)

Utilizing Equation (1), the equivalent resistance of the DC-DC converters in each
mode can be derived as follows [24],

8 [ Rsc
= (ﬂ%) (No battery)
Req = = (RSC [l Rbut) (Battery charging) )
— (RSC I Rbat 2) (Battery discharging)
(1—ps)

where (0 < pus, e, 7 < 1) are the duty cycles of switches S5, S¢ and Sy, respectively.
Simplifying Equation (2), the equivalent resistance for all the three modes is derived as

R
% <Szc) (No battery)
M7
8 RbutRsc )
Ro=92\2r . . 2ro (Battery charging) )
eq 2 <V§Rbat + V§R5c>
i < 5 RparRse 5 > (Battery discharging)
‘u7Rb11t + (1 - ,MS) Rsc

The equivalent circuit is converted into a voltage-driven two-port network by transfer-
ring the receiving-side impedance to the transmitting side. Figure 4b shows the converted
equivalent circuit. The transferred impedance of the secondary side Z, can be obtained
as follows:

w?M?

Iy = — 4
" Reyg+ R, )

Furthermore, the system’s parameters are tuned to satisfy the resonance condition
and make the phase difference between the input voltage and current zero. The resonance
equations for tuning the system parameters are

_ _1
Cfl - szfl
— 1
€= mn ©)
Cr = wzlL,

According to the two-port network shown in Figure 4b, the terminal voltages and
currents are related as follows [32]:

{ Vap } _ { Zu Zn ] I, ©)
|73 Zo1 Zyp Iy
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where V7 is the voltage across Z,, derived as

2312
w-M-]
=2l = o @)
Ry + Req
Ly T 0 I
+ + =D | Le s L, | 9
S 3 N : T Crt : LS
- - - —3 - a
I R R
e S

(b)
Figure 4. (a) Equivalent diagram of the proposed system, (b) voltage-driven two—port network of the proposed system.

The system’s open-circuit impedance parameters are evaluated by considering the two
operational modes as shown in Figure 5a,b. In mode (i), the output port is open-circuited
(Ir = 0), and in mode (ii), the input port is open-circuited (I}, n = 0) . Considering these
two modes and Equation (5), the open-circuit impedance parameters are calculated as [33]

L T T T T =0 1, ¢ =01
f1 I Lfl
N — M J—rm I ¢ f! —m I
=D | L o b I by |
N : T S | : T S
- |
g 1 i 1
I
LR R LR R
(a) (b)
Figure 5. (a) Mode (i): Iy = 0 (b) Mode (ii): ILf1 =0.
Vs . 1
Zy1 = Kht:o = ](WLfl - @) +Rp =Rp
1
V*
Zy = 2|0 = - = jwlp
ILfl | t ]wal ] f

®)
V*
_ Vab _ . _ 1 _ 1 —
Zy = Ttthl:O = R; +](WL1 wCh TQ) =Ry

VAB 1 .
Zyp = T'ILfl:O = joCH = jwLg

The WPT system voltage gain Gy, from transmitting coil input to the receiving coil
output is derived as follows,

V, Vs || Vi
GVU _ ab | _ 7!2*17 ab )
Vap VoIl Vas
V*
Furthermore, using two port network theory, the input-to-output voltage gain Vﬂb
AB
can be calculated as [34]
Vap|  Zn(Zr + Zp2) — Z12Zm
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Substituting values from Equation (8), we get
Vu*b
VB

WLy M?
2
2 M2
(Rr + Req) <Rf1 <7qu+Rr + Rt) + <CL)Lf1) )
Using the voltage divide rule in Figure 4a, the output voltage V,; can be obtained as

Vay = (R, - Req)Req 12)

(11)

Substituting Equations (7), (10) and (12) into Equation (9), the WPT system voltage
gain is derived as

w?LiMRey

Gy = 2
(Rr + Reg) <Rf1 (% +Rt) + ((ULfl) )

[

(13)

Similarly, using the characteristics equations of the two-port network theory [34],
the network input current I, and output current I; can be calculated as

I = Vag(Za2 + Zr) _ Vg (RiRr + RiReg + w?M?) .
1 — - 2
le(Z22 + Zr) Z12Z21 Rfl (Rth 4 RtREq + szz) 4 <wa1) (Rr 4 Req)
I = VagZn _ VAB(ULfl (RV + Req) (15)
- _ - 2
Z11<Z22 + Zr) Z12Z21 Rfl (Rth + RtReq 4 szz) 4 (C‘JLfl) (Rr 4 qu)
Utilizing Equations (14) and (15), the current gain Gj, can be calculated as [34]
G = ||z “Ln(RitRy) (16)
fo Iy, Zy+Zy  w*M?+ Ri(Ry + Reg)

Equation (15) can be utilized to yield the equation for the receiving coil current I, as

WMLV,
I = A (17)

2
Rfl (Rth + RtReq + CUZMZ) + (CULfl) (Rr + Req)

Assuming that the system is satisfying the resonance conditions, and ignoring the
losses incurred in the inverter, rectifier and DC-DC converters, the overall system efficiency
() is derived as

Vapli Req

= Ry
VaBIL; R+ Reg

G T
"R, + Reg

= Gy, (18)

Substituting the values of Gy, and Gy, from Equations (13) and (16) in Equation (18),
can be derived as

4712 2
WAL M? R

n= YA 02
w-M 2 w-M 2
R —— + R L —— + R R R
( fl<Rr+Req+ t>+<w fl) ><R7+Req+ t)( r+ eq)

(19)



Energies 2021, 14, 1693

8 of 25

To calculate the optimal equivalent resistance R,p, 1 is differentiated with respect to
Re; as follows:

2
{RthRfl + R, (CULfl) + RLflszz} (R¢Ry + w?M?)

Rt{RtRLfl + (CULfl>2}

According to Equation (3), for varying Rs. and Ry, the duty cycles of the DC-DC
converters us, g and u7 can be used to regulate R.;=R,p to ensure that the system operates
at maximum efficiency. The tracking of Re; to R,y is complex for the HESS; therefore,
the R, is translated into optimal power P, to ease the control process.

Using Equation (13), the conversion of R, into P, is derived as

a1
IR

=0=Rpp =

(20)

2

(21)

Pop = Vib _ (1 w? L1 MRegVap
Rop Rop w?M? 2
(R;' + qu) Rfl 712;/ T Req + R ) + (WLfl) )

Using Equation (21) and the system specification given in Table 1, the relationship
between 17 and Py is shown in Figure 6. It can be observed that at the P,,—i.e., 310 watts—
11 is highest. To converge Pypr to Pyp, the duty cycles us, ug and u7 of DC-DC converters
are altered. The modeling of these converters is provided in the next section.

1 T T 2000

{1
= Ry, 13.9 z
=00 1 0.95173 11500
) 2
z =
'S 0.6 1000 3
i R__13.9 z
= & c
L 04t Pwpr 309-3004 | 1500 1
‘\ =
0.2 : : 0
107" 10° 10°

R
eq

Figure 6. Efficiency, 77 vs. Req and Pyt

2.2. Modeling of the DC-DC Conuverters
2.2.1. Bi-Directional Buck-Boost Converter (Battery)

The battery is linked to the WPT system through a two-switch bidirectional buck-boost
converter as shown in Figure 3. This includes a high-frequency inductor Ly, with its ESR
Rppar and two IGBT switches Ss and Sg. The switching states of S5 and S¢ are controlled by
applying the required PWM signals us and ug, respectively. Furthermore, the S5 and S¢
operate reciprocally; i.e., when Ss is on, then S¢ is off, and vice versa. Depending upon the
switching states of these switches, the converter can operate in both buck and boost modes.
The switching states for both operations are given below.

S5 = on; Sg = off (Boost Mode) 22)
S5 = off; S¢ = on  (Buck Mode)

The switching states are further controlled by the battery reference current iy, f;
i.e., in boost mode, the battery will discharge (i;,; < 0), and in buck mode, the battery will
be charged (ip,; > 0). To ease the control process, a new parameter | is defined as follows:
1 i Boost Mod
J= llhatref < 0 (Boost Mode) (23)
0 ipatres > 0 (Buck Mode)
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During boost mode—i.e., | = 1—using the Kirchhoff voltage law (KVL), the mathe-
matical model can be derived as

dibut Vbat RLbat . Vo
= - + ipgt + (1 —us (24)

dt Lbut Lbat bat ( ) Lbat
iwptl = (1 - u5)ibat (25)

where iy is the current from the WPT system. Similarly, during buck operation, the math-
ematical model is developed as

dipat Voat | Ripat . Vo
= — + Ipat + Ug (26)

dt Lbat Lbat ot Lbat
iwptl = Uglpat (27)

To obtain a global model, a virtual control us is defined as

use = [J(1—us) + (1 — J)ug] (28)

Using Equation (28), both operational modes are combined into an overall model
defined by the following equations:

dipgt Viat | Ripat . Vo
= - + ipat + (Use (29)

dt Lbut Lbat ot ( ) Lbat
lwptl = Us6lpat (30)

2.2.2. Buck Converter (Supercapacitor)

The SC is also linked to the WPT system by a DC-DC buck converter. The mathemati-
cal model of the buck converter is derived as [23]

disc Vsc Risc . Veo
—_— = -4 1sc + U 31
dt Lsc LSC * 7 LSC ( )
iwptZ = Uzl (32)
2.2.3. Global Modeling
Utilizing Equations (29) and (31), both DC-DC converters can be modeled as
dipgy Vhat Ripat - Vo
= — + Tpat + Use (33)
dt Lpat Lpat bat Lygt
disc Vsc Rise . VCO
—_— = - lse +U 34
dt LSC Lsc * 7 LSC ( )

To simplify the control design, Equations (33) and (34) are utilized to averaged the
model over one switching cycle [35],

dxq Viat | Ripat Veo
— = + X1+ Use (35)
dt Lbat Lbat ! ! Lbat
dx; Ve Rpse Veo
— = X2+ 36
dt LSC Lsc 2 ]/l7 LSC ( )

where x; is average battery current iy, X, is the average SC current isc and s and py
are the average values of PWM signals us¢ and uy, respectively. To generate the reference
currents for iy, and is;, an energy management system is devised in the next section.
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Power (W)

3. Energy Management System (EMS)
3.1. Power Distribution Strategy

To ensure that the WPT system operates at the maximum efficiency, its output power
should be optimally distributed between the SC and battery. The generated power from
the proposed WPT-HESS system, Py, can be calculated as

Pypt = Pyar + Psc (37)

where Py, and P, are the power delivered to the battery and SC, respectively. The WPT
system’s main goal is to satisfy the load power requirements—in this case, the power
requirements of the SC. However, to ensure that the WPT system operates at maximum
efficiency, the power generation from the WPT system should be equal to P,,. For this
purpose, when P is lower than Py, the extra power is utilized to charge the battery.
Conversely, when Py is higher than Py, the battery is discharged to fulfill the power
demand of SC. Based on these charging conditions, the following power distribution rules
are devised:

1. The SC should be charged to its rated power;

2. The WPT system should operate at maximum efficiency;

3. The charging time should be fully used to adequately allocate the charging power for
the battery.

The power distribution between the HESS and WPT system is allocated based on the
SC’s initial voltage level V.. Based on V,; level, the SC is charged in two different modes,
as shown in Figure 7. In the first case, when V;,; = Vi, constant current charging is
applied to ensure that the SC is charged to the rated power. Figure 7a shows the charging
curves for this scenario. It can be seen that, due to constant current charging, Ps. increases
linearly with the rated power of SC.

L
>

~~o

-~
~~

Power (W)

A 4

> S

Voltage (V)

>
>
» O
>

Current (A)
Voltage (V)
1
Current (A)

A\ 4

Period 1 -
0

Period 2 | Period 17 . Period 2
Time (s) Time (s)

(a) (b)

Figure 7. Charging curves of HESS and WPT for (a) Vsei = Viemin (B) Vsei > Viscmin-

The whole charging process is divided into three time periods. In period 1, the charg-
ing of SC begins with its lowest initial voltage, due to which the charging requirement of
the SC is lower; therefore, the remaining power (Pypt — Psc) is used to charge the battery.
It can be observed that until P reaches P = Pyp — Ppapmax, the power from the WPT is
not optimal, which shows that Py is the minimum threshold power in order to generate
the optimal power generation from the WPT system. In period 2, with the increment in
the charging requirement of the SC, the battery charging power Py, starts to decrease
to accommodate the SC charging requirements. It can be seen in period 3 that when P;,
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exceeds P,,, the battery is used as a power supply for the SC to meet its extra power
requirements and to ensure that the power from the WPT system is optimal; i.e., Pypr = Pop.
The Py,;; and I, is negative in this period, which shows this discharging phenomenon.

The second scenario, in which the SC’s initial voltage is greater than the minimum
voltage—i.e., Vs.i > Visemin—is shown in Figure 7b. The charging process for this case is
categorized into two stages. The first stage is demonstrated in period 1, in which a constant
current is injected into the SC until its power reaches the turning power P;. Then, in the
second stage, the charging is done by providing a constant power P; to fully charge the SC
in the rated time T;.

3.2. Design of System Parameters

The maximum power level of the WPT system Pyptmax in the proposed HESS struc-
ture is determined according to the power requirement of the attached SC and battery.
The relationship between the WPT system and HESS units are as follows:

Pwptmax > Pscmax — Ppatmax (38)

where Psepax and Pygpq, are the maximum power requirements of the SC and battery,
respectively. Furthermore, when V,.; = Vi, the battery power level must not be reduced
during the charging process. To ensure this, the following relationship between Pyptmax

and Ps; must hold.
Pscimax + Pscmin

2
Based on the relationships given by Equations (38) and (39), Pwptmax is selected as

Pwptmax > (39)

(40)

Pscimax + Pscmin >
2

Pwptmax = max (Pscmax — Pyatmax.

To generate Pwptmux at maximum efficiency, the system parameters are tailored ac-
cording to Equation (21). The charging process begins with the detection of V.. For
Vsei = Vicmin, @ constant current mode will be applied, and for Vi,; > Viepin, the first
current mode and then constant power mode are applied. Figure 7b shows that, in the
second stage, the charging of SC is done by constant power P;. This turning power for the
SC is calculated as

(L@zcmax Tr + CIscmax Vsci - Iscmax \/(Iscmax Tr + CVsci)2 - (CVscmax)2>
C

b= (41)

According to Equation (41), P; depends upon the level of V,.;. However, for a particular
Vsei level, if Py is less than P, then Py must be equal to P; to realize optimal power
generation from the WPT system. In this case, the charging process will be completed
quicker than the rated time. Based on these scenarios, the turning power can be chosen as

P} = max(P;, Pp) (42)

The primary goal is to fully charge the SC; therefore, the battery charging power
depends upon the remaining power from the rated power. This charging strategy is
summarized as follows:

Py = min(Pblltmﬂxr Pop — Psc) (43)

Utilizing Equation (43), it can be deduced that when Py > P, then P, will be
negative, which validates the discharging phenomenon shown in period 3 of Figure 7a. All
of the above-mentioned charging rules are summarized in a flowchart shown in Figure 8.
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Figure 8. Energy management system of the proposed WPT system.

According to the power allocation strategy, it can be observed in Figure 8 that the
current references Iseo and Ipqye¢ are generated for the battery and SC charging, respec-
tively. By tracking Isc to Icrer and Ipgs to Ipgsrer, the WPT system will operate at maximum
efficiency point under different V. levels. In order to track these currents, an integral
terminal sliding mode controller is designed in the next section.

4. Designing of Integral Terminal Sliding Mode Controller (ITSMC)

An overall structure of the implemented control strategy is shown in Figure 9. A cen-
tralized ITSMC is proposed in this article, with the main motive of ensuring that the WPT
system operates at the optimal power point. To accomplish this task, the ITSMC tracks the
SC current isc and battery current iy, to their respective reference currents—i.e., iscrer and
ipatrep—which are generated by the proposed EMS. To track isc and iy to their referenced
values, error trajectories are defined for each parameter as follows:

€1 = X1 — ipatref (44)

€ = X2 — z'scref (45)

where the errors e; and e are used for the regulation of 7;,; and is., respectively. Taking the
time derivative of Equations (44) and (45) and using x; and X, from Equations (35) and (36),
we get

s Vbat RLbat Veo :
6l = —7—+ X1 FUse— — 1 (46)
Lbat Lbat " Lbat atref
. Ve RLsc VCo :
=% -0 _ 47
€ Lec + Lec X + 7 Lsc Iscref (47)

To make the error signals equal to zero, the integral terminal sliding mode surfaces Sy
and S, are defined as

¢ M
a:q+g,/qw (48)
0
t A2
Sy =ey+ 0> /ezdt (49)

0
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where ; and A; are the design parameters of the ITSMC controller, defined as

{gi >0 i=12 50)

1<Ai<2 i=12
The integrals of the error signals in the sliding surfaces improve the controller chatter-

ing and its dynamic system response for sudden changes in the parameters. Taking the
time derivative of these sliding surfaces gives us

¢ A—1
Sl =€+ Clel)\l (/ €1di’) (51)

0
; Ap—1
52 =€)+ {rerAo (/ €2dt) (52)
0
Taking the value of ¢; and ¢, from Equations (46) and (47) yields
; A1
. Vi V R :
51 =Giei /6’1dt + (V56)LC0 - Lbat + LLbatxl — Tpatref (53)
0 bat bat bat
; A1
. Vi V. R :
52 = Daeahn /ezdf +(pr) T2 — S Sy — Lscref (54)
0 LSC LSC LSC

To verify the stability of the proposed controller, a positive definite Lyapunov candi-
date function V is defined as follows:

1 1
V= Es% + 555 (55)

For asymptotic stability, the time derivative of V—i.e., V—must be negative semi-
definite, derived as

V= 5151 + 5252 (56)
To make the V negative semi-definite, the following condition must be satisfied for S;:
Si = —isgn(S;),i=1,2 (57)

where 1; is the controller gain used to converge the states towards the sliding surface;
i.e., the higher its value, the faster the converging speed and vice versa. Meanwhile, sgn is
the signum function used to bind the states to remain on the sliding surface. Both of these
controlling parameters are defined as

x
— 0
sgn(x) = {(|)x| s . (58)
X =
{¢i>o i=1,2 (59)

Substituting the values of S; and S, from Equation (57) and into (56) yield

V= —1|S1]| — ]S, (60)

As (1, 92) > 0, the V is negative semi-definite; therefore, the asymptotic convergence
of the designed controller is verified by the Lyapunov stability criteria. Furthermore,
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the chosen sliding surfaces should also satisfy the existence condition, which is stated
as follows: ‘
55, <0 i=12
Sl' >0 S; <0 (61)
Si <0 S;>0
According to the existence condition presented in Equation (61), the surfaces can be

derived as follows:
For (51, S2) > 0 and (s, p7) =1, we get:

; A—1
Voo Vi . Rpp ;
e (/ eldt) o T LL;,; X1 fhatref < 0 (©2
0
; Ar—1
V. |7 R :
€2€2)L2 (/ €2dt> + LCO - Tx + LLSC X2 — lscref <0 (63)
0 SC SC SC
For (51, S2) <0 and (yse, p7) = 0, we get
; A—1
Vi R :
ienh / eydt — o v — dpgtger > 0 (64)
0 Lhut Lhut
; Ap—1
1% R :
Taeahs / epdt s B ) ey > 0 (65)
0 LSC LSC

Satisfying the necessary condition of Equations (62)—(65), the control laws ps¢ and py
are obtained as follows:

; A—1
Lyat Lpat [ Rppat Viat :
56 = — e1A /edt + P1sgn(S — X{—— —1i
Hs6 7 Cie1 1( 1 ) Pr15gn(S1) Ve LT L, batref

Lbat
0
(66)
¢ Ap—1
Lsc / Lsc Vsc RLsc :
=--= — e - 7
M7 Vs C2e2A2 J exdt + 12sgn(S2) ch( L, "L, 2 fseref (67)

where ps6, and p7 are the duty cycles of the converters linked to the battery and SC, re-
spectively. The boundary conditions for these control signals are defined as 0 < 56 < 1
and 0 < py < 1. Furthermore, based on the referenced current value, the control input ps
is split before feeding into the PWM of the respective switches. Utilizing yise and ipgsref,
the generation of y5 and ¢ is shown in Figure 9.
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Figure 9. General structure of the controlled system.

5. Results and Discussion

The performance of the ITSMC was verified by simulating the proposed WPT-HESS
system for different V. levels in the MATLAB/Simulink platform. The uncontrolled
rectifier was interfaced with the battery and SC through the DC-DC converters controlled
by the ITSMC. The references for I,;; and I;c were generated for different V,; levels from
EMS, and then the ITSMC was used to track these currents to their required references;
i.e., Licrer and Iygyrer. The parameter of the WPT system and the compensation network
were designed and are listed in Table 1. The specifications of the HESS system are listed in
Table 2, and the components of the DC-DC converters and ITSMC are shown in Table 3.
The nomenclature used in this manuscript is listed in Abbreviations.

Table 1. Wireless charger parameters.

Symbol Parameter Value
Vin Input voltage 75V
L Transmitting coil inductance 167.7 uH
Ry Transmitting coil resistance ~190 mQ)
Ly Receiving coil inductance 169.7 uH
R, Receiving coil resistance ~270 mQ)
M Mutual inductance 29.2 uH
fs Switching frequency 58 kHz
Pwpr Output power 310 W
Lp Transmitting side compensation inductance 33.4 uH
Cq Transmitting side parallel compensation capacitance 0.25 uF
¢ Transmitting side series compensation capacitance 54.7 nF
Re Transmitting side compensation inductor resistance 100 mQ)
Cfr Receiving side series compensation capacitance 444 nF

Table 2. HESS specifications. SC: supercapacitor.

Symbol Parameter Value
Viat Battery voltage 55V
Tpatmax Battery max current 35A
Chat Battery capacity 1.15 Ah
Vsemax SC max voltage 50V
Tscmax SC max current 10 A
Csc SC capacitance 10F
Visemin SC minimum voltage 5V

T Total charging time 45s
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Table 3. Parameters of DC-DC converters and controllers. ESR: equivalent series resistance; ITSMC:
integral terminal sliding mode controller; PID: proportional-integral-derivative; SMC: sliding
mode controller.

Symbol Parameter Value
Lpas, Lse Inductor 3.3 mH
Ripat, Rrse ESR of inductor Ly, and Lg, 20 mQ)
¢ Converter switching frequency 100 kHz
P1,P2 ITSMC controller gains 20,000, 20,000
01,02, A, Ao ITSMC Controller gains 0.3,0.3,1.5,15
Ky, Ki, Kq PID controller gains 0.0825, 24.05, 6.548
K1, Ky SMC gain 0.12,2.7

To validate the proposed controller and power allocation strategy, the charging of
SC was initialized with four different voltage levels; i.e., 5, 12, 22, and 35 V. The reference
currents for these different levels of V,.; were generated by the EMS and then tracked by
the proposed ITSMC.

In the first scenario, the charging began with the lowest V;; level—i.e., 5 V—as shown
in Figure 10a. It can be deduced that the SC was charged to its rated voltage—i.e., 50 V—in
the required time of 45 s, satisfying rule 1. According to the power allocation strategy;,
the ITSMC tracked Is; to Isemax of 10 A for the whole charging process; i.e., the charging
was done with a constant current. Observing the I, it can be seen that initially, when
the charging requirement of the SC was lower, the ITSMC charged the battery with the
maximum current by tracking I, t0 Izuqx 0f 3.5 A. However, the Ip,,; gradually decreased
due to the increment in the charging requirement of the SC. Furthermore, when the
charging requirements of SC exceeded the optimal power of the WPT, the bidirectional
buck-boost converter operated in boost mode to discharge the battery and, together with
WPT, catered for the charging requirements. This discharging phenomenon can be observed
at approximately 25 s as the I;; was negative afterward. The power curves of this charging
cycle are shown in Figure 10b. It can be realized from the mentioned Figure that the SC
charging power Ps increased linearly to its maximum value of 500 W. Furthermore, when
the Ps; exceeded the P, the Py, was negative afterward, showing the discharging of the
battery to the SC, realizing rule 2. Observing the WPT power curve Py, it can be deduced
that until the Py reached Py, the Py was not optimal, but afterwards for the remaining
charging process, the Pyt was at its optimal value of 310 W, satisfying rule 3.

In the next scenario, the initial voltage of the SC was increased to 12V, i.e., Vi ;=12 V.
Utilizing Equation (41), the turning power was calculated to be 296 W; therefore, according
to the power allocation strategy, a two-step charging mode was used; i.e., the initial
charging of SC by a constant current and then constant power. This charging phenomenon
is shown in Figure 11a,b. It can be seen that until 17 s, the SC was charged by a constant
current of 10 A until its power reached the turning power point; i.e., 296 watts. Afterward,
the SC was charged with a constant power of 296 watts. Furthermore, the charging curves
of ESUs and the WPT system shown in Figure 11a,b show that during the whole charging
process, the battery charging power ensured that the WPT system generated the optimal
power of 310 Watts.
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Figure 11. For Vy; = 12V (a) Vi, Isc, Viat, Ipat, (b) Psc, Ppat, Pupt-

When V,; was increased to 22 V, using Equation (41), P; was calculated to be 224 W.
Following the power allocation strategy, only the constant power mode was utilized to
charge the SC. The remaining power from the WPT was used to charge the battery to
ensure the optimal power generation from the WPT system. Figure 12a,b depicts this

charging process.
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Figure 12. For V,.; = 22V (a) Vi, Isc, Viat, Ipat, (b) Psc, Ppat, Pupt.

Following the trend, when V;,; was equal to 35 V, the constant power mode was
used again. The turning power P; for this V,.; was calculated as 175 W. However, in this
scenario, the SC was fully charged in less time; i.e., 35 s. This charging process is shown in
Figure 13a,b where it can be seen that the charging was completed quicker than the rated
time of 45 s. To summarize all the scenarios, the turning power for each initial voltage is

shown in Table 4.
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Table 4. Turning Power (P;) for different V.

Viei 5V 12V 2V 35V
P, 500 W 296 W 224 W 175 W

To verify the performance of the ITSMC, Figure 14 shows the WPT system efficiency
of the above four scenarios. Furthermore, the efficiency of non-HESS was also calculated
by charging the SC from 5 to 50 V with a constant current of 10 A. The efficiency of the
non-HESS is shown as V,,,,,— ess. The efficiency in all of these cases was considered from
the HF inverter input to the rectifier output. From Figure 14, it can be deduced that the
ITSMC kept the proposed system at maximum efficiency; i.e., approximately 92%. It can
also be observed that the efficiency of non-HESS depended upon the SC charging power
Ps; ie., it increased until P, and then decreased afterward.

0.93 T T
E
>
50.92
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k3]
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2
5 o —e—V =12V
— 091 ' 1
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Time(s)

Figure 14. WPT system efficiency for different V,.; and V},p,,—gEss.

5.1. Comparison with PID and SMC Techniques

To verify the robustness of the ITSMC and the previously used control techniques—
i.e.,, PID and SMC—against the load variations, the connected load resistance Rs. was
abruptly varied with the perturbation frequency of 20 Hz; i.e., after every 0.05 s. Further-
more, fluctuations in the load were set at 40%. According to the mentioned perturbation
conditions, the load was initially set at 5 (); afterwards, it was incremented to 7 (2 and
finally decremented to 5 (). The mentioned perturbation scheme can be defined as

50, t€[0,0.05)s,
Rse = {7Q), t€[0.050.1)s,
50, te[0.1,0.15]s.

Under the aforementioned load variations, the controllers were used to track a constant
output current of 5 A. This regulation of the output current by the ITSMC, PID and SMC is
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shown in Figure 15. It can be seen that, compared to PID and SMC, the ITSMC tracked the
current quicker with better accuracy. Under the perturbation at 0.05 s and 0.1 s, the ITSMC
recovered much quicker compared to other controllers. Furthermore, the PID and SMC
exhibited overshoots and a large settling time compared to the ITSMC.
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Figure 15. Tracking of Is., during perturbation in Rs.

To check the performance of the ITSMC, SMC and PID when tracking different current
levels, the reference currents were abruptly varied after each 0.05 s. The variation in the
reference current level with respect to time is shown below:

5A, t€10,0.05)s,
Licrep = { 4A, t€[0.05,0.1)s,
5A, t€[0.1,0.15]s.

The tracking of I for the above-mentioned perturbation in I..r by ITSMC, SMC
and PID is shown in Figure 16. It can be observed that, during the perturbations at 0.05 s
and 0.1 s, compared to PID and SMC, the ITSMC tracked the reference current much
quicker with no overshoot. The detailed comparison analysis of ITSMC with PID and
SMC is listed in Table 5, consisting of the rise time, settling time, percentage overshoot and
steady state error. It can be observed that the ITSMC outperformed PID and SMC in terms
of robustness and less steady-state error, therefore reaching the maximum efficiency point
in less time with greater accuracy [30].

Table 5. Performance comparison between the PID, SMC and ITSMC.

Rise Time (ms) Settling Time (ms) Percentage Overshoot (%) Steady-State Error (%)
PID 1.565 15.1 8.1 0.21
SMC 1.283 5.4 11.12 0.2
ITSMC 1.064 35 Nil 0.006
o[ . . ; 7
—~5H /} N / ~
$ ﬂx \, } ‘\ /] — — — -Reference
z Na - ITSMC |
e — PID
S35 5 \ / SMC 1
o 5
52 45 1
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Figure 16. Tracking of I, during perturbation in ..
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5.2. Controller Hardware in Loop Results

To validate the simulation results, a controller hardware in loop (C-HIL) setup of the
proposed WPT-HESS system for cost-effective real-time experiments is shown in Figure 17.
For the C-HIL, MCU F28379D launchpads were utilized, comprised of TMS320F28379D
dual core CPUs operating at 200 MHz. The launchpads were connected with a MATLAB
embedded coder using Texas Instruments C2000 Delfino support library. The proposed
WPT-HESS model which included a DC voltage source, HF inverter, compensation net-
work, transmitting and receiving coils, power converters, a battery and an SC was modeled
on MATLAB and translated into MCU F28379D launchpad 1 through the embedded coder.
The proposed EMS and ITSMC control laws were implemented on MCU F28379D launch-
pad 2 with a switching frequency of 100 KHz. The PWM ports of launchpad 2 were linked
with the GPIO ports of launchpad 1. Using the built-in analog-to-digital and digital-to-
analog converters, a closed-loop system was formed. Utilizing the C-HIL setup, all the
simulated scenarios were repeated and compared.

Plant Model
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Figure 17. Configuration of the controller hardware in loop (C-HIL).

sci’

Figures 18a, 19a, 20a and 21a shows the performance analysis of I, Vs, Iy, and
Vpar for different Vg, levels. It can be seen in Figure 18a that when V;.; was initialized
with 5V, a constant value of 10 A was applied to fully charge the SC. Furthermore. when
the Psc crossed over Py, the battery was discharged to cater for the SC’s extra power.
The second scenario for Vy; = 12 V is shown in Figure 19a. In this case, the segmented
charging strategy—i.e., an initial constant current and then constant power—was applied.
The third scenario shown in Figure 20a depicts the V;.; = 22 V in which constant power was
applied to fully charge the SC. Finally, the last scenario is shown in Figure 21a, in which
the SC was initialized with 35 V. In this case, again constant power was applied; however,
the charging process was completed a little earlier. The power curves of the SC, battery and
WPT system for all the mentioned scenarios are shown in Figures 18b, 19b, 20b and 21b.
It can be seen that for different levels of V;;, the WPT system always generated P, thus
ensuring operation at the maximum efficiency. Furthermore, it can be observed that, in all
these scenario, the C-HIL results were consistent with the simulation results, validating the
adequate performance of the ITSMC.
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Figure 21. For V,,; = 35V (a) Vs, Isc, Vigr and Iy (b) P, Pupt, Ppay-

6. Conclusions

An LCC-S compensation network-based WPT-HESS system has been presented in
this article. ESUs were connected with the WPT system using DC-DC converters which
were controlled by the ITSMC to adjust the power flow between the ESUs and WPT
system. The WPT system was analyzed by two-port network theory, and optimal efficiency
equations have been calculated. Based on these equations, when the WPT system was
linked with optimal load or generated optimal power, it operated at maximum efficiency.
An EMS has been devised that generates the reference currents for the ESUs, ensuring the
operation of WPT system at maximum efficiency and fully charging the SC. The duty cycle
of the DC-DC converters was controlled by the ITSMC to track the currents of the ESUs to
their respective references. The simulation results verified that, using the proposed EMS
and ITSMC, the WPT system operated at its maximum efficiency point and the SC was
charged to maximum capacity. A comparison with PID and SMC validated that the ITSMC
tracked the reference current with less overshoot and a steady error. Real-time C-HIL
experiments were conducted to further verify the performance of the ITSMC and indicated
that the ITSMC ensured that the proposed WPT system always generated optimal power
for different V;;, thus ensuring operation at maximum efficiency.
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The following abbreviations are used in this manuscript:

HF High frequency
EVs Electric vehicles
WPT Wireless power transfer
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Vsci
Vbﬂtr Ibat
Viser Ise

Iscmax

CS c

Vscmin

Hs, He, U7
1,92
01,02, M1, A2
K, K, Ky
Ky, K>

Vi

Ly

Ry

Ly

Automatic guided vehicles

Light rail vehicles
Proportional-integral-derivative

Energy storage units

Supercapacitor

Energy management system

Controller hardware-in-the-loop

Sliding mode controller

Hybrid energy storage system

State of charge
inductor-capacitor-capacitor

Integral terminal sliding mode controller
Battery max current

Battery capacity

SC max voltage

SC initial voltage

Battery voltage and current

SC voltage and current

SC max current

SC capacitance

SC minimum voltage

Total charging time

bi-directional buck-boost Inductor

Buck converter Inductor

Battery resistance

SC resistance

ESR of Ly,

ESR of L,

SC reference charging current

Battery reference charging current
DC-DC Converter switching frequency
IGBT switches of buck and bi-directional buck-boost
PWM signals of switches Ss, S¢ and Sy
ITSMC Controller gains

ITSMC Controller gains

PID Controller gains

SMC Controller gain

Input voltage

Transmitting coil inductance
Transmitting coil resistance

Receiving coil inductance

Receiving coil resistance

Mutual inductance

WPT operating frequency

WPT Output power

Transmitting side compation inductance
Transmitting side parallel compensation capacitance
Transmitting side series compensation capacitance
Transmitting side compensation inductor resistance
Receiving side series compensation capacitance
WPT system efficiency

WPT maximum power

Battery charging power

SC charging power

Turning Power
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