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Model of fractional-order resonant wireless
power transfer system for optimal output

Ravneel Prasad, Krishneel Sharma, Bhavish Gulabdas, Utkal Mehta'

Wireless Power Transfer (WPT) technology has recently gained popularity in applications and research topics. It enables
the transfer of electrical energy from a source to a load without connecting wires physically. The WPT system is commonly
studied classically using integer order capacitors and inductors. Nonetheless, such integer order based systems have drawbacks,
such as low output power, poor transmission efficiency and sensitivity to parameter variations. This paper proposes a
fractional order resonant WPT circuit whereby both the transmitting and receiving ends are composed of a fractional
capacitor and inductor to overcome such problems. In this paper, the overall performance is studied based on its output
power and efficiency considering a series-parallel topology. The effect of fractional order in fractal elements will be analyzed
to observe the optimal combination of components to achieve the maximum output power with higher efficiency. Through a
comparative analysis of the results, several combinations of circuit parameters can provide a theoretical understanding for

implementing an experimental system.
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1 Introduction

With fast innovations in mobile products, wireless
power transfer and related technology have gained im-
mense attention in recent decades. It becomes now what
is informally known as the game-changing” solution for
charging electronic devices [1]. The scale of WPT is not
just limited to consumer electronics, but ever since elec-
trical vehicles (EVs) have grown in popularity and de-
mand, opportunities in the wireless charging market have
significantly increased. Due to more and more portable
electronic devices, the traditional method of recharging
the batteries through cables is not the best option. To
avoid the inconvenience of connecting cables and enhanc-
ing safety and flexibility, researchers have developed var-
ious ways and means to transmit electrical energy from a
transmitter to a receiver wirelessly.

The wireless charging technology is advancing in two
significant directions, ie, non-radiative and radiative
WPT. Non-radiative techniques can be further classified
into three categories, ieinductive coupling, magnetic res-
onance coupling, and capacitive coupling methods [2].
On the other hand, the radiative technique involves mi-
crowaves to transmit power long distances. Some of the
previous great works have led to deeper insights and ideas
about WPT. For instance, in 2007, scientists at MIT pro-
posed a highly efficient mid-range wireless power trans-
mission system, more widely known as WiTricity. This is
based on the magnetic resonance coupling method capa-
ble of transmitting power up to more than two meters
to light up a bulb [3]. In theory, two standard methods

of WPT are namely near-field and far-field. A near-field
transmission works as per electromagnetic field technique
[4], while the far-field technique uses optical and mi-
crowaves to transfer energy to long distances [5]. Both
have led to many applications such as, but are not lim-
ited to, biomedical implants, consumer electronics, EVs,
low-power sensor networks, space, and military applica-
tions [6].

In [7], a IMW inductive power transfer (IPT) system
was designed for a high-speed train to power vehicles
in real-time without the use of any energy storage de-
vices and achieved an efficiency of 82.7% when 989 kW
was transmitted. This study proved that IPT systems
have some potential for railroad applications. Such sys-
tems typically work at frequencies in the range of kHz, as
confirmed by [2]. The critical characteristics of the IPT
system are the kHz operating frequency delivering high
power (kW - MW), and greater efficiency at short dis-
tances [7]. One of the significant drawbacks of this ap-
proach is that as the transmission distance increases, the
power delivered to the load drops significantly leading to
low efficiency, and for this reason, IPT systems are gen-
erally only used for very short distances [4], [8]. In [9], a
selective method is proposed to transfer power to multiple
loads using different resonant frequencies.

Extensive research occurred on the near-field methods
in recent years, and the results are undoubtedly promis-
ing. How- ever, there exist certain drawbacks in using
an integer-order model, such as low output power, high
resonant frequency, less transmission efficiency, and fre-
quency splitting [10]. Hence, the fractional-order WPT
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(FOWPT) was introduced to solve the problems men-
tioned above. In [10], analysis on the effect of fractional
orders on power transmission and efficiency was per-
formed. It also demonstrated that resonant frequency and
coupling coefficient can be adjusted by changing the frac-
tional order. Similarly, in [11], a generalized FOWPT was
established, and analysis of its performance and efficiency
was done in [12] investigating the two-port network con-
cept in the analysis of the FOWPT circuits whereby both
the series-series (SS) and series-parallel (SP) topologies
were analyzed. It was found that the SP topology had
better efficiency and performance than the SS topology
when the coil size is different. In [13] was proposed a
fractional-order (FO) resonant WPT system which con-
tained a FO resonant circuit on the transmitter side. By
choosing the appropriate parameters in a fractional cir-
cuit, one can achieve a constant current output (indepen-
dent of load size). In this case, the constant current was
obtained by neglecting internal resistance. Nevertheless,
this cannot be ignored in an actual application. Thus,
it may cause lower current accuracy. One of the several
reasons for the low efficiency and partially stable oper-
ation of IPT systems is the phenomenon of frequency
bifurcation. Authors in [14] have conducted a study on
frequency bifurcation using the fractional-order induc-
tive power transfer (FOIPT) system. A frequency bifur-
cation is known to occur under certain conditions, such as
coil misalignment (coupling coefficient changes) and load
changes. By controlling the fractional order, the bound-
ary of critical distance and critical load, the frequency
bifurcation phenomena can be eliminated. A fractional
coupled model of FOWPT was obtained using generalized
fractional coupled-mode equations in [15]. It confirms the
correctness of the fractional couple model to build the
circuit.

In [16], a study with the FOWPT system discussed
the sensitivity of the resonant frequency. The resonant
frequency is easily disturbed by metal or non-resistive
load, which occurs in real-world applications. A FOWPT
system is proposed whereby the order of the capacitor is
more than one. When the order is less than one, the resis-
tance of FOC is positive, which brings additional losses
in the system. On the other hand, when the order is
greater than one, the resistance of FOC becomes negative,
and the capacitor produces active power. In the case of
integer-order WPT (IOWPT), there is no degree of free-
dom to adjust the loss; thus, efficiency is highly sensitive
to the resonant frequency. It is evident that fractional el-
ement circuits have more freedom to adjust the efficiency,
counter to the classical approach.

While numerous research have studied various WPT
systems, there still exist many practical issues such as low
output power, high resonant frequency, low efficiency, and
a few others [16]. The traditional WPT systems are com-
prised of integer-order elements (capacitors and induc-
tors). However, as per [17], [18], integer-order elements
do not ideally exist, ie , in practical applications, the or-
der of most of the capacitors and inductors are close to
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1. Hence, their fractional-order characteristics are disre-
garded. To effectively avoid the problems above, many
researchers have directed their studies using fractional el-
ements [16], [15]. It was found that the analysis and dy-
namic behaviour of systems cannot be well explained by
the integer order calculus [15], [19]. Thus, research in FC
started to grow rapidly whereby it is now applied in var-
ious systems including, but are not limited to, wireless
power transfer systems [15], circuit theory [20], chaotic
systems [21], electromagnetics [22], DC-DC convert Rie-
mann, Grunwald, and Caputo [24].

One of the initial applications of FC to WPT was the
electrical energy transmission using fractional- order com-
ponents [19]. As research was further developed over the
years, it was found that FOWPT systems could deliver
better output power, transmission efficiency, and reso-
nant frequency by adjusting the orders of the fractional-
order elements [15]. Although fractal components are not
standard market- oriented parts, many have been fab-
ricated in labs [25]. The circuits having fractional-order
elements are undoubtedly the solution to many practi-
cal problems generally encountered in WPT. Hence, this
paper presents following contributions. Firstly, the new
magnetic resonance coupling technique is built in the frac-
tional domain for the SP topology. The modified expres-
sions of transmission efficiency and output power are de-
veloped to see the effects of varying fractional orders in ca-
pacitor and inductor. Moreover, the proposed scheme can
verify power transfer with different resonant frequency
using the exact expressions provided. The power trans-
mission efficiency can be optimized by adjusting orders
of the fractional elements. Finally, the comparisons will
show that the output power and efficiency of the FOWPT
system are much more than the classical WPT circuit in
literature due to flexible nature of the circuit. The various
conditions are studied numerically to prove the effective-
ness of the proposed scheme.

2 Proposed series-parallel FOWPT model

The proposed circuit model for the WPT system is
illustrated in impedance form in Fig.1. The schematic
with fractional elements, namely fractional-order ca-
pacitor and fractional-order inductor, will be used in
series-parallel topology. The simplified fractional circuit
in Fig. 1 has (L1, Log) pseudo-inductance values with
(B1, B2) fractional-orders of the inductor at the trans-
mitter and receiver, respectively. Also, it has (Ciq, Can)
pseudo-capacitance values with (aq,as) fractional-orders
of the capacitor at the transmitter and receiver, respec-
tively. The source power supply U, can be obtained from
an inverter. The proposed circuit in complex notation

U=Uloy, J=1L¢;, Z=ZLpz, can be described as

Us =B+ ZcnJh + T 211 — T2 2w,
0="T2212+ J2Ra+ Zco(J2 — T3) — 1 2,
0= Zc2(J3 — J2) + J3Ru,

(1)



260

R. Prasad, K. Sharma, B. Gulabdas, U. Mehta: MODEL OF FRACTIONAL-ORDER RESONANT WIRELESS POWER ...

Fig. 1. Equivalent circuit of series-parallel wireless power transfer

where

U is the high-frequency voltage source.
R, is the internal resistance of the primary side.
R, is the internal resistance of the secondary side.

Zc1 is the equivalent impedance of the primary com-
pensation capacitor.

Zco is the equivalent impedance of the secondary com-
pensation capacitor.

Z1,1 is the equivalent impedance of the transmitting
coil.

Zy is the equivalent mutual impedance.

Z1,2 is the equivalent impedance of the receiving coil.
Ry, is the load resistance.

J1 is the current following in the primary side.

Jo is the current following in the secondary side.

Js is the current following in the second loop of the
secondary side.

Here, Z¢1, 202, 211, Z1.2,, and 2y, are defined as fol-

lows

Zc1 = Rer — jXcu,
Zco = Reg — j Xco,

Z11 = Ry + j X1,
Z12 = Rio + jX10,
Zm = Rm + i X

(2)

Rc1 and Ry, are equivalent resistances of the fractional-
order capacitor and inductor, respectively, of the
transmitter side.

X1 and Xp,; are equivalent reactance of the trans-
mitter sides fractional-order capacitor and inductor,
respec tively.

Rco and Ry are equivalent resistances of the receiver
side of the fractional-order capacitor and inductor.

Xco and Xio are equivalent reactance of the receiver
sides fractional-order capacitor and inductor, respec-
tively.

Ry and Xy are equivalent resistance and equivalent
reactance of the fractional-order mutual inductance,
respectively.

The equivalent resistances and reactances of the trans-
mitter and receiver side are

RLk = wﬁkLk[g COS —ﬂ;ﬂ,
Ry = w7 M, cos %,
Rey =

—————— COS ——
wekC, 2’

Xip = w'ﬁkLkﬂ sin BICTW,
1 . QT
———sin —
w‘lkC;m 2’
for k = {1,2} as described in [10]. From (1), one can
derive the currents flowing through the fractional-order

capacitor and inductor of the transmitter and receiver
circuit

Xck =

_ J(P—-9Q)
jl - ZM )
Zalds
Jo = , 4
T Z(P-9) -2 )
_ Zolp _
J3 = Zen + L Jo2 = T2 — T3,
P=2Z+ R+ 2 9—72%2 (5)
= Z12 2 €2, = Zew L Ry

When the system meets the condition of resonance,
the angular frequency of the receiver and transmitter is
equal to the angular frequency of the supply. The angular
frequency of the SP-WPT is the same as the angular
frequency of the SS-WPT, [26]

chk sin ﬂkTﬁ

again for for k = {1,2}. Hence, the value of the transmit-
ter and receiver compensation capacitor can be calculated
from (6).
Then, the input power P, the output power P, and
efficiency 7 at the resonance are
Py =12[R) + A + Bi] +
+ I3 [Ro + Bo] + C+

+ 13y [As] + I3 RL + C,

Pou
Pout:IQQRL, TI:—P ¢ ><100,

in
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where
1-— -1
A, = % Rew,
1 —sgn —1
B, = %Rm, (8)
1 —sgn(y —1)
C=————""RuRe{N T}

2

Remark: The fractional-order components have nega-
tive resistance property thus, to eliminate the negative
resistance, the signum function

sgn(x) = { b= ©)

-1 <0’

was used.
Note: when the values of all fractional-orders are unity,

the equations for power and efficiency are the same as
those of the IO-WPT system.

3 Methodology to verify performances

For the presented schematic of SPWPT in Fig. 1, we
first assumed the fractional order of mutual inductance to
be unity, i¢ = 1 with no loss of generality. We study the
circuits performance with four fractional-order compo-
nents, inductors and capacitors.The circuit’s input- out-
put power and thus, efficiency have different variations
with respect to different fractional orders. To fully un-
derstand how the system performance is affected with
varying fractional orders, four cases including one special
case are considered as following.

Case 1: classical WPT model

It is required to check the effect of fractal elements
with respect to classical components a; 2 = 1,812 = 1.
In all cases, at least one component in SP-WPT behaves
in the integer domain. The output power and efficiency
for respective circuit are calculated for the analysis.

Case 2: fractional-order capacitors and integer
inductors

Now orders o and ap vary with fixed 812 =1 The
rationale of the study is twofold: First, the efficiency and
output power are determined with a fix one «; for vary-
ing the order of the compensation capacitor (az) in the
receiving end. Second, similar analysis is continued with
one value of as for varying the order of capacitor at the
transmitting end.

Case 3: full fractional-order circuit parameters

Here 1,2 vary for 0 < oy < 2 and «ag = 1.2. Upon
analyzing the previous cases, the order of as = 1.2 was
found to produce the maximum efficiency. Hence, oy was
kept at optimal fixed value while the order of the series
compensation capacitor in the transmitting end was var-
ied from 0 to 2. Finally, the efficiency and output power
were graphed, and the best combi- nations were identi-
fied. In a similar manner, the efficiency and output power
were determined for varying s in the receiving capacitor
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with fix capacitor order a; in the transmitting end. At
the end, the efficiency and output power were graphed,
and the best combinations were identified. After analyz-
ing all the cases, the best combinations of «i, 2,12
were selected

Special case: Effect of the load resistance Rp,. It
is vital to analyse the effect of output load resistance
value on efficiency. Such analysis is not presented in the
previous literature. It can suggest a favourable range of
load value with respect to optimal efficiency and peak
output power.

4 Analysis of SPWPT with

fractional-order element

The generalized output power equation and efficiency
relation at the resonance provide a valuable result for the
analysis of FOWPT system. According to the fractional-
order SPWPT model, the fractal component has ability
to adjust the loss by varying the order. Note it again, it
is not possible with integer classical model.
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Fig. 2. Output power versus a1 when 0 < ap < 0.5 at 812 =1

The systematic analysis shows below that the lossy
system can be improved by varying resistances in (L1, Lag)
and (Chq, C2q). It is necessary to choose the right value
and combination of (81, 32) and (a1, as). In analysis,
the circuit parameters such as U; = 100V, f = 250kHz,
Ry = Ry =139, Lig = 159.2uH, 4 Lag = 15.9 uH,
M, =159 pH and Ry, = 1kQ have been used to illus-
trate the transmission efficiency of the fractional-order
SPWPT system. Let us take the fractional-order capaci-
tors for varying «; and g, but inductors could be integer
or fractional order but, same for both as ;2 = f.

Figure 2 shows how the output power is affected by
varying as from 0 to 0.5 with increments of 0.1 with
respect to changing o; while keeping 12 = 1. The
figure depicts that as the order of as increases from 0.1 to
0.5, the output power increases also. Figure 3 illustrates
how the output power is affected with ay from 0.5 to 1.
Continuing from Fig. 2, the output power decreases for as
ranging from 0.5 to 0.6 and then it starts to increase from
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Fig. 5. Output power versus a1 when 1.5 < a2 <2 at f12=1

0.7 to 1. Figure 4 is with ao varied from 1 to 1.5. As for
the order of ay at 1.1, the output power has significantly
increased three times more than what it was at as = 1
from previous values in Fig. 3. Conversely, the output
power decreases almost twice the value when the order of
9 is increased from 1.1 to 1.2. Further increase of the
order of as from 1.2 to 1.5 shows a gradual increase in
the output power.

Figure 5 also shows similar effect when «s changes
from 1.5 to 2. When as = 1.6, the output power increases
twice more than what it was at as = 1.5. On the other
hand, increasing the order of ag from 1.7 to 2 shows a
decreasing trend of the output power. At the same time,
the efficiency is calculated for varying order ay. Figure 6
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Fig. 7. Output power versus a2 when 0 < a1 <2 at f12=1
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Fig. 6. Efficiency versus a1 when 0 < g <2 at 12 =1

is showing the efficiency variations with as changes from
0 to 2 against a;. An efficiency of 96.23% is achieved,
which is the maximum efficiency of the system when the
order of a1 and as are 1 and 1.2, respectively.

The analysis is continued with different combinations.
Figure 7 portrays how the output power is affected by
varying «; from 0 to 2 with increments of 0.1 against 2.
The figure depicts that as the order of a; increases from
0.1 to 0.9, the output power steadily increases. However,
as «j is increased to 1, the output power drastically
increases and then it has a sudden drop to around 2.5
kW at a3 = 1.1. Thereafter, it steadily decreases as the
order of «; increases from 1.2 to2) With the calculated
output power, the efficiency is studied by varying a; from
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Fig. 8. Efficiency versus a2 when 0 < a1 <2 at 12 =1
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Table 1. Optimal combination of al, o2 and fB1,2

Test a2 B, Pout 1 Ca
2 W) (%) (aF)
Case2 12 10 10 128 9623 o= 090
Can = 2.54
Case31 10 12 103 266 o9 C'o =9
Caa = 910.75
Case32 10 12 102 202 o722 @M%
Cio = 1050

0 to 2 with respect to changing ap and keeping (3 2 still
constant. Fig. 8 delineates how the efficiency is affected by
varying orders. It can be noted that efficiency of 96.23% is
achieved, which is the maximum efficiency of the system
when the order of o is in the range of 1 to 2 and as is
1.2. The numerical values studied from Fig. 2 to Fig. 6,
one can note that an efficiency of 96.23% is achieved
with a power output of 1.3 kW and the fractional order
a1 = 1.2. On the other hand, the system could produce
a maximum output power about 15 kW, however, at the
cost of reduced efficiency.

Similarly, Fig. 7 and Fig. 8 presented that the ay
value was critical to set the maximum output power. It
was found that the maximum output power about 15
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kW was achieved with low efficiency as 50.07% when
o1 = 1l,ap = 1.6 and B2 = 1. This is very important
observation while designing the power transfer circuit.
Furthermore, as seen from Fig. 7 and 8, the maximum
efficiency of 96.23% was achieved with an output power
of 1.28 kW when a; = 1,a2 = 1.2 and B2 = 1. Then,
the full fractional order case is considered with positive
real orders in fractal elements. Firstly, the output power
is calculated versus S 21 and by varying 0 < a;2 and fix
ags = 1.2. The reason to keep as = 1.2 is derived from
previous analysis where the power efficiency is maximum.

Figure 9 shows the output power by varying a-1 from
0 to 0.5 with changing ;2 and ap = 1.2. The figure
depicts that as the order of a — 1 increases from 0.1 to
0.5, the output power gradually increases.

Figure 10 is generated the same way with higher ;.
Continuing from Fig. 9, the output power further in-
creases for o ranging from 0.6 to 0.9, however, with a
slight drop when the order is 1.

Figure 11 illustrates further results for a1 varied from
1 to 1.5. As for the order of oy at 1.1, the output power
has significantly decreased by almost ten times more than
what it was at a; = 1. Thereafter, the output power
gradually decreases for a; ranging from 1.2 to 1.5.

Figure 12 also depicts the output power for a; changed
between 1.5 to 2. When «; increased more than 1.6, the
output power gradually decreased to a value equivalent
to zero at oy = 2.
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1.05

Figure 13 represents the efficiency after varying ag

from 0 to 2 with respect to various S 2. An efficiency of
97. 22% is achieved, which is the maximum efficiency of
the system when the order of ;2 = 1.02. After studied
the effect of Bi2 on output power and its respective
efficiency, Fig. 9 to Fig. 11. are obtained. It was noticed
that the maximum output power about 2.66 kW was
achieved at 8 = 1.03. That value gives an efficiency 97.
09% when a;=1 and as = 1.2. The useful results are
obtained as shown in Fig. 12 to Figure 13. The value of

B1,2 was 1.02 and has given the maximum efficiency of
97. 22% with power of 2.02 kW. Note that the order of

a1 and ag were 1 and 1.2, respectively.
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Next, the third case is considered by varying 8 and aso
and fix «;. Figure 14 shows the results on output power.
As the order ay varies from 0.1 to 0.5, the output power
gradually increases. This pattern continued further with
ag changes from 0.5 to 1 as shown in Fig. 15. But, it
starts to drop when as crosses 0.8 value.

Figure 15 and 16 show the output power variations for
higher value of ay. Interestingly, the output power spikes
at as = 1 to almost 30 kW and then drastically drops
below 3 kW at as = 1.2. Also, the value of ay between
1.3 to 1.5 shows more output power. Continuing from
Fig. 16, the output power further increases for ay = 1.5
to 1.7 as shown in Fig. 17. It has a slight drop at az = 1.8
before a sudden dramatic rise to almost 80 kW occurs at
1.9. Also, it shows large drops in output below 2 kW
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Fig. 21. Results from FOWPT system (Case 3)

at 2. There are two possibilities of output powers for
this range of orders as well. The efficiency is calculated
with variations in oo from 0 to 2 with respect to B2
and constant ;. An efficiency of 97. 22% is achieved at
ag = 1.2, which is the maximum efficiency of the system
when the order of ;2 is 1.02. The sensitive changed was
observed from Fig. 14 to 17 with slight variations in 3 .
It was captured with the maximum output power of 27.81
kW and (2 = 1.02 with an efficiency of 94. 34% when
the order of a; and as is 1 and 1.1, respectively.

On the other hand, the maximum efficiency of 97. 09%
was achieved with an output power of 2.66 kW when
P12 =1.03 and ap = 1.2. Same way from Figure 18 the
efficiency was observed with respect to variation in (3 .
The peak efficiency of 97. 22% was achieved at £1 2 = 1.02
, with an output power of 2.02 kW.

In summary, the estimated fractal elements with most
opti mal fractional orders are obtained for maximum effi-
ciency and output power. Table 1 is provided with values
and combination parameters. This result provides inter-
esting insight on the optimal range of fractional orders,
that can be useful to achieve better efficiency in transfer
power.

In a special case, we have also analyzed the fractional
WPT circuit with effect of load resistance value. Let
us take the integer classical WPT system. Figure 19(a)
shows that as the load resistance increases from 082 to
2.5k | the efficiency increases. However, increasing the
load resistance further decreases the efficiency. Same way,
the output power is also affected with load resistance as
seen from Fig. 19(b). As it increases from 02 to 30012,
the output power increases. However, increasing the load
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resistance further decreases the output power. As per op-
timal range of values from Tab. 1, the second condition
was verified on the fractional WPT system for maximum
efficiency and output power with respect to load resis-
tance. Figure 20(a) shows that the maximum efficiency is
achieved of 97.09% when Ry, = 1k€.

When we considered the maximum output power as
give in Fig. 20(b), it captured when Ry = 0.9 kQ and at
Ry = 1kQ the output power is measured as 2.66 kW.
Another case for high efficiency for fractional orders as
per Tab. 1, Case 3.2 are plotted in Figure 21. According
to the study provided in this paper, the simulation re-
sults on series-parallel type FOWPT system have great
advantages over classical WPT system. In the fractional
wireless power transfer circuit, the primary and secondary
side fractional-order inductor and capacitors can provide
more flexibility to obtain higher transmission efficiency.

5 Conclusions

The analysis can conclude that a proper selection
of fractional-order components can achieve optimal effi-
ciency. The presented fractional circuit showed promising
results and had better characteristics than the integer
WPT system. The circuit performance is also checked
with load resistance together classical model. The theo-
retical and simulation verification depicted that the pro-
posed structure could exhibit several advantages, requir-
ing low resonant frequency and producing high output
power and efficiency. Such flexible systems for WPT can
be used for medium to high power applications. This ar-
ticle may promote the development of fractal elements
for power applications. Future work might include exper-
imental study and real-time realization of WPT.
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