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ABSTRACT A rooftop photovoltaic (PV) system is a significant solution of building-integrated centralized
generation in the low-voltage (LV) DC grid. The drilling-free rooftop PV-inductive wireless power transfer
(PV-IWPT) system for the LVDC grid can reduce the installation and post-maintenance costs, with the
elimination of physical cable connections and preventing breaking of thermal bridge and rain penetration
between the rooftop and the inside of the building. Moreover, it has inherent isolation properties between
the input and the output terminals. However, it is challenging for the PV-IWPT system to simultaneously
achieve the maximum power point tracking (MPPT) for the PV panels and the maximum efficiency point
tracking (MEPT) for the system even under diverse irradiance conditions. In this paper, we propose an
efficient PV-IWPT system, which consists of a series-series IWPT converter, driven by the PV panels and
loaded by the LVDC grid directly. Moreover, we apply in the proposed system a particle swarm optimization
with an auxiliary Perturb and Observe (P&O) algorithm and a load matching method without wireless
feedback communication to realize MPPT and MEPT in the overall PV-IWPT system simultaneously.
Finally, we analyze theoretically and verify experimentally the proposed PV-IWPT system in a 500-W
experimental platform under different irradiance conditions.

INDEX TERMS Low-voltage DC grid, photovoltaic, maximum power point tracking, inductive wireless
power transfer, maximum efficiency point tracking.

NOMENCLATURE MEPT Maximum efficiency point tracking.
RESs Renewable energy sources. P&O Perturb and observe algorithm.
LVDC Low voltage dc. SS-IWPT  Series-series inductive wireless power trans-
PV Photovoltaic. fer.

PV-IWPT Photovoltaic-inductive wireless power trans- SAR Semi-active rectifier.
fer. PSO Particle swarm optimization.
MPPT Maximum power point tracking. MPP Maximum power point.
PWM Pulse width modulation.
ZPA Zero phase angle.
FHA Fundamental harmonic analysis.
The associate editor coordinating the review of this manuscript and KVL Kirchhoff’s voltage law.
approving it for publication was Ahmed F. Zobaa . GMPP Global maximum power point.
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Self-inductances of the transmitter and
the receiver sides.

Mutual inductance.

Coupling coefficient.

Coil losses at the transmitter and the
receiver sides.

Series compensation capacitors at the
transmitter and receiver sides.
Resonant angular frequencies at the
transmitter and receiver sides.

dc input voltage and current extracted
from the PV array.

ac voltage at the transmitter and
receiver sides.

ac current for the SAR.

Input and output capacitor.

dc output voltage and current of the PV-
IWPT converter.

Four sic MOSFET switches in the
inverter.

Two MOSFET switches at the lower
legs of the SAR.

Two diodes at the upper legs of the
SAR.

The conduction angle of v, and v;.
The fundamental components of v, and
Vs.

Load resistor.

The phasors of the fundamental com-
ponents of vy, i, vy and ig,.

Equivalent resistance of the SAR with
Rrvpe.

The impedance of mutual inductance.
The impedance at the transmitter-side
and the receiver-side.

Optimum operating frequency.
Optimum load resistance.

Output power of the PV-IWPT con-
verter.

Maximum power extracted from PV
panel.

Maximum power dc input resistance
value.

The dc input resistance of the PV-
IWPT converter.

Equivalent impedance reflected from
the receiver-side.

Input impendence of the PV-IWPT
converter.

Power loss of the inverter.

Switching loss and conduction loss of
the inverter.

Turn-on time and turn-off time of the
MOSFET switches.

Output capacitance of each MOSFET
switch in the inverter and the SAR.

VP.ayg» IP.ayg
Ron,] B Ron,2
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iP,rmsw iS,rms
Psw,SAR,Pcon,SAR

Ploss,SAR
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Rp, Ry
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t
p

Average value of v, and i,,.
On-resistance  of  the
switches.

Forward voltage of the anti-parallel
diode of the switch in the inverter and
the SAR.

Rms value of ij, and i;.

Switching loss and conduction loss of
the SAR.

Power loss of the SAR.

Average value of vg and i.

Equivalent series resistance of the
transmitter side and receiver side.
Local best position of a particle in a
searching area and global best position
of the whole population.

Particle size.

Velocity and position of each particle.
t-th iteration.

Fitness function of PSO.

MOSFET

Yout,Tx> Vout,Rx»
Vin,Tx> Vin,Rx»

N7y, Npy Outer radius, inner radius, number of
turns of the transmitter-side and the

receiver-side Coils.

I. INTRODUCTION

Nowadays, due to the rapid growth of the energy demand, the
reliance on the renewable energy sources (RESs) increases
progressively in the distribution power systems, as well as
relieving severe environmental pollutions [1], [2]. Therefore,
RESs play a significant role in complementing the high-
energy-density but environmental-friendless non-renewable
energy sources. Clean electricity can come from the dis-
tributed RESs, including photovoltaic energy, wind energy,
biogas energy, etc. Among the aforementioned RESs, the
improvement of PV technology distinguishes itself lead-
ing to its wide utilization due to the abundance of solar
irradiation [3], [4]. Meanwhile, since the majority of the
electronic devices exclusively operate on DC power and
a number of distributed RESs produce energy in DC, the
recent wide-application of a low voltage DC (LVDC) grid
allows the interconnection of the main power bus with the
loads and the various energy sources [5], [6], [7], [8]. Fur-
thermore, the LVDC grid is a promising way to materi-
alize and overcome the limitations of the AC power grid,
by enhancing the conversion efficiency through cost reduc-
tion and avoiding the inherent synchronization and sta-
bility problems [5], [9]. Fig. 1 presents an example of
local energy exchange, composed by interconnect genera-
tion, energy storage and load consumption. However, the
centralized RES generation plays an important role for the
LVDC grid and paves the way for the sustainable improve-
ment of LVDC grid. The rooftop PV system (Fig. 2(b)) is
a significant development solution of the building-integrated
centralized generation in the LVDC grid, installed in
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FIGURE 1. Schematic overview of a typical low-voltage DC grid.

modern timber-roofs [10], [11]. Compared with the conven-
tional rooftop PV modules (Fig.2(a)) that usually require
fixed cable-connections among the PV array, the power con-
verters and the building’s loads, the obvious merits of the pro-
posed PV-IWPT system omit the complicated wiring design
of the wall and simplify the installation steps by getting rid of
the physical cable connections between the rooftop and the
building inside, which are mainly provided by IWPT tech-
nique [12], [13], [14]. Especially, a study in [15] has shown
that solving the wiring issues of rooftop PV can effectively
shorten the installation time within one day and also reduce
the labor cost by 30-40%, which is a significant cost driven
for the rooftop PV installation. Thus, the installation cost
of the proposed PV-IWPT system can be reduced includ-
ing the reduction of time cost, labor cost and construction
cost. Moreover, the drilling-free PV-IWPT system avoids the
thermal discomfort caused by breaking the thermal bridge of
buildings and the rain penetration that damages the interior
of the buildings and then destroy the overall function of the
PV system, so it can also lower the post-maintenance cost
[16], [17]. Furthermore, the wiring connection issue will also
affect the system’s overall performance. After installation,
a wiring issue will also result in significant maintenance
issues [18]. Fig. 2(c) shows the cross-section view of the
proposed rooftop PV-IWPT system. Since it is convenient to
install and remove, the rooftop PV-IWPT system has a great
potential for application. More importantly, the PV-IWPT
system has inherent isolation properties between the input
and the output terminal by making use of the loosely-coupler
(Transmitter and receiver coils) as same as the widely used
isolated DC-DC converter using a transformer for conven-
tional wired PV system [19].

Due to the non-linear relationship between the output
current and the voltage of the PV array and the rather complex
relationship between the input and output characteristics of
the IWPT converter, it is a challenge to maintain both the
maximum power point tracking (MPPT) and the maximum
efficiency point tracking (MEPT) simultaneously for the
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FIGURE 2. Construction overview of timber-rooftop PV system:
(a) Conventional rooftop PV system; (b) Proposed rooftop PV-IWPT
system; (c) The cross-section view of proposed PV-IWPT system.

overall PV-IWPT system. In terms of the implementation of
the MPPT operation, some PV systems integrated with the
IWPT converter has proposed and emerged recently [20],
[21],[22], [23], [24], in which an additional DC-DC converter
was applied between the PV array and the inverter of the
IWPT converter to implement the MPPT control algorithm,
thus increasing the cost. Additionally, keeping the charac-
teristic of the PV array under various irradiation conditions
including non-shading condition, uniform shading condition
and partial shading condition, the pure PV system usually
requires the adoption of various maximum power tracking
algorithms [25], [26], [27], which targets for the minimization
of the cost and the maximization of the conversion efficiency
of the PV array. Unfortunately, most of the PV-IWPT systems
in the existing literature [20], [21], [22], [23], [24], [28],
[29] did not consider the shading issues. The wireless power
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transfer system interfacing with a DC bus in [29] did not take
into account the shading conditions as well.

Shading issues significantly influence the output power
of the PV-IWPT system, resulting in a wide equivalent load
variation for the IWPT converter. Besides, load impedance
mismatch also causes a significant transfer efficiency degra-
dation for the IWPT converter [30], [31], [32], [33]. Unfor-
tunately, all of the aforementioned PV-IWPT systems did not
consider load impedance matching in their designs, thus the
transfer efficiency is not optimized in [20], [21], [22], [23],
[24], [28], and [29]. Since the load variation under shading
conditions is normally wide, it is challenging to maintain the
operation of the MEPT by using a single-stage IWPT.

To fill up the gap of the PV-IWPT system, this work
presents and explores a single-stage series-series TWPT
(SS-IWPT) converter directly driven by a PV array and
adopted a full bridge inverter at the transmitter-side and
semi-active rectifier (SAR) at the receiver-side (Fig. 3). The
input resistance of the IWPT converter determines the output
power of the PV array. The inverter at the transmitter-side is
responsible for the implementation of the PV’s MPPT under
a constant operation frequency. To verify the feasibility of
the proposed system under various irradiance conditions and
even rainy issue, we adopt a particle swarm optimization
(PSO) with auxiliary Perturb and Observe (P&O) hybrid
algorithm in the proposed PV-IWPT system to realize global
maximum power point (MPP) of the PV array. Moreover, the
SAR at the receiver-side is solely responsible for maintaining
the maximum transfer efficiency via the phase-shift pulse
width modulation (PWM), thus wireless feedback commu-
nication between the transmitter and receiver sides is not
required. In addition, the transfer distance conforms to the
actual thickness of rooftop timber. In this paper, the proper-
ties and contributions of the proposed PV-IWPT system are
summarized in the following:

o Drilling-free and less wiring works, resulting in lower
installation cost;

o Avoid of the thermal discomfort and water penetration,
resulting in lower maintenance cost;

« High overall efficiency by achieving MPPT of the PV
array and MEPT of the whole PV-IWPT converter sys-
tem simultaneously, which are lack of consideration for
the existing PV-IWPT systems;

o Well operating in various shading conditions and even
under rainy issue, which is lack of consideration for the
existing PV-IWPT systems;

o A single-stage SS-IWPT converter saves the size and
cost of the whole system, and has inherent isolation
properties;

« Eliminate the feedback wireless communication require-
ment with the PV-IWPT operating at a fixed frequency.

The comparison of the conventional PV-IWPT systems and
this work are summarized in Table 1. The remaining of paper
has the following organization. Section II describes the pro-
posed PV-IWPT system, including its structure, operational
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FIGURE 3. Circuit configuration of the proposed PV-IWPT system and its
control scheme.

Iy Transmitter-side

waveforms of the inverter and the SAR, equivalent circuit
analysis, and considerations about different irradiance condi-
tions. Then, we will analyze and discuss the efficiency and the
operation of the MEPT and the MPPT via the equivalent cir-
cuit model proposed in Section III. In Section IV, we present
the implementation of the proposed control scheme for the
PV-IWPT system, with the experimental verification pre-
sented in Section V. Finally, Section VI draws the conclusions
of this paper.

Il. PROPOSED PV-IWPT SYSTEM

A. TEMPLATE SYSTEM STRUCTURE

Fig. 3 exhibits the proposed PV-IWPT system, where the PV
array at the transmitter-side drives the SS-IWPT, with the
SAR implemented for direct efficiency optimization at the
receiver-side. In the schematics of the PV-IWPT converter,
the magnetic coupler has self-inductances Lp and Lg, and
mutual inductance M. We can define the coupling coefficient
for this PV-IWPT system as k = . The resistances Rp ,,
and Rg ,, represent the coil losses aft the transmitter and the
receiver sides, respectively, while Cp and Cs are the series
compensation capacitors at the transmitter and receiver sides,
respectively, with the resonant angular frequencies wp =
.\/ﬁ and wg = 5 [34], [35]. Vin and Ijy are the dc
input voltage and current extracted from the PV array. The
PV array act as a voltage source modulated into ac voltage vp
in a constant angular frequency to drive the resonant circuit
at the transmitter-side, by using a full-bridge inverter that
consists of four SiC MOSFET switches S; — S4. And a
high-capacitance input capacitor Cy , is required to minimize
the current pulsation in the PV panels [36]. At the receiver-
side, the ac voltage vy and ac current ig are the inputs for the
SAR which consists of two diodes Ds and Dg at the upper
legs, and two MOSFET switches S7 and Sg at the lower legs.
The SAR is parallel connected with a large output capacitor,
Crs. Vo and Ip are the dc output voltage and current of
the PV-IWPT converter, respectively. Since the output of the
PV-IWPT system connects to the LVDC bus, V should be
the same as the voltage of the LVDC bus.

B. OPERATIONAL WAVEFORMS OF INVERTER AND SAR

Fig. 4 shows the operational waveforms of the inverter and
the SAR, in which the switches of the inverter S;-S4 and the
semi-active rectifier S$7-Sg turn on and off in an appropriate

VOLUME 11, 2023



1.-W. lam et al.: Flexible Rooftop PV-IWPT System for LVDC Grid

IEEE Access

TABLE 1. Comparison of the conventional PV-IWPT systems and this work.

Different works [20] [21] [22] [23] [24] [28] [29] This work
gg';g;’:attylg; High High Low Low Low High Low Low
Topology (LCL-S) (LCL-S) (S-S) (S-S) (S-S) (L2CL-LCL) (S-S) (S-S)
Without Additional No No No No No Yes Yes Yes
DC-DC Converter (No.:1) (No.:1) (No.:1) (No.:1) (No.:1)
Constant Operating Yes Yes No Yes No Yes No Yes
Frequency
. . NA . . NA . . NA . 100mm 100mm 75mm 140mm
Transfer Distance (Simulation (Simulation (Simulation (Gap:Air) (Gap:Air) NA (Gap:Air) (Gap: Timber)
Only) Only) Only) p: p: p: p:
Consideration of MEPT
(Load Impedance No No No No No No No Yes
Matching)
Yes
Consideration of (Both uniform
Various Shading No No No No No No No shading and
Condition partial shading
condition)
No Wireless ‘FeeAdback Yes Yes No Yes Yes Yes Yes Yes
Communication
Consideration of Rainy No No No No No No No Yes
Issues
Note: The shaded areas mean the desirable performance.
Transmitter-side Receiver-side
4| IP I S |7
Time Cp Cy
+ Lp Ls +
700 Ry 2V,
Q JjoMIs joMIp “a>rs
el > Time > Rp R
o] Vs.1 r
Vi W WA
. in

FIGURE 4. The operational waveforms of the inverter (Upper part) and
the SAR (Lower part).

driving sequence to generate the corresponding waveforms.
The upper part illustrates the operational waveforms of the
inverter, aiming to adjust the input resistance of the PV-IWPT
converter by modifying the conduction angle « of vp, and
vp.1 is the fundamental component of vp, always kept aligned
with the ip. Similarly, the lower part illustrates the operational
waveforms of the SAR, aiming to adjust the conduction
angle B by vg to match the optimum load, and vg j is the
fundamental component of vg that kept aligned with ig. Since
the fundamental components of vp and vg are in phase with
ip and ig, respectively, the characteristic of zero phase angle
(ZPA) can minimize the converter voltage-ampere rating by
eliminating the reactive power caused by the modulation.

Since the resonant circuit output voltage and current (v and
is) to the SAR are in phase, it is acceptable to model the
load as a resistor. Moreover, assuming that the PV-IWPT
system is well-decoupled with the LVDC bus through a large
decoupling capacitor Cr ; [19] and the proposed PV-IWPT
system operates at a fixed frequency, we can model the LVDC
bus as a load resistor, Rrypc [37].

C. EQUIVALENT CIRCUIT ANALYSIS
Fig. 5 presents the equivalent circuit model of the SS-IWPT
converter, based on the fundamental harmonic analysis
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FIGURE 5. AC equivalent circuit model of the SS-IWPT.

(FHA). Since the SS-IWPT converter operates at the resonant
frequency and is a high-quality-factor circuit, this model is
sufficiently accurate for the subsequent analysis [38], [39],
[40]. Here, we divide the equivalent circuit model into the
transmitter loop and the receiver loop. Vp, Ip, Vg and Ig are
the phasors of the fundamental components of vp, ip, vs and
is, respectively. The series resistance Rp includes the coil
loss Rp,,, and the loss from the inverter at the transmitter-
side, while the series resistance Ry includes the coil loss Rg ,,
and the loss from the SAR at the receiver-side. According
to Kirchhoft’s voltage law (KVL), we can deduct the basic
equations for the circuit model as:

1
[Rp + j(wLp — ——)Up — joMIs =Vp (1)
a)Cp

1
—[Rs + Req + j(wLs — ——) s + joMIp =0 2
wCs

Moreover, we can represent the SAR together with the LVDC
bus load R ypc by an equivalent resistance Rey:
8 .2 B
R.g = ;RLVDC SIHZ(E) (3)
Therefore, from (1)-(2), the equation of g is:
JXm

=My 4
s ZsZp + X2 P @
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where Xy = oM, Z, = joLp + jw%ﬁRP and Zs = joLg +
jw%s—i—RS +R,4 are the impedance at the transmitter-side and
the receiver-side, respectively.

The magnitudes of Vp and Ip are:

4 Lo
[Vpl = ;VIN s1n(§) 3)
7 Iy
I,|=— 6
Il 2 sin(%) ©)

D. CASES OF VARIOUS SHADING CONDITIONS

The different shading conditions cause the PV array to exhibit
inconsistent MPP for the SS-IWPT converter. However, the
equivalent load of the LVDC bus is:

4

Pour

Rivpe = (7
The solar irradiance directly influences the output power
of the PV-IWPT converter, resulting in a wide load range
variation for the PV-IWPT converter. Hence, this situation
for the proposed PV-IWPT system becomes more complex
with the PV array subjected to the variation of irradiance
conditions.

In this paper, Fig. 6 shows six different cases of PV array
operating under different shading conditions for the proposed
PV-IWPT system. The PV array consists of four strings
of two series-connected 1STH-215-P modules supplied by
Soltech, and we emulate a total of 6 different irradiance cases
with this testing PV array. Fig. 7 (a)-(d) plot the P-V and
I-V characteristics curves of this PV array from Case 1 to
Case 6, respectively and highlight their corresponding key
specifications. Moreover, we can sub-divide these six cases
into three general conditions where Case 1 represents non-
shading condition, Case 2-Case 4 represent uniform shad-
ing conditions, and Case 5-Case 6 represent partial shading
conditions. Since this paper only considers the influence of
different solar irradiations, we keep the same temperature at
25°C for all the cases.

IIl. ANALYSIS OF MEPT AND MPPT OPERATION
A. OPERATION OF THE MEPT AT THE SAR
From Fig. 5, the transfer efficiency is [41]:

_ [I51%Req

[ gIPReg + 5*Rs + |1 p*Rp

_ XitReq

" [(Reg + Rs)* + X31Rp + (Rs + Reg)Xy

n

®)
To achieve the maximum power transfer efficiency, the opti-

mum operating frequency gy, and the optimum load resis-
tance R4, opr [42], are:

Dopt = 3 ©)

Req,opt = XM - (10)
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TABLE 2. Simulation parameters.

Symbol Parameter Value

Lp, Lg Self-inductance 255.50uH, 375.40uH
k Coupling coefficient 0.235

Rpw, Rsw Coil resistance 0.25Q, 0.50Q
fow=w/21 Operating frequency 50kHz

Cp, Cs Compensation capacitance 39.65nF, 29.99nF
Reg.opt Optimum load resistance Fixed at 32Q

As discussed in Section II-D, the equivalent load of the LVDC
bus Rrypc is varying according to the output power of the
PV-IWPT converter, which is assumed to be the same as
the input power extracted from the PV array. From Fig. 8§,
the Rrypc becomes larger, while the Poyr is smaller when
the solar irradiance is low, and vice versa. This results in a
wide load range Rpypc variation, and a wide R,, variation
in the PV-IWPT converter, which is due to the variation of
the irradiance, thus degrading the transfer efficiency a lot.
In order to keep the equivalent resistance R, to its optimum
value Reg op for the PV-IWPT converter, we should adjust
the conduction angle 8 of the SAR according to different
irradiance conditions. Hence, combining (3) and (10), we can
obtain:

8 .2 B
Reg,opt = Req = ;RLVDCSHIZ(E) (11)

From (11), we can derive the conduction angle S as:
Xy ,’g—;
8 Y%
72 Pour
From (12), we determine the conduction angle 8 of the SAR
through the output power, output voltage, and the optimum
load of the PV-IWPT converter. Based on the simulated
parameters as shown in Table 2, Fig. 8 shows the simulation
results of the optimum conduction angle g versus the output
power Poyr. When the output power decreases, which also
reflects that the solar irradiance decreases, the conduction
angle B should decrease accordingly in order to keep the
optimum power transfer efficiency, and vice versa.

B= 2arcsin (12)

B. OPERATION OF THE MPPT AT THE INVERTER

Typically, the output power of the PV array depends on the
DC input resistance of the PV-IWPT converter [43]. Suppos-
ing that we can extract the maximum power Py4x at a mzax—

imum power DC input resistance value, Ry pyax = Paiix®
where V,,,,, is the corresponding voltage of MPP. In order to
extract the maximum output power P4y from the PV array,
the DC input resistance of the PV-IWPT converter Ry should
satisfy:

Riv = RN max (13)

Since the DC input resistance of the PV-IWPT converter can
be derived as Rjy = ‘l%vv’ with the help of (5), (6) and (13),
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we can obtain that the conduction angle « of the inverter
should satisfy:

Riy

8 .
—7 sin

Rin .max = 5 (14)

14

2

provided that the PV-IWPT converter is required to extract
the maximum power from the PV panels. Aiming to analyze
the ac input resistance R;, of the PV-IWPT converter, we can
decouple the transmitter loop from the receiver loop as repre-
sented in Fig. 5, in which we can replace the dependent source
JjoMIg at the transmitter-side by an equivzalent impedance

. . X
reflected from the receiver-side Z,,; = Zs+—A§€’ then we can
eq
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analyze the input impendence Z;, as:

2
i (15)

Z. R —
in Zs + Req

=Zp+

With a unity ratio of :”)—;’ and the operating frequency chosen
at wepr, we can compensate well the inductance Lp and Lg
with the compensation capacitors Cp and Cg, respectively.
Then, if the SAR tightly operates the MEPT control, we can
obtain the ac input resistance R;, as:

1

Rin = Rp + (16)

51123



IEEE Access

L-W. lam et al.: Flexible Rooftop PV-IWPT System for LVDC Grid

0.90 — 77— 400

® |

0.80 T~ ‘ 350

O\\ |
0.70 T oo 300
,B)?T o\\\ !

0.60 ! AN ! 250 =
R > S
Q050 | | s | 200 £

N fed
0.40 . , , Q\Q,%, 150 &
% 3

0.30 RLV[)('(.Q) . - 6/0 ! \\g 100
0.20 60107 . 50

o ! &% Q\

0.10 | - - . 0

350 300 250 200 150 100 50 0

Output Power Poyr(W)

FIGURE 8. Cases of PV array operating under non-shading condition,
uniform shading conditions and partial shading conditions. Conduction
angle B of the SAR, equivalent load of LVDC bus R;ypc versus output
power Poyr.

(0%,
(=]
wn
(=}

0.20 1 1 1 ==

20 40 60 80 100 120 140 160
R[N,MAX(Q)

FIGURE 9. Conduction angle « of the inverter versus maximum power DC
input resistance Ry yax-

Thus, with the help of (14) and (16), we can derive the
conduction angle « of the inverter as:

Rp+—L1
o = —— arcsin a7
V2 RIN MAX

From (17), we can determine the optimum operation of
the conduction angle « of the inverter by using the Riy pax.,
which mainly depends on the solar irradiance condition,
thus the MPPT is achieved by controlling the inverter with
different «, while the MEPT is achieved by controlling the
SAR with different conduction angle B accordingly. Fig. 9
shows the simulation results of the optimum conduction angle
« of the inverter versus different maximum power DC input
resistance Rjv max to achieve MPPT.

IV. IMPLEMENTATION OF MEPT AND MPPT CONTROL
SCHEMES FOR THE PV-IWPT SYSTEM

Based on the operation principles of the MEPT and MPPT for
the PV-IWPT system discussed in Section III-A and III-B,
respectively, we can independently control the inverter at
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FIGURE 10. MEPT control scheme of the proposed PV-IWPT system.

the transmitter-side and the SAR at the receiver-side without
requiring a feedback wireless communication between them.

A. MEPT CONTROL SCHEME
From (11), we can modulate the equivalent load resistance
R4 for the PV-IWPT converter to the optimum value R.q, op
by controlling the conduction angle 8 of the SAR. Fig. 10
exhibits the MEPT control scheme at the receiver side of
the proposed PV-IWPT system. First of all, based on the
discussion in Section II-D, the variation of the solar irradiance
will change the Rpypc value. A signal conditional board
senses the output voltage V and the output current /. Next,
we can calculate the Rpypc by using a divider. After that,
we can obtain the value of the equivalent resistance R, based
on (3). Then, we subtract the calculated R, from the refer-
ence value of the optimum load resistance R, qps to Obtain
the equivalent resistance error. Subsequently, a simple PI
controller applies the correction to the equivalent resistance
error, to form a control signal 8 for the PWM generation for
the SAR. The utilization of a zero-crossing detection of ig
generates a synchronization signal for the PWM generation.
In this way, the PWM generator can drive the SAR to realize
the operation of the MEPT. However, the control reference
Req,0pr 1s significant for this load matching control.

From (10), it is noting that theoretically the optimum load
resistance R4, ops varies with the variation of losses resistance

ratio \/zi’s’ , with Xj7 in (10) being a constant. According to the
equivalent circuit analysis in Section II-C, Rp and Ry include
the power loss from the inverter and the SAR except for each
coil loss, respectively. Since the losses of the inverter and
the SAR change with the variation of the modulation depth,
the optimum load resistance of IPT converter is indirectly
affected. Therefore, for the design consideration of the con-
trol reference value Ry op:, a theoretical loss analysis can be
applied to realize this issue.

For the inverter, the power 10ss Pjygs,iny i insisted of the
switching loss Py, iny and the conduction 10Ss Peop,iny [44],
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given by
Ploss,inv - Psw,inv + Pcon,inv (18)

Supposed that switching loss calculation based on the
linear approximation of drain-to-source voltage and current
[45], [46], Psy.iny can be estimated as

Py iny = [iP,angP,avg(ton + toff) + COSS,IVIZJ,uvg]fSW (19)

where ?,, and f, are turn-on time and turn-off time of the
MOSEFET switches, respectively, and Cgs,1 is output capaci-

tance of each MOSFET switch in the inverter. vp 4, = al ‘XP |
and ip 4vg = @ are the average value of vp and ip passing

through the inverter, respectively. fsw represents the operat-
ing frequency of IPT converter. Moreover, the conduction loss
Pcoy.iny can be estimated as

Pcon,inv = Z[i%?,rmsRun,l + iP,angf,l] (20)

where R, is the on-resistance of the MOSFET switches
S1-S4, and Vy ;1 is the forward voltage of their anti-parallel
diodes. ip yms = % is the rms value of i,,. Hence, incorporat-
ing the losses of the inverter in the transmitter side, equivalent

series resistance Rp can be calculated as

Ploss,inv
2 (21)
P,rms

Rp =Rpy +

Similarly, considering the switching loss and the conduction
loss of the SAR, Py, sar and Pcopn sar, the power loss of the
SAR Pjyss.54R 1 given by

Ploss,SAR = Psw,SAR + Pcon,SAR (22)

Based on the linear approximation, Py, sar can be elimi-
nated as

1
Psw,SAR = E[ZS,anVS,uvg(ton + toﬁ‘) + COSS,ng,an]fSW
(23)

7|Vs| _ 2]
a1

where vg 4y = and ig gy = = are the average value
of vg and is injecting into the SAR, respectively. Then, the
conduction loss in the SAR can be estimated as

2 .
Pcon,SAR = lS,rmsRon,Z + lS,angf,Z (24)

Assumed that the MOSFET switches §7 and Sg of the SAR
is same as S1-S4, Rypn2 is the on-resistance of the MOSFET
switches S7-Sg. Likewise, the forward voltage of anti-parallel
diode of the SAR V5 is equal to Vy 1. is s = % is the
rms value of ig. C,g,2 1S output capacitance of each MOSFET
switch in the SAR. Therefore, equivalent series resistance Rg
can be calculated as
P loss,SAR

2
S,rms

Rs = Rs + (25)

Based on above theoretical loss analysis, even though the

loss resistance ratio ,/ 2—” has little deviation caused by the
variation of the modulation depth of the SAR, we can still
maintain the efficiency at the optimum value even under
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FIGURE 12. MPPT control scheme of the proposed PV-IWPT system.

various irradiance conditions (Case 1-6), as highlighted in the
green curve of Fig. 11. However, it can be observed that, the
efficiency will not be significantly affected and is maintained
at the optimum value even if the irradiance is varied, as shown
by the dark blue curve of Fig. 11. Therefore, in order to
simplify the MEPT control in this paper, we fix the control
reference as Reg,op:-

B. MPPT CONTROL SCHEME

In this PV-IWPT system, we implement the MPPT of the PV
array by controlling the inverter instead of adding an extra
DC-DC converter. From (17), by controlling the conduction
angle « of the inverter, we can vary the DC input resistance of
the PV-IWPT converter, thus determining the output power of
the PV array as mentioned in Section III-B. Fig. 12 shows the
MPPT control scheme at the receiver-side of the PV-IWPT
system. A signal conditional board senses the input voltage
Viy and the input current /;y through a signal conditional
board. Then, we calculate the input power Pyy with the help
of a multiplier. With the sensed Vy and the calculated Py,
the MPPT algorithm computes the conduction angle « of the
inverter, in which we can adjust it accordingly to reach the
maximum input power point of the PV array.
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FIGURE 14. Experimental platform of the overall timbers-rooftop
PV-IWPT system.

In this paper, we apply a hybrid MPPT control algo-
rithm, PSO with auxiliary P&O, to ensure the effectiveness
of the proposed PV-IWPT system even under various irra-
diance conditions (non-shading condition, uniform shading
condition and partial shading condition). This hybrid control
method has an advantage of the fast global maximum power
point (GMPP) tracking ability of the PSO from the transition
of uniform to partial shading conditions. Fig. 13 illustrates the
flowchart of the proposed hybrid control strategy. For the left
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part of the flowchart, we apply a conventional PSO algorithm
to track the GMPP with a population of individual particles
that keep tracking the neighboring particles, where pp.y is
the local best position of a particle in a searching area, Gpeg
is the global best position of the whole population (MPP of
the PV array) and i is the particle size within [1, co]. Then,
we can model the particle position x; as:

xi[t + 1] = x;[t] + vi[t + 1] (26)

VOLUME 11, 2023



1.-W. lam et al.: Flexible Rooftop PV-IWPT System for LVDC Grid

IEEE Access

Rt 5 Wormal
T e

vy [(H? lﬂ(l\ /(ln’} ip [( *H2, 2A/div]

¥
rad

m lahHtn0]

v, [CHL, 100V/div]
M |

+ 3 oW
o | 261 o

g’z

=1
»
e el el i i e

| "=%

o

v, [CH3, 10 Q*/di{]

— I = —
v, [CH3, 100V/div] i, [CH4, 2A/div]

e e e ] e el

por
i

i

--\/dn]

sepete
s

—

’P [( H-~ [(‘Hl 1003 7/div] :P [( H2, &/dn]

e Tl e S A

b bod = - — = =
1. [CH4, 2A/div] v [CH3, 100V/div] is [CH4, 2A/div]

AN / = A TN
A T I R A g S R S 8 G SESS.4 1) . SH..S

P,,=106.8W [CHS, S00W/div] _

P:»=338.6W[CHS, 500W/div] pm 22 3 W [( H b(lﬂ“';f‘di"]
(@ (b) (c) .
B @ 8060 — " T N G0 SRR IS R 3 1 013 0} N
[ EHL, 0 /an i, [( B2, 20/div] vy [CHL, 100V/divs, [( HZ, 2 V"“] » [CHL, 100V div] iy (CH2, 2A/div]
v atile A ) el el el e
T :—ﬁ (. = - 8 »— - ;— ' e [ e bl — = o o :_' e k=
v, [CH3, 100V/div] ; [( H4,2 W“] v [CH3, 100V/div]  , [CH4, 2A/div]

[(‘H3 100V, /(ln] is [CH4, 2A/div]

P, =50.2W [(‘H:-", Sim\\/dl\]

in~~

[,;, —248.3W [( 'HS,

009 E) o OB F
2000012 1175933 31285 P2 NSO BT ool 8,00

e

:{N}\W div] >,

(e)

By g e S e L . A A By A -

P ,J,—164 4W[CHS, S00W/div]

Sterped

in
e

[
lotaavol 0.00 i st

()

&l o
m21e 1 NS 11105256 218N

FIGURE 16. Measured operating waveforms of the inverter and the SAR under different irradiance cases (Case 1-6).

where ¢ is the 7-th iteration and v; is the velocity of each
particle. The fitness function of this system becomes:

pilt + 11 > pilt]

where the term p is the input power of the PV array.

First of all, we choose the conduction angle « as the particle
of this MPPT control, so it initializes a population of particles,
automatically tuning o (Step 1). The position of each particle
corresponds to the output power of the PV panels, with the
individual position x; of each particle assessed and recorded.
Among these individual positions, we can evaluate the local
best positions in various areas (Step 2). For the comparison of
the current position with the local best position ppg.s, we can
update Gpes; for the next iteration if the best new position can-
didate exists (Step 3-Step 4), then we keep the computation
of the velocity of particles and update their positions (Step 5).
We further check the stop criterion of the PSO regarding
the predefined convergence criteria. Otherwise, this searching
strategy (Step 2-Step 5) will continue repeating itself. After
approximately reaching GMPP, the PSO algorithm switches
to a traditional P&O algorithm. The fine tracking employs
the P&O algorithm (Step 8-Step 13), which has high tracking
capability, low complexity, easy implementation and per-
forms fast dynamic nature [47], as Fig. 13 shows (in the right
part). This auxiliary P&O algorithm aims to help the PSO
algorithm to handle small oscillations in solar irradiance or
small variations of uniform shading conditions after reaching
the GMPP, which reduces the power oscillations caused by
the PSO due to the small variation cases.

27)

V. EXPERIMENTAL VERIFICATION

A. SPECIFICATIONS AND EXPERIMENTAL PROTOTYPE

To verify the proposed PV-IWPT system along with
the MEPT and MPPT control schemes, we built in the
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TABLE 3. Experimental parameters.

Symbol Parameter Value
Lp, Lg Self-inductance 255.50uH, 370.40uH
k Coupling coefficient 0.235
Rpw, Rsw Coil resistance 0.25Q, 0.50Q
Jow=0/21 Operating frequency 50kHz
Cp, Cs Compensation capacitance 41.0nF, 28.5nF
Cs Output capacitance 1000uF
S-Sy Inverter and IPP60R099 with
S7-Ss SAR switch V=0.7V and
R,~0.01Q
Ds, Dy Diodes MBR20200 with
V0.7V
Viv Input voltage 0-129.8V
Vo Output voltage 110V
Transmitter-side (Tx) and Receiver-side (Rx) Coils
FoutTv VoutRx Outer radius 16¢cm, 16cm
FinTo Vin Ry Inner radius 8cm, 6cm
Nry, N Number of turns 26turns, 32 turns

laboratory a scale-down 500W experimental prototype
(Fig. 14) with the system parameters given in Table 3.
In the experiment, we emulate the PV array with a pro-
grammable DC power supply Chroma 62050H-600S, that
emulates the non-shading condition (Case 1), uniform shad-
ing conditions (Case 2-Case 4) and partial shading conditions
(Case 5-Case 6). Roof timbers with thickness of 14cm sepa-
rates both the transmitter and the receiver coils with circular
spiral windings. An electronic load working on the constant
voltage mode emulates the LVDC bus.

B. MEASURED WAVEFORMS AND OPERATING POINTS
Fixing the operating frequency at 50kHz, we adjust the con-
duction angle « of the inverter to track the maximum power
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FIGURE 17. Screen capture of experimental input power, output power and DC-to-DC efficiency under different shading cases

(Case 1-6).

point. Meanwhile, we adjust the conduction angle 8 of the
SAR to track the maximum efficiency point. Fig. 15 shows
the measured operating points under the uniform irradiation
conditions and partial shading conditions. From the red curve
of Fig. 15, the conduction angle « decreases from 0.4757 to
0.287m and the conduction angle 8 decreases from 0.834x
to 0.180r since the corresponding maximum DC input resis-
tance Ryv max and the maximum input power Pyax of the
PV array decreases, respectively, which is caused by the vari-
ations from the non-shading condition to the uniform shading
conditions (Case 1 to Case 4). On the other hand, from the
blue curve of Fig. 15, the conduction angle « increases from
0.4757 to 0.834x and the conduction angle 8 decreases from
0.834m to 0.440m, which represents the variations from the
non-shading condition to the partial shading cases (Case 5
and Case 6). This happens because Rjy max of Case 1,
Case 5 and Case 6 increases in succession caused by the
partial shading. This result is consistent with the analysis
in Section III. In addition, Fig. 16 shows the waveforms of
the inverter, the SAR, and the corresponding output power
in 6 different shading cases. Moreover, the screen captures
of the experimental input power, output power and DC-to-
DC efficiency by using Yokogawa PX8000 Precision Power
Scope are given in Fig. 17.

C. COMPARISON OF PV-IWPT SYSTEM EFFICIENCY

As mentioned in Section I, the conventional PV-IWPT sys-
tems [20], [21], [22], [23], [24], [29] lack the maximum
efficiency tracking control, resulting in poor transfer effi-
ciency during the irradiance variation conditions. For the
experimental platform (Gap: Timbers with thickness of 14cm,
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FIGURE 18. Measured PV-IWPT system efficiency of the conventional
PV-IPT system with DC-DC converter, variable frequency PV-IPT system,
and the proposed PV-IWPT system with or without rains under various
shading conditions.

k = 0.235) under various shading conditions including
Case 1 to Case 6, the corresponding measured efficiency
of the PV-IWPT system with DC-DC converter [20], [21],
[22], [23], [24], variable frequency PV-IWPT system [29]
and the proposed PV-IWPT system are plotted in Fig. 18,
which clearly indicates that the DC-to-DC efficiency of the
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FIGURE 20. Comparison between experimental and simulated efficiency
of the proposed PV-IWPT system under various shading conditions.

proposed PV-IWPT system with MEPT can keep a value
over 86%, which is highest among the PV-IWPT systems
under the 6 different irradiance cases. In particular, under uni-
form shading conditions, the efficiency difference between
the proposed system and the PV-IWPT system with DC-DC
converter is more than 27% in Case 4. When there is variation
of the irradiance, it significantly influences the equivalent
load, thus causing high degradation of the system efficiency.
From Fig. 18, the proposed system takes the advantage of
the MEPT control to maintain a high transfer efficiency
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even under different irradiance conditions, which is the main
contribution of this system. In addition, aiming to do a
comprehensive analysis of the proposed PV-IWPT system,
we also simulate the system by using Software PSIM. The
operating waveforms of the inverter and the SAR under
different irradiance cases (Case 1-6) are shown in Fig. 19.
Then, the corresponding comparison between the experi-
mental and simulated efficiency of the proposed PV-IWPT
system under various shading conditions are given in Fig. 20.
In more details, the experimental efficiency is closed with the
simulated efficiency and the trend of the experimental results
is also consistent with the simulation results, which verify the
validity of the proposed PV-IWPT system.

D. CONSIDERATION OF THE RAINY ISSUE

Since the rooftop PV panels are implemented outside the roof
as shown in Fig. 2 (¢), the raindrops may penetrate the con-
struction products [18] between the transmitter-side coil and
the exterior roof during raining. In this situation, the magnetic
medium is not only the roof timber, but also some raindrops.
Aiming to verify the practicality of the proposed PV-IWPT
system under the rainy issue, we provided an extreme exper-
iment in which the magnetic mediums are timber and water
as shown in Fig. 21, the efficiency comparison of the pro-
posed PV-IWPT system with rains and without rains under
various shading conditions are also shown in Fig. 18, which
clearly verify that proposed PV-IWPT system can maintain
the system performance of the proposed PV-IWPT system
even under rainy issue.

E. TRANSIENT RESPONSE FOR VARIATIONS OF
IRRADIATION

A closed-loop controller, implemented with a STM32F4
microcontroller, aims to verify the transient response
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FIGURE 21. An extreme experiment where the magnetic mediums are
timber and water.
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FIGURE 22. Transient waveforms (ip, Vp, n-«, x-B) varying from Case 1 to
Case 5 and then to Case 6.

capability and feasibility of the proposed PV-IWPT system
under variations of the irradiation. Fig. 22 shows that the
transient waveforms vary from a non-shading condition (Case
1) to partial shading conditions (Case 5 and Case 6). The ac
input current ip and voltage vp are CH6 in cyan and CH7 in
red, respectively. We calculate the input power represented
as CHS in green, by using /p and V. To observe the control
variables, we use the digital-to-analog output, where CH9
represents the phase shift angle -« of the inverter in yellow
and CH10 represents the phase shift angle 7-8 of the SAR.
Also, no wireless communication is necessary for the control
of the proposed PV-IWPT system.

VI. CONCLUSION

This paper proposed a novel rooftop PV-IWPT system,
which can simultaneously track 1) the maximum input power
extracted from the PV array through the direct MPPT control
of the inverter, and 2) the maximum transfer efficiency of the
SS-IWPT converter through the direct MEPT control of the
SAR. In this work, we developed a hybrid PSO based P&O
MPPT algorithm in the direct MPPT control of the transmitter
side by controlling the conduction angle « of the inverter.
Aiming to alleviate the transfer efficiency degradation effects
caused by the variations of shading conditions and even rainy
condition, we applied a simple load impedance matching in
the direct MEPT control of the receiver side, by controlling
the conduction angle B of the SAR. Moreover, we fixed
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the system operating frequency, and the wireless feedback
communication is not necessary for the control operations
of both transmitter and receiver sides, which simplifies the
overall PV-IWPT system.
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