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Abstract: In current study, a method for achieving a load-independent output current with the ability
to optimize the parameter tuning, which is applied to wireless power transfer (WPT) systems, is
analyzed. The proposed technique is based on the immittance property in a passive resonant network
(PRN) with the purpose of transforming a voltage/current resource into a current/voltage resource.
This study determines an immittance conditions-qualified family of PRN, which is associated with
a more appropriate topological description in WPT applications. Considering the resource and
sink type, a comprehensive specification of the coupling coefficient-based design condition and
operating point is carried out. Moreover, the parameters of each proposed topology are reconfigured
by adjusting the proportion of active power to reactive power ratios as an index to optimize the
topology size as well as a reduction of voltage/current stresses on their elements without changing
the specified system-level parameters, such as the loosely coupled transformer operating frequency,
and specified constant current outputs. The sample topology selection is also carried out with respect
to the absorption of the parasitic components and achieving the inherent dc-blocked transformer.
Zero-voltage-switching (ZVS) operation of the switches, minimum conduction losses of the rectifier
diodes within an extensive variety of load variations, and capability of consistent generation of stable
load-regulated current are also achieved. Analytical results show that the proposed compensation
has the minimum output current fluctuation versus variations of the coupling coefficient and other
parameters. Finally, the effectiveness of the proposed methodology is evaluated through simulations,
and practical experiments, and compared with the conventional design method.

Keywords: immittance passive resonant network; constant current application; wireless power
transfer; optimization; parameter tuning method

1. Introduction

The wireless power transfer (WPT) system is recognized as one of the most appro-
priate technological approaches with various applications such as autonomous and semi-
autonomous industrial and mobile robots [1,2] as well as Automatic Guided Vehicles
(AGVs) [3,4] because of its merits such as safety, convenience, portability and feeding
without the user requirement [5]. The proper and continuous operation of this equipment
requires the use of a reliable charging system with high-performance capabilities in terms
of voltage fluctuation, which extends the life of batteries [6]. Therefore, due to stable
performance against load variations, the use of a constant source is preferred in practical
applications, such as constant generation of current or voltage. For example, constant
generation of current is more appropriate for WPT applications, including driving a light-
emitting diode (LED) with the purpose of achieving stable luminance and charging battery
packs [7,8]. Various topological techniques [9] and control strategies [10,11], are studied
with the purpose of achieving a constant current. Complex control methods for wireless
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systems are used to regulate output under different load conditions [12-14]. High energy
losses, the need to use sensors, and large space to build can be the most important limita-
tions of these methods [15,16]. However, topological techniques are a simpler controller
design with a lower cost. One of the approaches is to employ a Resonant Network (RN)
due to its considerable advantages [17]. RN is the main part of a typical WPT system, as
shown in Figure 1.
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Figure 1. A general structure of WPT system block diagram.

RN is recognized as a considerable factor in improving the power system efficiency
and quality. It can be proved through the addition of two compensation circuits into the
initial and secondary sides [18-20]. A constant generation of current or voltage can be
achieved because of tuning the operating frequency of the compensation circuit [21,22].
The load-independent output properties are considerable as the output voltage/current
can be fixed at the ideal values even without control. It has been reported that there is
a load-independent WPT associated with a compensation network or optimal operating
frequency, which is based on the transfer function [23,24].

One method is to use a passive resonant network with immittance property with the
purpose of optimizing the operation frequency in WPTs [25,26], which is beneficial in the
process of the voltage/current resource transformation into a current/voltage one. The
mentioned approach requires the immittance-included PRN with a special design, which is
called Immittance PRN (IPRN). This property has been investigated in plasma-discharge
applications [27], photovoltaic converters [28], supplying power with high voltage [29], as
well as noncontact power transmission systems [30]. It can be indicated that IPRN is used
in various applications.

In the works of literature, some investigations have been performed on the immit-
tance converters. For instance, in [31], an LCL-T converter is fully discussed for achieving
constant current output. Clamp diodes are added to the converter’s primary side; also,
CC-CV characteristics of the output voltage are described [32] to make the converter adapt-
able for charging applications [33]. There are different operational modes and factors
associated with designing asymmetrical duty-cycle control-included LCL-T that are spec-
ified in [34]. This topology has relatively high efficiency; however, its primary deficit is
the insufficiency of a built-in DC blocking (DCB) capacitor for the transformer. One of the
most important approaches to achieving a useful application of the transformer leakage
inductance and winding capacitance within the resonant network is to transform an LCL-T
into a fourth-order LC-LC structure [35]. The complicated steady-state analysis is consid-
ered the most important shortcoming of high-order PRTs. The properties of a fifth-order
immittance conversion element can be observed in [36]. Moreover, the application of a
CLC-7 topology survey based on immittance property for a high-voltage DC transmission
link is discussed in [29]. In [37], the high-frequency variable load inverter is designed
by the immittance method to have a new perspective on driving a wide range of load
impedances at high frequency. In [38], LCL-T structure is used as a multistage immittance
matching network-based capacitive WPT system with load-independent output current to
optimize efficiency.

According to the above-mentioned findings, the advantages of the proposed method
in third- and fourth-order resonant circuits have been discussed for specific applications;
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however, no systematic research has been carried out with the purpose of identifying
WPT-applicable immittance topologies. The published immittance topologies contain
insufficient inherent DC blocking capacitor of transformers, incapability of absorbing
parasitic components within a number of cases, and have little attention and focus on the
coupling coefficient and other parameters of circuits. Therefore, it is not possible to apply
all published immittance topologies to WPTs.

The current study specifies that the topologies of an IPRN family can appropriately
be applied as a voltage resource to the current source of WPTs. Circumstances required
for the operation of immittance for each structure, as well as topological superiorities,
are illustrated. Moreover, topologies of type T are comprehensively studied according to
the types of resources and sinks. It is noteworthy that the maximum value of reactant
components is determined to be five due to the increasing size, weight, and expenses of the
converter and the complexity of analysis and design that result from using more reactant
components. To conduct the process of prototyping, a topological sample is chosen and
designed based on the parasitic component’s absorption and preparation of inherent DCB
to the transformer through considering the coefficient of coupling, and the effects of the
air gap and other core components. Finally, an analysis of stresses of voltage and current
on the components, as well as IPRN frequency response is carried out. The form of [IPRN
sinusoidal current, decreased stresses of current/voltage on components, ZVS operation
on switches, and the minimum conductive losses on rectifier diodes with extended load
variations are revealed through conducted experiments. Additionally, analytical results
show that the proposed compensation is associated with the minimum fluctuation of
generated current versus coupling coefficient variation. The effectiveness of the proposed
approach is assessed through simulations, and practical experiments, and compared with
the conventional design method.

L Contribution of this study

- Thisstudy elaborates a mathematical method for achieving a Load-Independent
Output Current.

- This study proposes a parameter-design method by adjusting the proportion
of active power to reactive power ratios as an index to optimize the topology
size as well as reduction of voltage/current stresses on their elements. Due
to preventing the increase in power losses and reducing the damage to the
devices, the analysis of compensating topologies from the perspective of
voltage and current stresses is important.

- According to the above-mentioned findings, this is the first paper that im-
proves a systematic investigation to identify and explore an immittance
conditions-qualified family of PRN, which is associated with a more appropri-
ate topological description in WPT applications. Moreover, their conditions
are specified with their topological superiority description.

II. Outlines

The structure of the rest of this article is as follows. In Section 2, theoretical analyses of
IPRN are described comprehensively according to the types of their resources and sinks. In
Section 3, by introducing the IPRN method, the immittance circumstances of operation are
analyzed for determining compensation. In Sections 4 and 5, evaluation of the efficiency of
represented design methodology is carried out using contemporary feasible experiments.

2. Theoretical Analysis of the IPRN
2.1. Analysis of an RN

According to [39], resonant and realizable are the necessary conditions for using an
LC network as a resonant network (RN). To provide the above-mentioned requirements,
the LC network is organized as follows: (1) prohibition of having cut set the inductor with
a bi-level current resource/sink, and (2) prohibition of the inductor-paralleled with bi-level
voltage resource, as well as the capacitor-series with bi-level current resource. However, the
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mentioned specifications do not imply the inefficiency of structures without the capability
of meeting these criteria. It should be noted that they are not merely considered resonant
networks. Therefore, identifying the type of sink and resource in the LC network terminals
plays an important role in selecting the suitable topology. The resource/sink type-based
diagram of RN block can be observed in Figure 2. According to the figure, the input can be
the DC voltage or current resource, and the output can be voltage or current sink, which is
applied through a rectifier and a filter.
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Figure 2. The RN block diagram based on the source and sink types; (a) voltage-type source,
(b) current-type source, (c) voltage-type sink, and (d) current-type sink.

The classification of RNs is in accordance with the types of resource and load; therefore,
PRN classification can be as the following: (V-source/V-sink, V-source/C-sink, C-source/
V-sink, and C-source/C-sink). The energy transmission within RPNs is conducted from
the resource toward the load through the fundamental frequency, and the other part of
harmonics can be neglected for all types of resources and sinks. Therefore, RN operation is
considered as a low-pass or a band-pass filter that isolates both input and output at the
harmonics of switching frequency.

2.2. Analysis of an IPRN

A bipolar immittance network is illustrated in Figure 3 to index the two-port voltage
and current expressions.
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Figure 3. Block diagram of bipolar immittance network.
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A network has an immittance property when voltages/currents are achieved as the

following [40]:
(Vi [ 0 Hizo] [V2], Vi ==£jZoh 1)
n|  |+jz, 0 —12)7 I = 4j7- Vs

Considering Z as the base characteristic impedance of the network, it is realized
that the output of the network depends merely on its input and is independent of its
output impedance. This is very useful for power supply sources with a constant output
voltage/current. It is well known that a quarter-wave distributed constant line exhibits
immittance properties. While the length of the distributed constant line is manageable
for operation in the megahertz range, it becomes prohibitively long for power converters
operating in the kilohertz range. So, some lumped-element IRPN topologies based on
the transmission line approximation competed using discrete inductors/capacitors have
been discussed [41]. In addition, by expanding (1), the relationship between the input and
output impedance in these networks is shown by the following relation:

V» LxZ3 73

7y — 22 _ %0
A Wi V4

@)

Based on this equation, if the output impedance of the circuit is a resistive type, then the
visited input impedance will be a resistive type. Therefore, according to Figure 1, the impedance
observed from RN output is resistant against DC load, the output voltages/currents of the
inverter are in phase, and the reactive power on the MOSFETs is minimized.

Transmission variables of PRN topologies should be derived first and then, RPN
topologies with immittance can be achieved through substituting these variables within
(1), which leads to achieving the consistent generation of current by a converter with the
capability of load regulation.

3. Design Conditions of IPRN Topologies in WPT System

An investigation of properties associated with different topological constructions is
carried out in this section with the purpose of determining proper IPRN topologies within
WPT applications. The basic condition for the presented search can be organized as follows:

PRN of type T is associated with a simple structure that contains fewer branches, low
circulating currents, and increased capability of being integrated with parasitic elements;
therefore, it is more beneficial. In Figure 4, the bipolar T-type PRN topology block diagram
is shown. X1, X2, and X3 are the branch reactance impedances, which can be composited
of capacitor/inductor.

X1 X2
(550) (550
- -
€ - | x3

Figure 4. Block diagram of T-type PRN network.

Since an increased number of reactive components leads to the enhancement of con-
verters’ size, weight, and costs, as well as the complexity of the analyzing and designing
procedures, their maximum number is determined to be five. The immittance method
can be implemented on all topologies with different resonance orders, but according to
previous studies [40], low-order converters have shortcomings in terms of performance
and control. Therefore, in Figure 5, fifth-order converters suitable for IPRN are provided.
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Figure 5. Fifth-order (T1~T12) T-type PRN in WPT systems.

The current study applied the immittance method in order to transform a voltage
resource into a current one; therefore, the type of IPRN has to be voltage (V-source/C-sink)
and (V-source/V-sink).

Figure 5 represents the fifth-order T-type topological structures required for WPTs,
which are called T1-T12. However, the applicability of IPRN and non-IRPNs topologies is
not mentioned although other types of IPRNs are widely applied.

In addition to the conditions mentioned, some characteristics for selecting topological
superiorities for an appropriate application are organized as follows: (1) Ability to absorb
parasitic elements, position the series inductor is connected to the right horizontal branch
directly (T1, T4, T6, T8, T9, and T10), or indirectly, by transferring some of the reactive
elements to the secondary side (T2, T5, and T12). This property is useful in the high
current power supplies. (2) Ability to create an inherent DC blocking capacitor to prevent
transformer saturation. Therefore, the cost and size are reduced by removing the external
bulky capacitor. Thereby, topologies with connected series capacitors across the input port
are preferred (T1, T4, T5, T7, T11, and T12). (3) A capacitor located on the left horizontal
branch can also be used instead of bridge capacitors in the HB inverter circuit, which is the
best choice for circuits based on current or voltage output applications (T1, T4, T5, T7, T11,
and T12). (4) Ability to integrate the leakage and magnetizing inductances into the PRN
elements, directly (T1, T2, T4, T5, T6, T10, and T12). This property is useful in the loosely
coupled transformers, which decreases the number of reactive elements. It is evident
from the above-mentioned findings that the topologies of T1-T12 can advantageously be
proper for WPTs. Table 1 provides two circumstances required for the immittance-based
continuous function of the current of T-type IPRNs with five branches. They are called
the following: (1) Specific Operating Frequency (SOF), which is the appropriate switching
frequency for the RN inverter, and (2) Suitable Reactive Elements (SRE), which represents a
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relation for selecting the appropriate reactive elements in each RN. To obtain these design
conditions for each PRN topology, the base resonant frequency, i.e., wr is equal to —-~

VLG,
Wsw

and normalized switching frequency, i.e., wy,s is equal to 3% where wgy is the switching
frequency. The ratio of resonance tank elements i.e., « and § are given as follows:

a=Ly/L4

B=L3/Li, 6 =Ls/Ly, v=Co/Cy,T=C3/Cq 3

Table 1. Classification of suitable topologies for WPT applications with IPRN conditions.

Name SOF SRE
T Wns = 11+5 &= w
) Whs = % o= ﬁ(izlﬁ:};)v)
T3 Wy = H'T’S &= By
T4 Wrs = 11+;3 &= ﬁﬁvqﬁ)l
7 Wn,s = vjfifv = WT?WT:;Y
T8 Whs = ﬁ% o= /3(’317_*577’1)
B Wns =\ 7y )
T12 Wns = [ o« = 715‘51@77‘1)

Table 1 shows that the topologies represented by Figure 4 with the immittance capabil-
ity obeying mentioned conditions. Topologies (T5, T6, T9, and T10) have been eliminated
due to the lack of the voltage-type (V-source/C-sink) and (V-source/ V-sink) criteria.

By analyzing the phasor domain of each PRN and using the mentioned conditions,
IPRN performance conditions are obtained. Each of these IPRNSs, if used with these two
conditions in the RN design, has an independent load current output. Finally, the best
and most optimal structure for wireless power transmission is selected based on its design,
modeling, analysis, and simulation provided further.

3.1. Analysis of the Proposed IPRN

The current study does not represent a comprehensive specification of eight IPRN
topology design and analysis, although the same processes of IPRNs are demonstrated
through a well-known compensation circuit (LCLCL-T) topology, T1, as the load-independent
output current. T1 is the most similar topology to S/S compensation indirectly (transferring
some of its reactive elements to the secondary part of the transformer). Considering the
parasitic elements’ absorbance and preparation of inherent DC blocking to the transformer,
the sample topology is selected and designed using the coupling coefficient, as well as the
effects of the air gap and other core components. The proposed sample circuit diagram
is shown in Figure 6. The full-bridge T1-IPRN circuit consists of two inductors of L;
and L, which are in series with two capacitors C; and Cj, respectively. Moreover, L3
is a parallel inductor with a T-composite. The selected topology is the most adaptable
structure in terms of complete modeling of transformers instead of L1, L, and L3. The
leakage inductances of transformer are applied as elements of RN (L;, L) and primary-side
magnetizing inductance (Lm) as L. Therefore, leakage inductors and parasitic elements are
reduced, resulting in minimal losses and higher output efficiency.
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Figure 6. Circuit diagrams of proposed T1-IPRN with (a) reactive components, and (b) integrated
magnetic components.

3.2. Achieving Mathematical Equations

Simple and precise analysis methods such as Fundamental Mode Approximation
(FMA), and structures with the minimum number of branches and low circulating current,
such as T-type, have been used to achieve the equations of current and voltage output
and governing relationships between the proposed circuit elements. To start the design
process via this method, Transmission parameters of the proposed topology are investigated.
Transmission parameters (ABCD parameters) of a bipolar network are defined as:

V1 A C|[V2
)= 15 ol @
where parameters (A, B, C, and D) are reverse voltage gain, transfer impedance, transfer

admittance, and reverse current gain, respectively. Compared with (1), in order to have
immittance properties, the transmission parameters can be written as:

A=D=0,BxC=1. (5)

Therefore, based on (4), the transmission parameters of T1 as a sample of T-type in
Figure 4 are derived as:

X1 X1X2 4+ X1X3 + X2X3 1 X2
A_(1+X3),B——( = >,C_(X3>,D——(1+X3) (6)

Next, by applying condition (5), it is concluded that T1 can exhibit immittance conver-
sion characteristics if,
X1=X2=-X3 (7)

Therefore, T1 exhibit immittance properties only if its reactance satisfy the respective
condition given in (7) and Table 1. For simplifying the analysis with the purpose of deriving
the following relationships in the normalized form, the base voltage and current are used
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Ion =

as V;and ( Zlé ), respectively. Additionally, (Zg = % ) is defined as the following [40], the
quality factor (Q) and equivalent AC resistance seen from the primary side of transformer
(Rp) can be expressed as:

nZ ~ 8Rout

Q=—-—, R =
7
Rout n2 2

Then, the RMS value of input voltage, output current, and the normalized output
current is given as follows:

®)

202V 221 nl,
Vi,rms = T z’ I, = 7ﬂ/ Ion = T,O (9)
Zo

By writing the resonance network equations as well as altering the defined parameters
(3), the normalized output current is illustrated as follows:

4 3

2[1— (14 ay + B+ By)wd + (ay + By + apy)wi + a5 (wn — (14 )]

According to (10), the output current is irrelevant to the load under the conditions of
Table 1, by replacing the SOF and SRE. Therefore, the normalized output current under
immittance conditions is given as follows:

L/ 8/ (1+B)
on __1 o= HB-Br — jﬂzﬁ

o (11)
(Vi X 7

In this state, the output current only depends only upon (). Therefore, achieving the
output current can be controlled by adjusting (). Moreover, higher design flexibility is one
of the achievements of this feature. The current observed within L, and C; is summarized
as the following through regulated RMS voltage/current as follows:

—8yw? .
e 2v2] TS Il = 7B+ )] )
nll — % = A _|_]'A2 ( )
0
where
Ap=1— (1+ay+ B+ By)w? + (ay + Py + apy)wh (13)
8

Next, the phase angle between T1 input current and voltage, which is in SOF, can be
derived as follows:

8y(1+B)v(1+B)

Equation (15) reveals that (9) is zero under the SRE condition. In other words, the
conduction losses are in the least possible values.

One of the optimal design methods is to minimize the circuit size through the quantity
reduction of reactive components. Elements with the ratios of apparent and active power
(KVA/KW) are defined as the maximum power transmission basis (MPTB) index, which can
be achieved as the following index:

b Aret g(—nZQu +B) — (B + a)) 5)

KVA _ Y31 (Varx X Tupx) + X351 (Vacx X Icx)

MPTB = KW A
Q

(16)
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The normalized current and voltage relations of IPRN components in conventional
and immittance circumstances with the replacement of SOF and SRE can be observed in
Table 2. According to this table, MPTB is obtained as:

_16(1+p)V1+B  72Q (B +a)
MPTB=——75m  t 4 Ve (17)

Table 2. Normalized current and voltage values of elements in conventional and immittance modes.

Normalized I & V of . .
Elements Conventional Mode Immittance Mode
W2 1.
L1 = Loy = = la 23 [ 38" JHjlwn—r(p+a)w)] 16v2 (1-p)
Zr Z T A T4 QP
_ _Ip _ I 2v2 —jvBw, 2v2,/(1+8)
Lip=hLo=%=1% 2y2 _npen
nL2 nC2 ;% ZL(,) T AtjA, 7B
—8yw2 .
Lys= 12 232 | Z3g" IHilwn—rawi] 20aTTE | (8158 \° 1
7 7 A 7B 2op | T
. 8yw3
Vg = ‘{51 2/2 (7<5+“)‘Uﬁ—wﬁ)—]ﬁzé‘ 16v2,/1+p
i = ATFiA; QB
— Vi 2v2 ('Yﬁ”‘w%) 2 V2a
Vi =, T ATA 7B
) . 8yBwd 2
VnL3 — ‘{}3 2V2 (Wﬂaw%_ﬁw%)_]lTQ 2.2 SM 1
, v yvEsye Fo\ e ) T
Vier = Yo 23 (-r(atp)wy)+j°5n 16v2 (1+8)/1+B
Vi wa A 1A mQ p?
7 2V/2 (ﬁwﬁ) 2 V2(B+a)
Viez = 7 A+iA P

As can be seen from (17), the MPTB value is the function of («, 8, and Q). Given the
dependence of Q on the load, it is found that Q is the only variable parameter throughout
the circuit operation that changes the value of MPTB; therefore, the optimal Q function can

be obtained as follows: 81+ p)
+
— — 18
Qoptlmum ﬂzﬁ\/,[m ( )
Using the optimum Q value, MPTB and the physical size of the circuit elements are
minimized which can lead to the maximum power transfer, which is the objective of the

proposed system. Accordingly, the following relationships can be obtained as the following:

Io X Romax 1+ ,8

transformer turn ratio: n = 19
f 7 (19)
Lo 4 B VP (20)

! 3 1+,B IgRomaxfsﬁ
C nzgRomax,B (21)

T 16V /(Bra)(1+p)

where Ryyax is the maximum load resistance and f; is the switching frequency.

3.3. Parameter-Tuning Process

Using the relationships obtained in the previous section, the values of Ly, L3, and
C; can be calculated. These parameters are a function of («, 8, and 7). Furthermore,
all transformer parameters are expressed as functions of K [42]. Therefore, the relations
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governing a transformer with a similar magnetic structure within the two initial and
secondary parts can be achieved as the following

1
~ N2/N2 = =K,/
Ly/Ls = N, /Ng = nZ,M—K Ly X Lg (22)

where Lp, Ls, and M are the leakage-inductance primary side, leakage-inductance secondary
side, and mutual inductance of the transformer, respectively. The Primary-side magnetizing
inductance, i.e., Lm and M can be estimated as follows:

Lm =~ K x Ly, M~ nKL, (23)

where K is the actual coupling coefficient.

Assuming Kj as the proper coupling coefficient at the designed operating point with
the purpose of achieving suitable «, B, and < values with respect to Ky, the significant
points are:

1.  The minimum voltage and current stresses can be realized with well-designed pa-
rameters. Table 2 shows that selecting the proper B can considerably decrease the
voltage/current stresses on the components. The stresses of voltage/current parame-
ters are directly related to (B). Due to the relationship between Ly and L, with L, and
Ls (based on Section 3.1), therefore, the possible value range of 5 should be selected
according to the rated Lp and Ls and subsequently, is related to the volumes and
dimensions of primary and secondary coils. According to practical limitations, the
values obtained at the 30 mm air gap for the proposed ferrite core in the laboratory,
the value of 0.14 is appropriate for (8). It is noteworthy that regulated voltage/current
stresses on T1 components under different () values, which are within immittance
mode under the steady-state output circumstances, were presented and compared in
Figure 7. These diagrams are extracted from Table 3. A significant observation from
Figure 7 is that the current and voltage stresses decrease with the S reduction.

Table 3. Normalized parameters values at different ko (Q = Quptimum, & = 1)-

Parameters Values According to Different Coupling Coefficients in IPRN Conditions
— 2y/2 (1-Ko) (1+K
Iyp1 = Lt —fng % (1°J)F<K$ 0)
Inr2 = Inca 72‘57;1(14(0
0

InLs % 'KiiKo K03 + K02 +1
V 16V2(1-Ky)"

2 7 0Ko2/1-Ko
VL2 %
VaLs 4
Vit 22./1-K?
Vi Ry B

2. Ky selection must be carried out to decrease the stresses resulting from voltage/current.
Therefore, the regulated voltage/current values of components with respect to Ky and
Qoptimum are summarized in Table 3. According to (17), the Quptimum is the function of a
and B. Using Figure 8, proper values for & and 8 can be achieved. Figure 8 indicates the
relationship between MPTB and Q of various quantities of § and «. It can be inferred
that higher and lower values of f and @ must be considered, respectively, while
performing the designing procedure. Also, to achieve a reduction in the physical size
of the circuit, it is necessary to select the lower Qgpyinum value. Since B is proportional
to Kp, the regulation procedure must be conducted with the purpose of achieving the
appropriate coupling coefficient.
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Figure 7. Normalized voltage and current stresses on the proposed IPRN elements versus f. (a)
Currents; (b) voltages.
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Figure 8. Quality factor diagram in terms of the physical size of elements for different values of
and «.

To find the values of suitable and optimal elements, T1 circuit is simulated. The
proposed circuit is associated with a number of definitions including the input DC supply
voltage (V;) =20V, I, = 1.4 A, Ry max (full load) = 20 Q), f; = 100 kHz. Ten simulations
have been performed for the different a, 8, and -y values to achieve proper perspective in
the selection of parameters. With the help of simulation results, it can be found that the
optimal values for «, B, and <y are determined to be 1, 0.14, and 1, respectively. It should be
noted that in practice, the input current is required to slightly lag the input voltage and
consequently, achieve ZVS. The required phase lag is achieved through a slight reduction
of 7.

Figure 9 represents the regulated output current (I,;), as well as the phase angle
between IPRN input current and voltage (0); also, it indicates that there is an independent
output current, and the input voltage is nearly in phase with the input current. In other
words, the phase angle of the input current and voltage is zero under immittance conditions
(SOF and SRE) in various loads. Therefore, the proposed resonant compensation tank has
eliminated most of the reactive power.

It can be found from Figure 9 that the output current is constant at around 100 kHz and
the proposed WPT system can maintain the immittance mode in a proper range (+4 kHz)
of frequency. Therefore, low-frequency changes do not affect the circuit performance.
Moreover, according to Figure 9b, the voltage plot indicates the behavior of CV mode in
the frequency range of 82 kHz and 93 kHz. Also, CC and CV characteristics can be derived.
Therefore, the proposed research is employed in order to transform a voltage resource to a
current resource, or conversely.
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Figure 9. Cont.
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Figure 9. The constant current in the design condition. (a) Output current (Igp); (b) output voltage
(VRL); (c) phase angle between the input current and voltage (0).

4. Experimental Verification
4.1. Practical Result

Designed values of the proposed circuit elements in Table 3 are implemented on the
sample circuit. IPRN topology operates at an input voltage of 20 V DC using a full-bridge
inverter. The output power of 25 W at 20-50 mm in a U-shaped transformer is transmitted
to load 30 () with different coupling coefficients using a 38AWG Litz-wire. We are aware
that large samples in range of about 5 kW are also made for WPT systems, but due to the
limitations of the laboratory and equipment, a small sample is considered as a test. The
IPRN practical example is shown in Figure 10. Considering L1, L,, and L3 as the values
of primary and secondary and magnetizing inductances of the transformer, the number
of elements used in the construction is reduced. By using an RLC meter, the inductance
and internal resistance of the coils are measured as follows: Lp = 103 uH, Lg = 183 uH,
Ryp (Primary coil DC ESR) = 27.8 mQ), and Ry (Primary coil DC ESR) = 53.2 m(). The
coupling coefficient is also practically adjusted using the air gap. With the 30 mm air
gap and the windings 23 and 35 that turn onto the initial and secondary cores, desired
values of the proposed circuit are achieved. The M; ~ My MOSFETs with a frequency of
about 100 kHz are switched on by the HCPL-3120 and Micro ATmega32A drivers and a
square wave with the amplitude of V; is supplied to the RN input. The values and types of
elements applied to the proposed IWPT can be observed in Table 4.

IPRN practical graphs in the minimum coupling coefficient at maximum load are
indicated in Figure 11. The ZVS realization for switches and the maximum coherence of
the transformer output voltage and current result in minimal loss of rectifier diodes. In
the output resistance mode, the output current is about 1.33 A and the efficiency is 90%.
Figure 12 shows the practical outputs with a maximum load of 5% condition. The range of
the current load is 1.4 A, while the efficiency is 64%. The input current that is in phase with
the voltage across the power MOSFET Mj is also observed after the decrease of load and
input current, which suggests the ability to adjust the load and independent load. Similarly,
the output current seems to be almost unchanged at different loads; thus, it proves the
characteristics of the current resource. However, the current load is mathematically fixed
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regardless of the load change; therefore, it experimentally falls with output due to the IPRN
component losses.

el i [ \
Vj’ Coupling coils &7
T ’ Pulse generator —

Figure 10. IPRN built circuit prototype.

Table 4. The values of the represented circuit by IPRN method.

Elements Designed Value by the IPRN Method
Ly (uH) 103.69

Ly (uH) 183.42

L3 (uF) 14.5

Ci(nF) 21.43, (MKP type)

Cy(nF) 12.11, (MKP type)

n 1.33

M;~My IRFP150

Dy~Dy MBR20100

Rout(©2) 20

0.14

Time 2

Figure 11. IPRN waveforms in the maximum load. (a) Transformer secondary current and voltage;
(b) waveforms of voltage across switches and current through it.
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1 H=
1 H=

Figure 12. IPRN waveforms in 5% of the maximum load. (a) Transformer secondary current and
voltage; (b) waveforms of voltage across switches, as well as including current.

The feedback-free output parameters of the practical sample achieved at different loads
can be observed in Figure 13. It was expected that IPRNs constant current with a reduced
load leads to the decrease of the input current, which indicates that the output current is
only a function of the input voltage. This demonstrates the superiority of this topology
with its current output tuning using a cheap commercial ferrite core. The minor changes in
the output current are due to the non-ideal elements and loss of circuit connections.

1.44
1.40
g 1.36
= 132
—
1.28
reduction load (20Q~0.1Q)
1.24 : : - :
0 5 10 15 20 25

Vo(volt)

Figure 13. IPRN output waveforms for the varying load.
The output power, Py, and efficiency, #, are calculated versus load variations by using:

Pout 13 X Rout
1= B T Vix -

The overall efficiency of the prototype is measured via a power meter versus the
output power transfer, in the full-load condition is illustrated in Figure 14. This plot
indicates the T1 high efficiency in various operating powers. The relative efficiency drop,
especially in low input voltages, is due to the comparable voltage drops with the reduced
output voltage.
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Figure 14. Experimental efficiency of the system in various loads.

Since there is a high circulating current within the initial part of the converter, the
efficiency decreases with the reduction of the coupling coefficient. This diagram shows the
IPRN optimal efficiency for different performance powers. Moreover, the current decreases
with the load power, and it leads to the maintenance of increased converter effectiveness
over the extensive fluctuations of generated power. It is noteworthy that the prototype’s
maximum load effectiveness is determined to be 0.9. Details of system losses have been
measured via a power meter in the laboratory and are illustrated in Figure 15. There was a
total of 2.75 w of power dissipated in this 25 w sample, accounting for 0.75 w of inverter
losses, where the conduction loss in D; through D4 was estimated to be 0.75 w. Finally, most
of it was wasted by around 1 w in the core and winding. Therefore, this figure shows the
full-bridge inverter losses, magnetic coupler losses, and rectifier losses account for a large
proportion of the total system losses. These results are also similar to the literature [42].
Therefore, the proper design of the transformer, inverter, and rectifier should be considered
to improve the efficiency of the system.

9%

37%

H P(winding loss)
u P(power mosfet loss)
P(rectifier loss)

P(other loss)

27%
Figure 15. Contribution of system losses: system losses analysis under different power conditions.

4.2. Discussion and Comparison

To evaluate and verify the effectiveness of the proposed technique over the conven-
tional approach to designing a load-independent output current topology for wireless
power transfer (WPT) systems, T1-RN in immittance mode and an S/S topology in the
conventional approach presented in [43] are compared. Under the same comparative
conditions, the following can be deduced: (1) one of the main deficits of S/S resonant
compensation is decreased load regulation despite controlling the frequency [40]. How-
ever, the protection from short-circuit is achieved through T1. Also, it is associated with
inherent constant current characteristics under immittance circumstances, which leads
to the elimination of deficits of the major S/S compensation in the process of light-load
regulation. The results obtained at 1% of the full load are evidence to prove this case.
(2) According to [43], maximum efficiency can exist at w = w;,, which is obtained by deriv-
ing efficiency from operating frequency. The expresses have indicated that w;, is dependent



Sustainability 2022, 14, 9391

19 of 21

on the load. Therefore, in a conventional mode for achieving maximum efficiency, it is as-
sumed that proper frequency tracking is performed by complex control methods. However, in
the method discussed in this paper, obtaining the Qgpyiyum, reducing the physical dimensions
of the circuit, and increasing the efficiency have been achieved. (3) According to [43], the
current gain of the S/S compensation is inversely proportional to K, therefore when K
varies, the output current also varies. However, due to the current gain, and Table 3, can

be observed:
_ ﬁ 7V1+ﬁ (25)

G(immittunce mode) — 2 B

G  —4 (K+1)

1
=== , SE =15 (26)
oK (14 T

2

Nj—

where S is the current gain sensitivity to K.

Therefore, the output current is independent of the coupling coefficient at the designed
operating point. The comparative points mentioned above show that the IPRN topologies
are superior in terms of load regulation, efficiency improvement based on the optimal
quality factor, and effective coupling range.

5. Conclusions

A mathematical method based on immittance property to obtain an independent
output current for wireless power transfer (WPT) systems is investigated in the current
study. Compared to complex regulation methods, the IPRN technique is associated with
uncomplicated designation; also, it is more cost-effective and is carried out based on
component size minimization. The realizable and resonant T-type PRNs were identified
first. Then, the process of analyzing related circumstances of immittance operation is
carried out by considering the transformer coupling coefficient at different air gaps. Due to
the capability of integrating the resonant inductors into the single magnetic component,
as well as an inherent DCB for the isolation transformers, a structure was selected. Using
the MPTB index, which was based on reducing the physical dimensions of the converter,
LCLCL-T topology with appropriate reactive element values was designed and applied
to a WPT system including a full-bridge inverter, capacitor-based compensation circuits,
series-series capacitor-based compensation circuits, and DC load. It was confirmed through
conducted experiments and the steady-state simulation that there was a current-resource
behavior associated with the system, as well as ZVS of all active switches under variations
of the loading. Finally, the properties of the proposed scheme could be summarized as
follows: (1) ability to absorb parasitic components; (2) the minimized device switching
loss and stresses; (3) adapted for use as a constant current power source; (4) the inverter
output current and voltage were almost in phase, which indicated the achievement of the
loads’ active power through the inverter. Moreover, compared to conventional topologies,
the IPRN topologies are superior in terms of load regulation, efficiency improvement by
optimizing the parameter tuning.
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