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Abstract—A building attached photovoltaic inductive power
transfer (IPT) system is proposed in this article. The coupling
coefficient is significantly improved by the designed ferrite bridge
(FB), which enables efficient wireless power transfer across build-
ing walls. The influence of wall-embedded rebar on system per-
formance is analyzed, and corresponding methods to overcome it
are developed. The additional core loss caused by FB and rebar is
analyzed. A multitap auto-coupling coil is proposed. The voltage
conversion ratio of the system can be reconfigured by switching the
taps of the coil. Based on this, an IPT system is proposed to enable
wireless connection between the outdoor photovoltaic system and
the indoor microgrid. The circuit model of the system is built, and
the transmission characteristics of the system and the losses of
each part are analyzed. A three-tap IPT system prototype is built
to simulate the situation of passing through a 360-mm building
wall. Experiments show that the IPT system has an efficiency of
approximately 90%.

Index Terms—Building attached photovoltaic (BAPYV),
ferrite bridge (FB), inductive power transfer (IPT), multitap
reconfigurable coupling structure, rebar influence.

1. INTRODUCTION

HOTOVOLTAIC technology is widely adopted for power
generation and increasingly integrated into buildings. Solar
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energy is converted into electrical energy and used by con-
sumers inside the building. Depending on how photovoltaic
panels are installed, photovoltaic systems classified into building
attached photovoltaic (BAPV) and building integrated photo-
voltaic (BIPV). The photovoltaic panels in the BIPV system are
building materials, while the photovoltaic panels in the BAPV
system are independent of the building. In comparison, the
BAPYV system is easier to install and is most widely used [1],
[2]. The traditional BAPV system relies on cables to connect the
photovoltaic modules to the interior of the building, which may
lead to various adverse effects. First, cable maintenance within
walls is inconvenient and prone to insulation degradation and
current leakage. Leaked current can corrode nearby metal struc-
tures, posing significant safety hazards [3]. The wall perforation
for cable routing can lead to water ingress, thereby shortening
the PV system’s lifespan [4]. Furthermore, cables may form
thermal bridges, which damage the thermal insulation layer in
the building and seriously affect the thermal insulation effect [5].

With the rapid advancement of inductive power transfer (IPT)
technology, diversified application scenarios have been explored
and expanded. Among them, IPT technology has been widely
used in electric vehicles [6], autonomous underwater vehicles
[7], drones [8], medical devices [9], battery charging [10], wire-
less lighting [11], etc. Similarly, IPT can be adopted in BAPV
systems to achieve wireless power transfer (WPT) through high-
frequency, time-varying electromagnetic fields, eliminating the
need for physical cables. The coupling coefficient and the quality
factor are the two significant factors that limit the power transfer
efficiency (PTE) of the IPT system [12]. The coupling coefficient
tends to be low in IPT systems with large air gaps. To address
this limitation, various innovative magnetic coupling structures
were proposed, which can significantly improve the PTE by
increasing the coupling coefficient of the system. A square coil
with a composite structure was proposed and analyzed to achieve
efficient high-power transmission in [13]. A dipole-shaped mag-
netic coupling structure applied to a meter-range air gap IPT
system was proposed and analyzed in [14] and [15]. A cylindrical
solenoid coupler (CSC) was proposed in [16] and [17], which
significantly improved the coupling coefficient between adjacent
coils and extended the effective transmission distance. Ferrite
cores made of ceramic materials are commonly used due to
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their high magnetic permeability. They can guide and constrain
magnetic flux, thus enhancing the coupling coefficient. In [18],
the coupling under rotational misalignment was improved by
inserting ferrite cores into ID-shaped coils for underwater ve-
hicle applications. A cubic magnetic coupling structure was
proposed in [19]. By dividing the ferrite core, the coupling
coefficient was improved under the same distance-to-diameter
ratio. In summary, the coupling coefficient of the IPT system can
be significantly improved by designing the ferrite core, thereby
improving the PTE of the system.

An innovative building-integrated photovoltaic system with
wireless charging function for drones was proposed in [20]
and [21]. In this system, drones are wirelessly charged on the
building’s rooftop using power supplied by photovoltaic panels
mounted on the walls. The feasibility of combining WPT system
with building photovoltaics is verified. However, the power
transfer across the wall is not considered. Also, a compact
magnetically integrated coupling structure was proposed in [22].
WPT across concrete and wooden walls was successfully imple-
mented in BAPV systems. Nevertheless, the influence of walls
containing metallic materials was not considered. Furthermore,
the transmission distance remains limited and requires improve-
ment to accommodate building PV systems with thicker walls.

The influence of the reinforced concrete structure of the
building wall must be considered in the WPT system across
the wall. The propagation of the electromagnetic field in the
transmission direction is affected by the metal material in the
wall, and the system loss is increased [23], [24]. Specifically, the
equivalent resistance is significantly increased and the quality
factor is substantially reduced. Therefore, effective strategies are
required to mitigate these adverse effects. A multicoil inductive
power repeater system was proposed in [25] to power sensor
nodes embedded in reinforced concrete structures. Multiple
load coils are used as power relays to enhance the magnetic
field on the transmission path, and WPT with an efficiency of
47.7% is achieved. A new multicoil resonator design for a WPT
system under reinforced concrete structure was proposed in [26].
Compared with the single-coil structure system, the transmission
efficiency is further improved. A method to reduce the equivalent
impedance of the rebar loop was proposed in [27]. The rebar
array was used as a relay coil and the system transmission
power was improved. However, the efficiency of WPT systems
across reinforced concrete walls remains insufficient for the
demanding requirements of BAPV applications and must be
further improved.

The unique structure of autotransformers offers several ad-
vantages, including reduced spatial requirements, lower con-
sumption of wiring materials, and decreased production costs,
making them widely used in industrial applications. By changing
the taps of the autotransformer to flexibly switch the windings,
the output characteristics of the system are adjusted and the
system state is reconstructed. In recent years, the application
of autotransformers in the power electronics field has also at-
tracted much attention. Autotransformers were used based on
high-intensity-discharge lamp systems and magnetic ballasts in
[28]. A design method for selecting autotransformer taps was
proposed in [29] to suppress the startup transient current to
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Fig. 1. Application scenarios of the novel BAPV-IPT system.

a lower level. A hybrid converter that integrates soft-charging
switched capacitors with an autotransformer was introduced in
[30]. In addition, a multiport dc—dc autotransformer was devel-
oped in [31] for interconnecting multiple HVdc systems with
varying voltage levels. Autotransformers have also been applied
in multipulse ac—dc converters to enhance output performance
[32], [33]. By extension, the application of autotransformer
technology in the field of WPT can be a good way to improve
parameter reconstruction capabilities.

In summary, integrating IPT technology into BAPV systems
offers a promising solution for connecting photovoltaic energy
to the power grid. However, power losses caused by embedded
metallic materials (such as rebars) within building walls must be
addressed. Besides, the substantial thickness of building walls
severely weakens the coupling coefficient between the coils.
Furthermore, in view of the fact that the output voltage of
photovoltaic panels fluctuates greatly due to the influence of light
intensity [34], itis necessary to propose a solution that can realize
system parameter reconstruction. To this end, anovel BAPV-IPT
system based on WPT is proposed, as shown in Fig. 1. This
system wirelessly connects outdoor PV components with the
indoor dc microgrid. The system applies CSCs proposed in [16],
which is represented by the red coil in Fig. 1. The purple part is
a high-permeability ferromagnetic material that can be used as
a building material to build into the concrete wall, eliminating
the need for cable penetration. The major contributions of this
work are summarized as follows.

1) Efficient WPT across reinforced concrete walls is achieved
by the proposed BAPV-IPT system architecture. A strat-
egy to reduce the adverse effects of rebars on the IPT
system performance is proposed.

2) The coupling coefficient of the magnetic coupler across
the building is significantly improved by the designed
ferrite bridges (FBs). The transmission distance across the
reinforced concrete wall is extended.

3) A reconfigurable parameter scheme for BAPV system
is proposed. Dynamic system adaptability is achieved
by switching winding taps in response to varying input
conditions.

Contents of the other sections of this article are as follows.

A magnetic coupling structure based on FB is proposed in
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Section II. Considering the influence of the rebar array inside the
wall, the feasibility of the system is demonstrated. In Section III,
a parametrically reconfigurable magnetic coupling structure of
multitap auto-coupling coils is proposed, a parametrically re-
configurable BAPV-IPT system is constructed, and the circuit
model and loss characteristics are analyzed. In Section IV, a
prototype of the system is constructed, and the feasibility of the
proposed related technologies is verified through experimental
analysis. Finally, Section V concludes this article.

II. MAGNETIC COUPLING STRUCTURE ANALYSIS AND DESIGN
A. Analysis and Design of the FB

The output power and PTE of the two-stage IPT system are
determined by the system’s coupling coefficient and quality
factor [12]

L R

= f2 Uy 2 bk
1 (OJL2+XL) + R

_ k2Q1Q-

n= R
(1+V1+Ek2Q:1Q2)

Among them, Ry, and X7, are the resistance and reactance of
the load, respectively. U is the input voltage. Py, and 7 are the
output power and PTE of the system, respectively. L; and O,
are the self-inductance and quality factor of the transmitting coil,
and Ly and Q5 are the self-inductance and quality factor of the
receiving coil. k is the coupling coefficient between the coils.

In Formula (1), the output power of the IPT system is pos-
itively correlated with k. However, since the magnetic reluc-
tance of the air outside the coil is large, the propagation of
the magnetic field is significantly hindered. The magnetic flux
can be effectively guided by ferrite cores with extremely high
magnetic permeability. Therefore, introducing ferrite cores into
the magnetic path to increase coupling coefficient is an effective
way to achieve high-power energy transmission. Furthermore,
the presence of rebars in the wall introduces reflected resistance
into the circuit, increasing the coil’s equivalent resistance. Ac-
cording to Q = wL/R, the quality factor of the coil is reduced
by the rebars. From Formula (2), the PTE of the IPT system
is positively correlated with Q and k. Therefore, the adverse
effect of the reduction of Q on the PTE can be compensated
by increasing k. It is worth noting that concrete has negligible
influence on the IPT system according to [23]. In summary, FB
is proposed to obtain a high level of &, guide the magnetic flux
through the wall, and ensure that the BAPV system can achieve
high-power and high-PTE through the wall.

In order to explore the relationship between k and ferrite
cores, finite element method (FEM) is performed using ANSY'S
Maxwell. The transmission distance is set to 360 mm to simulate
the wall thickness, and the ferrite core simulation parameters are
consistent with TDK PC95. The specific simulation parameters
are shown in Table I.

The relationship between k and the number of ferrite cores
is shown in Fig. 2(a). The ferrite cores used are of standard
commercial dimensions commonly found in products. The fer-
rite cores are coaxially placed at equal angles, and the distance

Pr
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TABLE I
PARAMETERS UTILIZED IN THE SIMULATIONS
Parameter Value Parameter Value
Coil Diameter 220 mm FB length 0 to 360 mm
Coil Height 180 mm Coil Turns 28
Power Transfer Distance 360 mm | Ferrite Cross Section ~ 5X 15 mm?
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Fig.2. Influence of different parameters of ferrite cores on coupling coefficient
k. (a) Number of ferrite cores. (b) Length of ferrite cores.

between opposing ferrite cores is 190 mm. A significant increase
in kis observed as the number of ferrite cores increases from 0 to
16. However, as the number of ferrite cores continues to increase,
the incremental improvement in k diminishes. Therefore, 16
ferrite cores have the best effect on enhancing the coupling
performance. However, k is at a low level of about 0.025. FB
is designed to further enhance the coupling performance of the
system. Lrpp and Ly are the lengths of the FB and the ferrite
core outside the coil, respectively. The simulation results of the
coupling coefficient for different lengths of ferrite cores are
shown in Fig. 2(b). The coupling coefficient growth rate A~y
is defined as

_dk
~ dLp

where Lrp = Lpg + Lrpo. When Lpg = 360 mm, Lpo =
0 mm, the coupling coefficient exhibits a sharp increase, and
the corresponding A~ reaches the maximum value. As the
Lpo increases, k gradually rises. However, the Ay is much
weaker than that of Lpo = 0 mm. Ferrite cores outside the
coils contribute only marginally to the improvement of coupling
performance. Considering the comprehensive cost, the length of
FB is designed at 360 mm, and the Lro is O mm.

Ay 3)

B. Analysis of the Impact of Eddy Currents in Rebars

Due to the presence of metal materials such as rebars in
the wall, the transmission characteristics of the IPT system
are affected. To investigate the influence of rebars on the IPT
system, FEM is performed in ANSYS Maxwell. Comparative
simulations are established for both rebar loops and unconnected
discrete rebars. The simulation parameters are consistent with
those listed in Table I.

The magnetic field distribution cloud diagram of FEM is
shown in Fig. 3. H is the relative height between the transmitting
coil and the center of the rebar loop. The rebars are stacked
vertically across each other. [ is the side length of the closed



15894

“<lb rtestal
R SN

Fig.3. Magnetic field vector distribution of a magnetic coupling structure with
rebar loop and discrete rebars.

area enclosed by the rebars. The total length of a single rebar
is 500 mm and the diameter is 12 mm. The rebar loops and
discrete rebars are symmetrically distributed on the FB with
an interval of 120 mm. A large amount of magnetic flux flows
through FB, and the direction of the magnetic field is shown
by the red arrow. Besides, the magnetic flux passes through the
rebar loop to form eddy currents and excite a magnetic field
in the opposite direction of propagation, as shown by the blue
arrows. The reverse magnetic field has a negative impact on the
coupling strength of the IPT system. However, the unconnected
discrete rebars are not connected into a loop, and the loop eddy
current is not formed. Due to the low magnetic reluctance of the
rebar, part of the magnetic flux is gathered and guided to the
vicinity of the FB, as shown by the magenta arrow in Fig. 3. The
coupling coefficient of the IPT system is slightly enhanced.

The influence of the rebar loop and discrete rebars on the
coupling coefficient is further analyzed using the FEM. Multiple
groups of rebars are uniformly distributed vertically along the
FB. The coupling coefficient change rate Ak is defined as

kcurrent - kO

A =
k "

x 100%. “)

Among them, kg is the coupling coefficient when there is no
rebars, and kcurrent 15 the actual coupling coefficient during the
rebars change process.

The existence of the rebar loop causes the coupling coefficient
k to be severely reduced as shown in Fig. 4(a). An exaltation in
|Ak| is observed as the side length of rebar loop reduces. Since
the generated eddy current increases with the decrease in the
distance from the magnetic coupling structure, the weakening
effect on the original magnetic field enhances. Similarly, the
exaltation in the number of rebar loops leads to an aggravated
drop in k. The influence of discrete rebars on k is tiny as shown in
Fig. 4(b). And there are some positive values of Ak, indicating
that the coupling coefficient is slightly improved. Moreover, the
greater the number of discrete rebars and the closer they are
to the magnetic coupling structure, the greater the increase in
magnetic coupling strength.
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Fig. 5. Eddy current loss simulation results of rebar loop and discrete rebars.
(a) Eddy current loss distribution. (b) Magnetic flux density on rebar.

As soft magnetic materials, rebars exhibit both eddy current
losses and hysteresis losses. In systems operating above 60 kHz,
eddy current losses dominate the total magnetic losses in rebars.
The eddy current loss P.qqy can be expressed as [23]

Prady = Ke(fBim)* Viebar- )

Among them, K. is an empirical parameter related to the
material. f is the operating frequency of the system. B, is the
peak value of the magnetic flux density. Vi.opa; is the effective
volume of the rebars under the action of the magnetic field.

In order to further analyze the eddy current loss on the rebars,
the model same as Fig. 3 is simulated using ANSYS Maxwell
software shown in Fig. 5.

The eddy current losses generated on the rebar loop and dis-
crete rebars are significantly different at the same scale as shown
in Fig. 5(a). According to Formula (5), Peqay is determined by
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Fig. 6.

the peak magnetic flux density B,,, under the condition that the
Viebar> Ke, and f are the same. Different from discrete rebars,
the noninsulated closed circuit is formed by the rebar loop and
exhibits similar characteristics to a single-turn coil. Therefore,
the rebar loop can be equivalent to a series circuit of an inductor
Liycbar and aresistor R.oha,. At this time, magnetic field coupling
is formed between the rebar loop and the coils. However, the
magnetic field coupling between the discrete rebars and the coils
is extremely weak. The magnetic flux density on the rebar loop
is much greater than that on the discrete rebars as shown in
Fig. 5(b). Since Pcqqy and B2 m are directly proportional, this
difference is further amplified. As a result, the eddy current loss
on the discrete rebars is much weaker than that on the rebar loop.

In order to further verify the above analysis, the eddy current
loss change rate AP is defined to show the difference in eddy
current loss more intuitively

P T I
25 100% (6)

L_rebar

AP =

where Pg yebar and Pr, yebar are the eddy current losses of
discrete rebars and rebar loop during the change process.

The simulation results of eddy current loss change rate AP
are shown in Fig. 6. It is evident that the maximum AP
reaches only 2.65%, indicating that under the same conditions,
PSfrebar <<PL7rebar-

In summary, the problem of reduced coupling coefficient
caused by Lenz law can be solved by insulating the rebar
loops, and the eddy current loss can be reduced by 2-3 orders
of magnitude. Therefore, the rebar connection nodes near the
magnetic coupling structure need to be filled and isolated with
insulating materials in the BAPV-IPT system. The structural
performance of reinforced concrete walls is not affected by tiny
material infills.

In practical installation scenarios, angular and horizontal
misalignments may occur between the rebars and the magnetic
coupling structure. It is necessary to study the influence of
rebars misalignment on the magnetic coupling performance.
The corresponding simulation results are shown in Fig. 7. Ak is
expressed as Formula (4). The inclination angle 6 of the rebar
varies within the range of £20°. The side lengths of rebar array
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Fig. 7.  Effect of discrete rebars misalignment on coupling. (a) Angular mis-
alignment. (b) Horizontal misalignment.

l, and [, vary within the range of 300-500 mm. When the
discrete rebars are angular misaligned at different heights H by
[-20°, 207], —0.47%< Ak <—0.04% as shown in Fig. 7(a).
Multiple noncoaxial regions are generated under the horizontal
misalignment of the rebars, —0.33%< Ak <0.01% as shown
in Fig. 7(b). The impact on the coupling performance when
the discrete rebars are misaligned is negligible. Therefore, the
proposed magnetic coupling structure shows high tolerance to
spatial misalignment of the rebars after the rebar connection
nodes are insulated.

III. ANALYSIS OF IPT SYSTEM BASED ON MULTITAP
PARAMETER RECONFIGURATION

A. Analysis of BAPV-IPT System Based on Multitap
Parameter Reconfiguration

Based on the design of FB and the influence of rebars on the
IPT system in Section II, a multitap parameter reconfigurable
IPT system architecture is proposed in Fig. 8 to transfer power
across the wall. The specific application scenario is shown
in Fig. 8(a). Photovoltaic panels can be flexibly arranged in
multiple arrays as needed. Power transfer across the wall from
multiple sets of photovoltaic panels can be achieved with a single
set of coils. More details are shown in Fig. 8(b), embedding
the FB in the wall provides a clear low reluctance path for
the magnetic flux. Since no current flows through the ferrite
core, leakage currents and the formation of thermal bridges are
avoided. Moreover, Mn-Zn ferrite is a durable solid material
suitable for integration into concrete structures as a building
material. Therefore, problems such as water seepage caused
by cable penetration are avoided, and maintenance and repair
costs are reduced. In addition, the output voltage of photovoltaic
power generation components is inevitably affected by light
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Fig. 9. Circuit model of BAPV-IPT system based on multitap parameter
reconfigurable coil.

and temperature, which poses challenges to the stability of
the building’s microgrid. The principle of autotransformer is
introduced into BAPV-IPT system, and the output characteristics
of the system are adjusted by changing the winding tap. Flexible
parameter adjustment can resist the influence of environmental
factors on photovoltaic power generation components. In ad-
dition, the auto-coupling coil shares a common tap with the
transmitting coil, and the adjacent rebar loops near the FB have
been insulated.

With the proposed magnetic coupling structure and system
design, the BAPV-IPT system can effectively overcome these
challenges, leading to an expected improvement in PTE across
reinforced concrete walls. Moreover, the self-inductance of the
coils is increased by the ferrite cores, and the reactive power loss
generated thereon cannot be ignored. In order to further improve
the PTE of the IPT system, it is necessary to perform reactive
power compensation from the circuit topology.

The system equivalent circuit is shown in Fig. 9. The mi-
crogrid in the building connected to the dc output side is
represented by the load R in the analysis. Uj, is the output
voltage of the solar photovoltaic power generation component.
The corresponding self-inductances of the auto-coupling coil,
transmitting coil, and receiving coil are represented by Lp,,, Lpp,
and Lgg, respectively. The compensation capacitors for the coils
are Cpy, Cpp, and Css. Mp,_pp, Mpp_ss, and Mp,,_gs are the
mutual inductances between the corresponding coils. Q1—Q4 are

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 10, OCTOBER 2025
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Fig. 10.  Circuit model of BAPV-IPT system with controlled sources.

power MOSFET switches, D1—Dy are switch diodes, Crp and Crg
are filter capacitors. Rpy,, Rp, and Rg are the equivalent series
resistance (ESR) of each coil and their compensation capacitor.

According to the operating characteristics of the full-bridge
inverter circuit and the rectifier circuit, the dc side parameters
can be equivalent to the ac side as [35]

2V/2U;, 2v/2U o 8R
Vi T

; Req = 5 (N

Umn -
) 7_[_2

Uvn =

The system circuit is equivalent to a controlled source model
as shown in Fig. 10 to analyze the output characteristics of the
multitap parameter reconfigurable IPT system. The correspond-
ing circuit state equation is expressed as, (8) shown at the bottom
of the next page.

According to the series resonance condition [36], the com-
pensation capacitor is as

1
wCin

The circuit state equation is simplified to the following equa-
tion:

=wly, z=PS n=PS51,23.... ©)

Uvmn Rp, —jwMpy_pp  —jwMp,_ss
0 | = | —jwMpy pp Rp —jwMpp_ss
0 —JjwMpn-ss —jwMpp_ss  Rs+ R
Ivn
< | 1p (10)
Imn
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Fig. 11. Equivalent 77 circuit model.

Therefore, the output characteristic of the multitap parameter
reconfigurable IPT system is expressed as

Umn _
UMN

JwReq(Mpyn_ssRp + jwMpyn_ppMpp_ss)
w?Mpp_pp[Mpy_pp(Rs + Req) + 2jwMpp_ss Mpy_ss]
+w?(Mpp_ssRen + M3, _ssRp) + RpnRp(Rs + Reg)

(11)

Compared to other circuit parameters, ESR at each stage
of the circuit is relatively small. Therefore, Rp,, Rp, Rg in
Formula (11) are ignored to simplify the analysis of the output
characteristics

’ U mn
UMN

_ ‘_ MPPfssReq
Mpy_ppReq + 2jwMpp_gsMpy_gs |

(12)

Due to the characteristics of the autotransformer and loosely
coupled magnetic structure, the smaller number of auto-
coupling coil turns can make Mp, pp much higher than
Mpp.ss and Mp,_gss. When Mp, ppR.q is much larger than
2wMpp.ssMp,_ss, the imaginary part in the denominator of
Formula (12) has little effect on the voltage transformation ratio
G, and the cross-coupling Mp,, g5 can be ignored. Under this
condition, the multitap parameter-reconfigurable IPT system
exhibits a constant voltage output characteristic.

B. Analysis of the Equivalent T? Circuit

After neglecting Mp,,_ss, according to the decoupling equiv-
alent principle, the multistage circuit is simplified to the equiv-
alent 77 circuit shown in Fig. 11. The equivalent 72 circuit is
a two-port network that exhibits linear passive characteristics.
The resonant parameters of the 77 circuit are as

Xpn = wMpy_pp = wMpy,_pp + —wlLpy

Pn
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1
= wMp, pp + —— — wlpp (13a)
wCpp
1
Xps = wMpp_sg = wMpp_gs + —— —wlss.  (13b)
wCss

The injected currents on both sides of the two-port network
are I, and /.9, then the network can be described as

[UMN Iol]T = AG [Umn - 02]

where A ¢ is the overall transmission parameter matrix, and /51
=N, lo2 = —Imn. ARn, ARp, and AR, are composed of the ESR
of the auto-coupling coil, the transmitting coil, and the receiving
coil, respectively. Ap,, is composed of the self-inductance and
compensation capacitance of the auto-coupling coil and the
transmitting coil, and the mutual inductance between them. Apg
is composed of the self-inductance and compensation capaci-
tance of the receiving coil, and the mutual inductance between
the transmitting coil and the receiving coil.

According to the two-port network theory, the transmission
parameter matrices are obtained as

/1 Rp (1 Rp (1 Rg
= () = (o) = 0 )

_ 0 —JjXpn - 0 —J Xps
Apn = <1/Xpn 0 )APS_(UXPS 0 ) (15)

The transmission parameter matrix A ¢ is obtained as

g (14)

Mz%@%@%=@$ (162
a=—(w?*M3, pp + RepnRp)/(w?*Mpy_ppMpp_ss)
b= —[RpaRpRs +w*(RsMZ, pp + ReaMip gs)l/
(w? Mpy—pp Mpp_gs) :
¢ =—Rp/(w?*Mpy_ppMpp_ss)
d=—(w*M3p_gs + RpRs)/(w?*Mpy_pp Mpp_ss)
(16b)

Therefore, the efficiency of the T2 circuit is solved as (17)
shown at the bottom of the next page.

When Rp,,, Rp, and Rg are equal to zero, the voltage conver-
sion ratio G of the BAPV-IPT system is expressed as

UO ut _ Umn
U; Umn

Formula (18) shows that the G is only affected by Mpp_gs and
Mp,_pp. The output characteristics can be changed by adjusting
Mp,_pp. In order to more clearly show the output characteristics
of the BAPV-IPT system, each mutual inductance is obtained
by ANSYS Maxwell. The simulation modeling parameters are
shown in Table II, and the other parameters are the same as
before.

_ Mpp_ss

G p— p—
Mp,_pp

(18)

Umn JwLpn + W%P + Rpy —jwMpn-pp —jwMpn-ss Iun
0 ]= —JjwMpy_pp jwLep + oo + Rp —JjwMpp_gs Ip |. (®)
0 —jwMpn-_ss —jwMpp_ss jwLss + oo + Rs + Reg/ \ mn
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TABLE II
PARAMETERS UTILIZED IN THE SIMULATIONS

Value
2—46
5.22 mm

Parameter Value Parameter
Transmitting Coil Height 240 mm |Auto coupling Coil Turns
Transmitting Coil Turns 46 Wire Diameter

0.6

W

0.5

21046
turns|

0.4

~

0.3

w
T

0.2

0.1

18 22 26 30 34 38 42 46

S
4
=

Voltage Conversion Ratio G

AN
\\E;_;; ‘/“__‘"'_“_]

Il 1 vy YV v "4

_______________ 1
0261011822263034384246
Number of Turns of Auto-coupling Coil

Fig. 12. Voltage conversion ratio G of the BAPV-IPT system changes with
different turns of auto-coupling coil.

Based on the mutual inductances Mpp.ss and Mp,,_pp ob-
tained by FEM, the voltage conversion ratio G corresponding to
the autocoupling coil with different numbers of turns is shown
in Fig. 12. The various voltage conversion ratios G prove that
the proposed BAPV-IPT system based on multitap parameter
reconfiguration has a high degree of design freedom and system
reconstruction flexibility.

C. IPT System Loss Analysis

The efficiency of the 72 circuit has been obtained by Formula
(17) shown at the bottom of this page, but only the copper
loss Py, is taken into account. The inverter circuit loss Pinv,
the rectifier circuit loss Prgc, and the core 10ss P.qpe are not
included.

Depending on the model of the MOSFET switches and diodes,
Pinv and Prec can be calculated as [16]

Py = 2Ry (o)1 (19)

22

Prec =2 TUD(orl)Iout + RD(on)Igu[ (20)

Among them, Rys(on) and Rp(on) are the on-resistance of
the MOSFET and diode respectively, and Upon) is the forward
voltage drop across the switch diode.
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Fig. 13.  Core loss curve of BAPV-IPT system measured by large signal
characterization method.

Since a large number of ferrite cores are used in magnetic
coupling structures, the resulting core loss P, must be taken
into consideration. The core loss is composed of hysteresis loss,
eddy current loss and excess loss, showing strong nonlinear
characteristics. Therefore, quantifying P, is highly complex
and challenging. A large-signal characterization method for
measuring core losses was proposed in [37] and [38]. Through
the primary side series resonance and the secondary side open
circuit, the primary side input current /1(7) and the secondary
side open circuit voltage U, (?) are obtained. The core loss can
be obtained by integrating as follows [37]:

N [T
P = £t [ D000 @1
2 Jo

where fand T are the operating frequency and cycle time of the
inverter. fis 100 kHz to be consistent with the actual operating
frequency of the proposed BAPV-IPT system. N, N, are the
turns of the excitation side coil and the open circuit side coil.

Taking the three-tap autocoupling IPT system as an example,
the large signal characterization measurement method is used
to obtain P.or.. Due to the reconfigurable characteristics of
the proposed BAPV-IPT system, the core loss caused by each
autocoupling coil is different. In addition, the receiving coil is
coupled with both the transmitting coil and the autocoupling
coils. The core loss of the transmitting coil and each autocou-
pling coil needs to be measured. The experimental results and
fitting curves are shown in Fig. 13. The winding taps 1, 2, 3
are designed at the 6th, 10th, and 14th turns, respectively. The
current on each coil measured under normal working conditions
is matched with the current in Fig. 13 to obtain the corresponding
core 10ss Peore-

IRy Reg
(aReq + b) (cReq + d)

2 =
" UmnIvn

(M?p,_ppM?*pp_ssReqw?) / (M?pp_ssw? + ReqRp + RpRs)

~ w? (M?py_ppReq + M?pp_ssRpn + M?py_ppRs) + ReqRpRpn + RpRpnRs

A7)
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DC Source

3 ‘ Rectifier Circuit
‘ |

Fig. 14. Prototype of the BAPV-IPT system based on three-tap parameter
reconfigurable coils.

TABLE III
PARAMETERS OF THE SYSTEM
Parameter Value Parameter Value

f 100 kHz Cps 17.8 nF
01-04 IRFBA22N50 Lpp 1394.2 uH

Di-Dy MBR40200WT Rpp 1.64 Q

Ferrite Core PC 95 Crp 1.81 nF
Lp; 27.46 uH Lss 571.8 uH

Rp 404 mQ Rss 1.06 Q

Cpi 91.1 nF Css 426 nF
Lpz 7344 /AH Mp],pp 103.2 ,LlH
Rpy 140 mQ Mbps.pp 196.3 uH
sz 34.5nF Mp3,pp 301.5 ,uH
Lps 141.56 uH Mpp_ss 148.5 uH

Rp3 245 mQ

IV. EXPERIMENTAL VERIFICATION OF IPT SYSTEM

Based on the multitap parameter reconfigurable BAPV-IPT
system and 7? compensation topology circuit described above,
an experimental prototype is constructed as shown in Fig. 14.
Similarly, three winding taps are set on the transmitting coil
side, and the number of turns is set the same as when measuring
magnetic loss using the large signal characterization method.

The transmitting coil height is 240 mm and the number of
turns is 46. The receiving coil height is 180 mm and the number
of turns is 28. All coils share a uniform diameter of 220 mm.
The transmission distance and the length of FB are set to 360
mm to simulate passing through a 360-mm building wall. In
addition, identical discrete rebars are symmetrically arranged on
the FB to replicate the embedded reinforcement structure, with
their connection nodes insulated using appropriate materials.
The specific parameters of the system prototype are shown in
Table II1.

The effect of eddy current losses in the rebar loops during
power transfer on the BAPV-IPT system is experimentally stud-
ied. The PTE of the system under different conditions is shown
in Fig. 15. A standard safety voltage of 36 V is applied. The
connection points of the rebar loop are filled with insulating
materials, which is insulated rebar loop. As depicted in Fig. 15,
significant eddy current losses are induced in the uninsulated
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Fig. 15.  Comparative experiment on the influence of rebar loop eddy loss on
BAPV-IPT system.

rebar loop, leading to a substantial reduction in the system’s
PTE. When both sets of rebar loops are not insulated, the PTE
drops below 20%. When only one set of rebar loop is insulated,
the PTE is less than 40%. Such low efficiency falls short of the
operational requirements of the BAPV-IPT system. The rebar
loops are insulated without affecting the structural performance
of the reinforced concrete wall. With full insulation, the system’s
PTE reaches approximately 90%.

The ability of the proposed BAPV-IPT system to resist PV
output voltage fluctuations caused by factors such as illumina-
tion is experimentally verified. The input voltage Uj, is set to
72, 120, and 192 V to simulate the varying output voltage of
the PV panel. The dynamic response process waveforms of the
system output voltage are shown in Fig. 16. The relay connected
to the winding taps is controlled by the TMS320F28035 to
achieve system parameter reconstruction. The switching of the
winding taps is performed automatically when a deviation in the
output voltage is detected. As shown in Fig. 16, the input voltage
fluctuates in a wide range of 72—192 V, and the output voltage
of the system is stabilized within an extremely low fluctuation
range. Resistance to fluctuations in the output voltage of the PV
panel is achieved.

In addition, the transmission characteristics of the three-tap
parameter reconfigurable BAPV-IPT system are experimentally
verified, and the experimental results corresponding to different
winding taps are shown in Fig. 17. As shown in Fig. 17(a),
when 72 V dc voltage is injected into Tap-1 and R = 20 €,
the system has a maximum output power of 225.16 W. When R
=80, Uyyt = 83.16 V, Poyy = 86.4 W, the current flowing
through the autocoupling coil, transmitting coil, and receiving
coil is measured to be 1.04, 0.80, and 0.93 A. According to
calculations, the total system loss is 9.6 W and P, is 2.344 W.
According to the core loss curve measured in Fig. 13, Pcore =
6.46 W. At this time, the sum of P¢, and P.q.e is 8.98 W, while
Pinv and Pric are usually between tens and hundreds of mW.

The output voltage curve in Fig. 17 shows that the system
exhibits a constant voltage output characteristic, though a volt-
age climbing phenomenon occurs under light load conditions.
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Fig. 16. BAPV-IPT system dynamic response process waveforms. (a) AC

waveform. (b) DC waveform.

On the one hand, a large current flows through the coil, and the
parasitic resistance produces a large voltage drop, causing Uy
to decrease. In addition, the existence of Mp,_gg affects the out-
put voltage, causing it to deviate from the ideal constant-voltage
curve. As R increases, the current in each coil decreases, the
voltage drops across the parasitic resistance decreases, and the
influence of Mp,,_gg on U, becomes negligible. The magenta
curve highlights the high efficiency of the proposed BAPV-IPT
system. As R increases, the system’s PTE initially increases and
then slightly decreases. As shown in Fig. 17(b), when a 120-V
dc voltage is injected into Tap-2 and R = 80 (2, the system has
a maximum efficiency of 90.01%.
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The U,y of the system at different winding taps are stable
under light loads when ESR and Mp,,_gg is not considered as
shown in Fig. 18. However, theoretical models that account for
ESR or Mp,,_gs exhibit a slight voltage climbing phenomenon
under light load conditions. The system equivalent impedance
is no longer completely resistive due to Mp,_gg, and a portion
of the voltage is dropped across the ESR. Consequently, Ut
is reduced and deviates from the ideal constant voltage char-
acteristic curve. The resistance value of the system equivalent
impedance increases as R increases, and the influence of Mp,,_gg
is weakened. Moreover, the reduced current leads to a lower
voltage drop across the ESR. At this time, U, rises slightly and
gradually approaches the ideal voltage value without ESR and
Mp,_ss. The experimental results are in close agreement with
the output voltage curve when ESR and Mp,,_gg are considered.
The rationality of the above-mentioned analysis is verified.

The operating temperature of the proposed BAPV-IPT system
is experimentally studied at an ambient temperature of approxi-
mately 23 °C. Eddy currents induced in the rebars are a key factor
influencing the system’s thermal behavior. The temperature
distribution of the system with different rebar configurations is
shown in Fig. 19. The system is operated continuously until ther-
mal equilibrium is achieved. The temperature on the rebar loop
increased by approximately 40 °C during this period as shown
in Fig. 19(a)—(c). Such temperature rise may shorten the service
life of the building walls and degrade the thermal insulation
performance. In contrast, the temperature change of the discrete
rebars in the process of reaching thermal equilibrium is not
obvious, as shown in Fig. 19(d)—(f). This effectively eliminates
potential thermal threats to the building structure. Furthermore,
although a large amount of magnetic flux is confined to FB,
the temperature on the ferrite cores remains consistent with the
ambient temperature. The performance indicators of the ferrite
cores can always remain unchanged during the operation of the
BAPV-IPT system. Consequently, the operational stability of the
system is ensured.

The representative waveforms of the BAPV-IPT system are
presented in Fig. 20. The ac-side waveforms are shown in
Fig. 20(a), (c), and (e). The ac side input voltage Uy slightly
leads the input current /N, indicating that soft switching is
achieved by the MOSFETs. The output current /,,,,, has favorable
sinusoidally and almost no harmonics, indicating excellent har-
monic suppression performance of the proposed topology. In
Fig. 20(b), (d), and (f), the dc side input voltage U;,, and output
voltage U, remain relatively flat, while the dc side input current
I;, and output current /¢ are affected by the harmonics in the
system and have certain fluctuations. Due to the filtering effect
of filter capacitors Crp and Crg, the fluctuation of dc waveform
is effectively constrained within a limited range.

In practical applications, the configuration of rebars is typi-
cally random. The tilted and nonuniformly spaced rebars con-
figurations are experimentally investigated as shown in Fig. 21.
Among them, State 1 is the same configuration as Fig. 14.
State 2 and State 3 configure tilted and nonuniformly spaced
discrete rebars, respectively. Based on the analysis in Section II,
the influence of discrete rebars on the IPT system is minimal.
Therefore, the differences between States 1, 2, and 3 in U,; and
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Fig. 17.  Experimental results of the IPT system under different winding taps. (a) Tap-1, Ui, = 72 V. (b) Tap-2, Ui, = 120 V. (c) Tap-3, Ui, = 192 V.
TABLE IV
COMPARISON WITH SIMILAR WORKS IN RECENT YEARS
References Distance  Efficiency (max) Power (max) Additional coil Reconfigurability Details
. WPT across the Wall, Reinforced Concrete
This Work 360 mm 90.01% 22516 W 0 Yes i
Wall, BAPV System
WPT across the wall, Wood and Concrete
[22] 60 mm 83.4% 160 W 1 No
wall, BAPV system
Reinforced Concrete Wall, Power Relay
25 515 mm 47.49 About 2.4 W 2 No L ’
23] & U Structural Health Monitoring (SHM) System
Reinforced Concrete Wall, Multi-Coil
[26] 300 mm 39% 10w 8 No ?
Resonator, SHM system
Reinforced Concrete Wall, Changing Rebar
[27] 200 mm 34.79% 267TW 1 Yes : > Lhangme
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Also, the coil may have a slight spatial misalignment, causing
Fig. 18.  Comparison of theoretical and experimental output voltage values.

(a) Tap-1. (b) Tap-2. (c) Tap-3.

PTE are extremely weak as shown in Fig. 21. The BAPV-IPT
system exhibits a high tolerance to the spatial configuration of
the rebars.

the ferrite cores to become partially misaligned with the FB. The
output characteristics of the IPT system under horizontal and
angular coil misalignment conditions are shown in Fig. 22. When
the misalignment distance & = 3 mm and the misalignment angle
B =5°, Uoyt and PTE are almost the same as the system in the
completely aligned state. At this time, the ferrite cores in the coil
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Fig. 21.  Output characteristics of the proposed BAPV-IPT system under
different rebar configurations. (a) Output voltage Ugyt. (b) PTE. (¢) Rebar
configuration states.
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Fig. 22.  Output characteristics of BAPV-IPT system under horizontal and

angular misalignment of coil. (a) Output voltage Upys. (b) PTE.

are all in contact with FB. Magnetic flux can propagate between
the transmitting and the receiving stage along the consecutive
magnetic cores. When « increases to 6 mm, several ferrite
cores within the coil become disconnected from the FB. The
mutual inductance between the transmitting and receiving coils
isreduced to a small range and the voltage gain of the IPT system
is changed. Uqy is reduced by about 10 V, and PTE is highly
consistent with the alignment state. When @ = 15 mm and 8 =
12°, none of the ferrite cores in the coil remain in contact with the
FB. The magnetic flux is transferred from the coil to FB through
the air gap. As a result, the magnetic coupling between the
transmitting and receiving stages is significantly weakened, and
the voltage gain is further diminished. Since the proposed system
has parameter reconfigurable features, the voltage deviation can
be compensated by switching the winding taps. In addition,
PTE performs well under heavy load conditions, and decreases
slightly under light load but still exceeds 80%.

The tolerance of the BAPV-IPT system to coil misalignment
can be further improved by increasing the number of ferrite
cores. However, this will generate more core losses. In addition,
the incremental increase in the coupling coefficient contributed
by additional ferrite cores beyond sixteen is marginal. The
improvement in system efficiency is disproportionate to the
associated increase in cost. Therefore, the number of ferrite cores
should not be increased indiscriminately.

A comprehensive comparison of the proposed reconfigurable
BAPV-IPT system with similar works from recent years is pre-
sented in Table IV. Compared with the BAPV and IPT systems
proposed in work [22], power transfer across reinforced concrete
walls is achieved. The transmission distance is greatly increased
by FB, and the PTE of the IPT system is further improved.
Compared with the works in [25], [26], and [27], the proposed
system uses significantly fewer coils. In addition, the transmis-
sion performance of the IPT system is comprehensively and
effectively enhanced in this work. The power transfer scheme to
overcome the reinforced concrete wall is extended from the SHM
system to the BAPV system. Moreover, the PV output fluctuation
is effectively limited by the proposed parameter reconfigurable
scheme. As a result, the operational stability of the BAPV-IPT
system is significantly improved. In addition, for the BAPV
scenario, the proposed parameter reconfiguration scheme offers
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advantages over conventional converter regulation methods. The
additional energy conversion stage and the use of complex driver
circuits are avoided in this work, resulting in a simpler control
strategy and a more flexible design process.

V. CONCLUSION

A WPT solution for the BAPV system is proposed in this
article. The coupling coefficient is significantly enhanced by the
proposed FB. The photovoltaic power generation components
are wirelessly connected to the indoor microgrid through the FB
embedded in the wall. The adverse effects of rebars on the IPT
system are analyzed through FEM and significantly reduced by
electrical insulation. A multitap autocoupling magnetic structure
based on CSC is proposed. The voltage conversion ratio of the
IPT system is tunable by switching the winding taps on the pri-
mary side. By switching the winding taps, the system effectively
compensates for output voltage fluctuations caused by changes
in solar irradiance. The circuit model of the BAPV-IPT system
is established, the PTE of the equivalent 7 circuit and the losses
in each part of the system are analyzed. Among them, the core
loss is measured and verified by a large signal characterization
method. A prototype of a three-tap IPT system is built and
experiments are conducted across a 360-mm simulated wall.
Multiple sets of experiments under different tap states and input
powers are completed. The system can achieve efficiencies of
about 90% with power levels of several hundred watts.
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