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Abstract—The market share of renewable energy grows
rapidly with the rising issues like global warming and
environment pollution. As a kind of flexible and mature way to
collect solar energy, photovoltaic (PV) panels have been widely
installed on lands. To save precious land resources, PV panels
can be installed on water to form floating-PV farm. In this
paper, an inductive power transfer (IPT) converter for wireless
power transmission is proposed for the floating-PV system,
which can avoid of possible electrical hazard and reduce the
exposure of the components, thus enhance the performance of
anti-humidity and anti-salinity of the floating-PV system.
However, the varying irradiance conditions caused by
changeable weather of lake or seashore scenario gives challenge
to the trackable range of MPPT control strategy for the IPT
converter. To address this problem, an irradiance-adaptive
hybrid maximum power point tracking (MPPT) control strategy
for the floating-PV system is also proposed, which can achieve
the maximum power point (MPP) of the PV panels even under
a wide range of irradiance conditions. In addition, the IPT
converter with the proposed MPPT control strategy does not
require a DC-DC converter to achieve the MPPT in a wide
irradiance range, thus saving the system cost. Finally, the IPT
converter with irradiance-adaptive hybrid MPPT control
strategy is theoretically analyzed, and its feasibility is verified on
an experiment platform.

Index Terms—Inductive power transfer, floating-PV,
photovoltaic, irradiance-adaptive hybrid maximum power point
tracking (MPPT)

I. INTRODUCTION

With the growing concerns of global warming and
environment pollution, renewable energy starts to play an
important role in global energy market. According to [1], the
weight of renewable energy in global mix grew with a steady
speed and occupied a share of 26.2% by 2018, of which solar
power plants provided 2.4% of the world electricity
generation. Also, 65.4% of the global investment in new
power capacities went into renewables (excluding
hydropower) in 2018 [1], which reveals the demand and
market of renewable energy is enormous. As solar energy has
many advantages comparing to other renewable energy like
flexibility of location selection, scalability, fast infrastructure
building speed and relatively low cost of infrastructure
construction, solar energy is considered as a promising option
for implementing renewable energy in a large scale.

Traditionally, photovoltaic (PV) power plants were chosen
to build on land or the roof of the buildings. But with the
considerations of scarcity of land and other issues like large
PV power plants could cause significant heat islanding effect
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Fig. 1. Schematic of wireless power transfer used in floating-PV system.

in cities [2], people started to pay more attention on floating-
PV system. Floating-PV system is a kind of solution that
mounting PV panels on floating blocks to form a PV panel
array on a lake or a sea, and it has been proved to be
advantageous for multiple aspects as follows. In terms of
energy production, due to a lower environment temperature
comparing to the case installed on land, the efficiency of PV
panels can be higher and can yield larger output power. Also,
from the perspective of environment, floating-PV system
saves limited land resource, and can control algal bloom and
water evaporation by blocking exceed sunlight [2].

However, lacustrine and marine environments are usually
with characteristics of high humidity and high salinity. Based
on the research in [3], the most damaging climates for the PV
panel is the warm and humid environment, and [4] also shows
that high salinity environment could cause PV panel failures
like degradation of the polymer and corrosion of the metallic
components. Therefore, the durability and maintainability of
the floating-PV facilities should be taken careful consideration
during construction. In this paper, an inductive power transfer
(IPT) is used as the interface for the power transmission
between PV panel and LVDC bus as shown in Fig. 1. The
wireless power transmission scheme can greatly eliminate the
connectors used in system, which can avoid of possible
electrical hazard and reduce the exposure of the components,
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Fig. 2. System structure of the IPT converter with proposed MPPT control strategy.

thus enhance the performance of anti-humidity and anti-
salinity of the floating-PV system. In addition, facing the
problem of cracks or degradation of the PV panel, the
replacement of the panel only requires simple mounting
without reconnecting cables, which also simplifies the
maintenance process.

With regard to a PV power plant, because of the inherent
characteristics of the PV panel and the wvariation of
environmental factors like irradiance, temperature, etc., the
maximum power point tracking (MPPT) is usually required to
allow the system to generate maximum power under any
circumstances. For a PV array consist of several PV panels,
the irradiance conditions can be classified as uniform and non-
uniform. Uniform irradiance means all PV panels in a PV
array have the same irradiance condition and the P-V curve of
the system has a global maximum power point (GMPP). Non-
uniform irradiance means the irradiance condition of some PV
panels in the array are different from the others, which can
result in several local maximum points (LMPPs) in the P-V
curve and only one of them is the GMPP. The uniform
irradiance condition and non-uniform irradiance condition
may alternately appears, especially under the changeable
weather conditions in lake or seashore scenarios. Also, GMPP
of these two conditions could be far apart, which gives a
challenge to the trackable range of the MPPT control strategy.
Therefore, an MPPT control strategy with wide tracking range
is more needed comparing to the PV plant on land.

In general, the conventional wired PV system implements
the MPPT by using an extra DC-DC converter [5]. Also, some
research works like [6] and [7] applied a DC-DC converter to
achieve MPPT for the wireless PV system. To reduce the
complexity and cost of the overall system, this paper proposes
an IPT system with hybrid MPPT control strategy for the
floating-PV system that can achieve MPPT without using an
additional DC-DC converter. The hybrid MPPT control is
done by varying the operating frequency of the transmitter-
side inverter, together with the switch-controlled
compensation capacitor (SCC) to dynamically maintain zero
phase angle of the IPT converter and track the MPP, or work
at a fixed frequency and track the MPP by the phase shift (PS)
modulation of transmitter-side inverter. This hybrid control
strategy can work in a wide range and track MPP in both
uniform and non-uniform irradiance cases.

The rest of this paper is arranged as follows. Section II
describes the SS-IPT converter structure with its operating
waveform diagram and analyzes its equivalent circuit model.
In Section III, the proposed hybrid MPPT control strategy,
including operating frequency modulation with capacitor
compensation tracking and phase modulation, is analyzed. In

Section IV, the experiment platform is built for the
experimental verification. Finally, Section V concludes this

paper.
II. SYSTEM MODELING

A. System Structure

As shown in Fig. 2, the proposed wireless floating-PV
system with hybrid MPPT control strategy includes PV
panels, a series-series compensated IPT (SS-IPT) converter
with switch-controlled compensation capacitor (SCC), and the
output is connected to a LVDC bus.

The SS-IPT converter consists of a full bridge inverter
formed by four MOSFET switches S; to S; at the PV
transmitter-side. Conventional compensation capacitor is
replaced by an SCC at both the PV transmitter-side and the
receiver-side. The SCC at the PV transmitter-side includes
MOSFET switches S4,» and Sgpr and compensation capacitor
Ceompp- The SCC at the receiver-side includes MOSFET
switches Sy s and Sz s and compensation capacitor Ceomp,s. The
SCCs can be regarded capacitor Csccpand Csccs. The voltage
across the SCC at both sides are vsccp and vsccs, respectively.
The magnetic coupler has mutual inductance M and self-
inductance Lp and Ls. Then the coupling coefficient can be

\/%Ls' Coil losses of the IPT converter can be
represented by the resistors R, and R,. The SS-IPT converter
also contains a full-bridge rectifier composed by four diodes
Dj to Dy at the receiver-side.

In this system, the PV panels act as a DC power source.
For the wireless power transfer, the inverter converts the DC
voltage into an AC voltage v, and current i,. The power is then
picked up by the receiver coil and generates AC voltage vy and
current i at the receiver-side. To deliver power to the LVDC
bus, the AC voltage v; is converted back to a DC voltage by
the rectifier, providing DC output voltage Vo and current /o.

derived as k =

B. Operating Waveform Diagram

Fig. 3 shows the operating waveforms of the IPT converter
at the transmitter-side. The switches of the inverter are turned
on and off in an appropriate sequence to convert DC voltage
into AC voltage. By adjusting the conduction angle a of the
inverter, the fundamental component of v,, which is v,;, keeps
aligned with i, to modulate the DC input resistance. Fig. 4
shows the operating waveforms of SCC. The value of the
capacitor Csccp and Csccs can be adjusted by controlling the
regulation angle f. Since the operating frequencies or resonant
frequencies of both sides are determined by Csccp, Lp and

. 1
Csccs, Ls, which can be represented as wp = ——— and

VLpCscc,p
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Fig. 3. Operating waveforms at transmitter-side, including AC current i, and
AC voltage v, with its fundamental component v,;.
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Fig. 4. Operating waveforms of SCC, including AC current at both sides iy,
voltage of SCC at both sides vy, and switch sequences S, and Sp.
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Fig. 5. Equivalent circuit model of the SS-IPT converter with SCC.

ws = ————, after varying operating frequency, the zero
S \/ma ymg op g q Y,

phase angle condition of IPT converter can be maintained by

adjusting Csccp and Cscc,s at both sides.

C. Equivalent Circuit Model Analysis

The equivalent circuit model of the SS-IPT converter with
SCC is derived by wusing fundamental harmonic
approximation analysis as shown in Fig. 5. As this system
operates at resonant frequency and is a circuit with high
quality factor, this model is adequate for the following
analysis [8]. Vp, Ip, Vs and Is are phasors of the fundamental
components of vp, ip, vs and is, respectively. By using
Kirchhoff’s voltage law, the basic equations for this
equivalent circuit model can be expressed as:

(RP+jXP)IP_jXMIS =V, )
~(Ry + R, + jX ) I+ jX\, I, =0 (2

where

X, =oM 3)
1
X, =wL, ———— 4)
! : a)CSCC,P
X, = oL, ——— (5)
@Cyec

are the mutual reactance, the transmitter-side coil reactance
and the receiver-side coil reactance, respectively.

The relationship between the resistive load Riypc of the
LVDC bus and the equivalent output resistance R., can be
expressed as:

8
Ry == Ryypc (©)

eq ”2
Assume that the maximum power is extracted from the
PV panels and the power loss of the SS-IPT converter can be
ignored (ideal case). Then the output power and the input
power are identical, which can be expressed as:
Fovr = Py = By @)
Then the load in maximum power condition R;ypcmay can
be calculated as:

V2 V2
R _ o o g
LVDC, MAX Py Py (8)

Since the voltage of the LVDC bus can be regarded as a
fixed value, for any irradiance conditions, the load in
maximum power condition Rrypcumay i also a fixed value.
Then from (6), the equivalent resistance R., is fixed as well,
which reveals R, can represents the corresponding irradiance
condition, and is denoted as Reqmax When MPP is achieved.

III. ANALYSIS OF HYBRID MPPT CONTROL STRATEGY

The proposed hybrid control strategy achieves MPPT by
regulating the DC input resistance Ry to affect the output
power of the PV panels. Three cases under different irradiance
conditions are selected to illustrate the proposed strategy. The
parameters of the simulation study are given in Table I.

A. Initial State

The system can adjust MPP by modulating operating
frequency w with capacitance compensation tracking by
tuning the regulation angle S of the SCCs or the conduction
angle a of the inverter at the transmitter-side. If these variables
are in default, the system is in initial state. In the simulation,
the initial state is at w = 130 kHz, « = 7 and § = 0.5 &, which
makes Csccris = Ccomppss and the IPT converter works with
zero phase angle condition. Case (a) shown in Table II is the
simulation results of the system under uniform irradiance
condition without shading. It shows that the system can reach
MPP at initial state under this irradiance condition.

When the irradiance condition changes, the DC input
resistance Ry is adjusted by the two following ways to reach
the MPP again.

B. Operating Frequency Modulation with Capacitance
Compensation Tracking
The relationship between the DC input resistance Ry
without PS modulation (i.e. when o = n) and the AC input
resistance R;, can be expressed as:
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TABLE I
SIMULATION PARAMETERS

Parameter Symbol Value
Output voltage Vo 60V
Coupling coefficient k 0.376
Coil resistance Rp, Rs 0.26 Q,0.27 Q
Self inductance Lp,Ls 124 pH, 125 pH
Compensation Ccomp,p, 12.0 nF,
Capacitance Ccomp,s 11.9 nF
Operating frequency f=wr 60 ~ 130 kHz
qulvalent output Reg 160 Q
resistance
Conduction angle a 0.l~1z
Regulation angle s 05~09n

2

'R
R] e mn (9)
8

To analyze the AC input resistance R;, of the SS-IPT
system, by referring Fig. 5, the dependent source —jowMIs at
the transmitter-side is replaced by an equivalent impedance
reflected from the receiver-side. Then, the AC input
impedance Z;, can be derived as:

2
Z,=Z, ptie (10)
ZgtR,

Assuming the operating frequency is set at w = wp = wg,
the fully compensation can be achieved at both sides, both Xp
and Xs are equal to zero, which reveals the input impedance of
the SS-IPT converter is purely resistive. Then, the AC input
resistance R;, can be obtained as:

X2 2M2
=R, M RP +a)_
RS+Req RS+Req

an

Adjusting the operating frequency @ can theoretically
change the input resistance into any desired value. However,
varying the operating frequency @ of an IPT converter with
fixed compensation capacitor could result in detuning issues
such as low power factor. In this paper, the SCC at both sides
are applied to dynamically maintain the zero phase angle
condition of the IPT converter by compensating the extra
inductive reactance generated by the operating frequency
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Fig. 6. Equivalent capacitance Cscc p.s of the SCC versus regulation angle /5.
Initial condition is when = 0.5 &, Csccpis = Ccompprs-

modulation. By controlling the regulation angle f, the
equivalent capacitance of the Cscc pss can be expressed as: [9]

Cscepis = ”Ccomp,p/s (12)
’ 2r-2p—-sin2p

Fig. 6 shows the range of Csccps. Since the lowest
compensable range of SCC is limited by the compensation
capacitor Ceompps, to avoid detuning issues, the operating
frequency w can only be lower than the initial state (i.e. R
can only be lower than initial state), which is 130 kHz in the
simulation. Fig. 7 gives the possible Ry within the feasible
operating frequency under different irradiance conditions
(represented as different value of R.,). In case (b), the system
under non-uniform irradiance condition achieves MPP by
reducing operating frequency w to 120 kHz, Ry to 26.09 Q
and setting S to 0.53 = for capacitance re-compensation.

In addition, the efficiency of this equivalent circuit model
can be denoted as: [10]

_ XuR,
Xy (Rg+R,)+R[(Rs+R,) + X;]

n (13)

Since Xs equals to zero in resonant condition that
minimizes the value of the denominator in (13), this reveals
that the capacitance compensation tracking can help to
optimize the transfer efficiency.
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Fig. 7. DC input resistance R,y versus operating frequency o under different
irradiance conditions (represented as different values of equivalent output
resistance R.,). Simulation results of case (a) and case (b) are highlighted.
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Fig. 8. DC input resistance Ry versus conduction angle o under different
irradiance conditions (represented as different values of equivalent output
resistance R.,). Simulation results of case (a) and case (c) are highlighted.
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TABLE II
SIMULATION RESULTS OF THE PROPOSED SYSTEM

Operating Conduction ~ Regulation Voltage Maximum  Equivalent output DC input
Case frequency, angle, o angle, at MPP, power, resistance at MPP, resistance at Irradiance condition
w Vw P MAX Rw MPP, RIN MAX
(a) 130 kHz T 057 563V 57.6 W 63 Q 29Q Uniform w/o shading
(b) 120 kHz T 053w 272V 284W 127 Q 13Q Non-uniform
(c) 130 kHz 0.496 057 523V 384 W 94 Q 40 Q Uniform w/ shading
TABLE IIT
EXPERIMENT RESULTS OF THE PROPOSED SYSTEM
Operating Conduction  Regulation Voltage Maximum Equivalent output DC input
Case frequency, angle, o angle, at MPP, power, resistance at MPP, resistance at Irradiance condition
w Vw P, MAX RM‘ MPP, RIN MAX
(a) 130 kHz T 057 56.5V 58.3W 57Q 31.8Q Uniform w/o shading
(b) 120 kHz T 0.54 n 278V 29.1W 118 Q 13.3Q Non-uniform
(c) 130 kHz 057 057 527V 389 W 85Q 429Q Uniform w/ shading

Fig. 9. Experiment platform.
C. Phase Shift Modulation

After PS modulation of the inverter, the DC input
resistance Ry can be denoted as: [11]

R
R = in
"R L (14)
— Sm —
T 2
Assumed that the maximum power is extracted at the
corresponding voltage Vipp, then the DC input resistance at
the maximum power can be derived as:

Electronic Load

Programmable DC Power Supply

with SCC compensation and PS modulation, which can
regulate the DC input resistance R,y of the SS-IPT converter
to track MPP under both uniform and non-uniform irradiance
condition.

IV. EXPERIMENT VERIFICATION

To verify the feasibility of the IPT converter with the
proposed hybrid MPPT control strategy for floating-PV
system, an experiment platform in the laboratory with the
same parameters as the simulation study is built for validating
the simulation results, as shown in Fig. 9. A programmable

2 DC power supply is used as PV power source and an
R — __MPP (15) electronic load is used to simulate the LVDC bus.
IN.MAX PMAX The operating waveforms of the PV-IPT system under

Therefore, to obtain this DC input resistance, the
conduction angle a should be set as:

(16)

a=2arcsin

Fig. 8 shows the conduction angle o versus R;v under
different irradiance conditions. As the conduction angle a
shrinks down, the inverter can increase the value of DC input
resistance. In case (c), the system under uniform irradiance
condition with shading achieves MPP by adjusting the
conduction angle « to 0.496 1 to increase Ry to 71.27 Q.

In summary, this single-stage converter adopts hybrid
MPPT control strategy that includes frequency modulation

three different irradiation conditions are shown in Fig. 10 and
the corresponding MPPs of the system are shown in Fig. 11
with the experiment results summarized in Table III. In case
(a), the PV-IPT system is under initial condition and reaches
the MPP at 58.3 W with DC input resistance of 54.8 Q under
uniform irradiation condition without shading. In case (b),
non-uniform irradiation condition is applied, and the LMPP
on the left becomes GMPP. After the operating frequency w
is adjusted to 120 kHz and £ is adjusted to 0.54 &, the PV-IPT
system can find the MPP at 29.1 W by decreasing the input
resistance to 13.3 Q and work without detuning issue. In case
(c), PV panels are under uniform irradiation condition with
shading. The PV-IPT system obtains the MPP at 38.9 W after
increasing the input resistance to 42.9 Q by tuning the
conduction angle from a to 0.5x.
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Fig. 10. Measured operating waveforms of the experiment platform when
the PV panels have (a) uniform irradiance without shading, (b) non-uniform
irradiance (c) uniform irradiance with shading.

V. CONCLUSION

An inductive power transfer system with irradiance-
adaptive hybrid MPPT control strategy for floating-PV system
is proposed in this paper. Wireless power transfer can help to
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Fig. 11. Output power curves and the corresponding maximum power points
in three different irradiance condition cases.

improve the safety, reliability, and maintainability of the
system. The proposed MPPT control strategy can track the
maximum power point under both uniform and non-uniform
irradiance condition, which is suitable for changeable weather
scenarios such as lake or seashore. The hybrid MPPT control
strategy is theoretically analyzed and verified with an
experiment platform in the laboratory. Future work will focus
on close-loop control and efficiency optimization.
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