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Discrete Modeling of Passive Rectifiers in LCL
Tuned Inductive Power Transfer Receivers
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Abstract—This article presents a new method of analyzing the
performance of the secondary side of an LCL-tuned secondary in
an inductive power transfer (IPT) system using a passive rectifier.
Traditional methods of analyzing such systems simplify the dc load
into an equivalent ac load. This approximation skews the phase
shifts between the primary and secondary currents and introduces
errors in the design stage of the system. The proposed method
uses a lookup table (LUT) to characterize the performance of
the LCL-tuned secondary network. The results are presented and
validated at three different power levels (48,9, and 4 kW). The LUT
closely agrees with the measured output powers, phase angles, and
coil currents. A sensitivity analysis also shows that it can reduce
errors in the simulation by taking practical component variations
into account. As such, the proposed LUT characterization method
is a valuable tool to quickly determine how an IPT system’s de-
sign impacts the secondary side’s performance in an LCL-tuned
network with a passive rectifier for IPT systems.

Index Terms—Inductive power transfer (IPT), LCL tuning,
lookup table (LUT), passive rectifier, phase shift.

1. INTRODUCTION

NDUCTIVE power transfer (IPT) delivers power from a
I source to a load without a physical connection. IPT is used
in various real-world applications, from low-power cell phone
charging to high-power applications such as electric vehicle
(EV) and airplane charging. It offers several advantages com-
pared to wired charging, such as improved safety and conve-
nience by decoupling the human interaction required to charge
a vehicle [1]. It also enables future technologies that will rely
on autonomous charging.

A standard IPT system consists of a primary side, which
uses an inverter to convert a dc voltage into a high-frequency
ac voltage. This voltage is then fed through a resonant tuning
network to drive a current in the primary coil that generates a
magnetic field. The field couples to a tuned secondary pad in
proximity and passes through a secondary rectification stage to
produce a dc voltage or current to charge a battery [2].
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EV charging is the primary application of such an IPT system
in this article. Here, specific operating conditions are taken from
existing standards, such as the SAE J2954 recommendations to
ensure backward compatibility [3]. For example, the operating
frequency of the system is fixed at 85 kHz. The present standard
targets power levels up to 11 kW, so any higher power charging
considerations, such as operating voltages and currents, will
change for power levels analyzed above this.

A common goal when designing the primary tuning network
and inverter is to ensure zero voltage switching (ZVS) operation
on the turn-ON edge of the MOSFETs. This switching condition
minimized the total energy loss as standard SiC modules have
lower turn-OFF loss than turn-ON loss. Reducing this loss is
critical to ensuring good system efficiency and to reducing EMI
issues due to hard turn-ON.

Common tuning topologies used include the series [4], par-
allel [5], and the LCL network [6], [7]. Here, the LCL network
includes any partial series compensation, often referred to as
LCC compensation in the existing literature [8]. The most com-
mon system topologies are the series-series (SS) [9], [10], the
LCL-parallel (LCL-P) [11], and the LCL-LCL systems [8], [12],
given that these present a current source to the battery load.

SS systems are often used in low-power applications due to
their simplicity. However, they have challenges in higher-power
applications as the load and resonant currents must be equal, so
switching harmonics are not as easily suppressed. For a given dc
bus voltage (V4,ys), the inverter current grows higher as power
demands increase, which leads to more expensive switches.

Industrial systems generally prefer LCL topologies on the
primary side because the inverter inductor decouples the load
current from the resonant current and acts as a band-pass filter
to the switching harmonics [13]. This topology reduces the cost
of the switches and allows the primary current to be kept constant
regardless of load. However, it comes at the cost of needing an
additional inductor, leading to higher costs and weight. This
article focuses on the LCL-LCL system as it aims to push the
power output to 50 kW.

Characterizing the performance of primary inverters becomes
challenging as the loading conditions change with power and
misalignment, more so if the secondary side uses a passive
rectifier. The typical approach in most designs is to assume that
the secondary rectifier does not go into discontinuous conduction
mode (DCM). This allows the designer to simplify any battery
load into an equivalent ac load resistor and allows the IPT
system to be analyzed using first harmonic analysis (FHA).
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As such, certain assumptions on scalability are made under par-
ticular operating conditions. The theory is validated by running
a detailed simulation model using either LTSpice or PLECs
once rough values are achieved. However, this means that to
characterize an inverter throughout its entire operational range
based on aligned and misaligned magnetics and over various
power output requirements requires hundreds of thousands of
simulations, each specific to the use case. Existing research
papers such as [14], [15], [16], [17], and [18] either use FHA
with fully conducting rectifiers, or investigate only series-series
systems.

In [19], FHA is used to analyze the IPT system. The result of
the FHA analysis is then used to approximate the load and the
impact of DCM of the passive rectifier on the output power.

In [20], the impact that a combination of tuning topologies
has on the primary and secondary sides with regard to the
stability of the IPT system is studied. This article also uses FHA
to determine the reflected impedance but does not analyze the
LCL-LCL system.

Analytical methods have been proposed to analyze the sec-
ondary passive rectifier. In [21], a series-series compensated
system is modeled in the time domain. This work shows that
it is possible to model the passive rectifier through an itera-
tive mathematical process. However, it does not consider more
complex tuning topologies such as the parallel or LCL-tuned
systems.

A method to control the conduction state of the rectifier is
to use an active rectifier. Here, diodes on the secondary side
are replaced with actively switching MOSFETs [22], [23], [24].
Active rectifiers allow the secondary inverter voltage to be
controlled at a defined phase with respect to the primary inverter
voltage. This method eliminates DCM as the diodes are forced to
conduct, but at an additional cost compared to passive systems.
Wirelessly synchronizing the primary and secondary converters
is also challenging.

The real power transfer in an IPT system is defined by the
volt-amps in the primary and secondary pads, as well as the phase
shift between the currents in the coils (f12). It is challenging to
predict how a passive rectifier impacts 015 in an LCL-tuned sec-
ondary as it can go into DCM under certain loading conditions.
This introduces additional harmonics into the system, which
need to be accounted for.

The primary goal of this article is to simplify the design
process by investigating the use of a lookup table (LUT) to char-
acterize the secondary side of the system for the LCL-LCL tuned
topology. This article does not derive a mathematical model for
the passive LCL rectifier due to its complexity. This method
predicts the phase shift between the primary and secondary
currents (#13). The LUT reduces the number and complexity of
simulations needed to analyze the performance of the secondary
side and allows engineers to converge to a desired solution much
faster than is currently possible. Any such table will only need
to be generated once and is generally agnostic to changes in
magnetic parameters. The initial LUT is designed using ideal
parameters as it is challenging to predict component variations
in the design stage of an IPT system. An additional analysis is
included to show the impact of parameter drift.
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Fig. 1. Full LCL-LCL tuned IPT system with passive rectifier output into a
battery. Parasitic elements such as lead inductances (Ljeaq) and ESRs not shown.

This article first presents the fundamental design methodolo-
gies for IPT systems. It then justifies and details the approach
required to model the secondary passive rectifier. Practical mea-
surements show that the methodology can predict operation to
within 5% accuracy when comparing a practical system to an
ideally tuned system. A sensitivity analysis is also given, which
investigates how mistuning impacts the desired characteristics
of the practical system. Finally, conclusions are given.

II. STANDARD IPT SYSTEM DESIGN

A standard IPT system without any parasitic elements in-
cluded is shown in Fig. 1. This work uses an LCL-LCL network,
driven by an H-bridge on the primary side and is passively
rectified on the secondary side into a battery with a range of
voltages (V4,) depending on its state of charge (SOC). Practical
secondary sides often require a form of regulation in order to
control I,y Such regulation techniques include buck, boost,
buck—boost, or synchronous converters. All such converter types
transform the impedance presented by the battery. This work
does not focus on the regulatory aspects of the system.

This section covers each component and explains how it is
chosen or derived. The most common inverter topology is an
H-bridge, which allows full phase and duty cycle control with
the fewest MOSFETs. As noted earlier, the LCL tuning topology is
preferred due to its ability to generate a constant current source
in the primary coil.

The primary side consists of an inverter inductor (Lipy, 1), a
primary parallel capacitor (C'1p), and the primary coilitself L. A
partial series capacitor C 4 is also often used to help achieve the
desired primary current. The components are nominally chosen
for an unloaded system according to the following:

ey

The values of the primary passive elements are set by the
dc input bus voltage (V4s) and a conduction angle (6ca) in
radians between the two half-bridges. The fundamental of this
stepped waveform combined with the tuned LCL network sets
the unloaded primary current (/) as described in the following:

Vous2V2 . (9CA>
= 207V Tin [ —2

1
! 7-“ULinV,l 2

2

The secondary side also needs compensation, and available
options include series, parallel, or LCL networks. The LCL
network is preferred for higher power levels. The challenge
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in modeling the secondary side is to consider the impact of
a passive rectifier on the loading condition as it introduces
higher order voltages and current harmonics, which introduce
additional VARs into the system that is difficult to quantify
analytically.

The chosen LCL-tuned secondary side consists of a rectifier
inductor (L. 2), a secondary parallel capacitor (C',), and the
secondary coil Lo. A partial series capacitor C ; is also used
to achieve the desired output characteristics required to charge
a battery at any given voltage. These components are usually
chosen according to a similar method as the primary side, as
shown in the following:

UJLreC,2 = = WL2 -

3)

A. Key IPT Equations

Key design parameters for the magnetic system include the
inductances of the two coils and various coupling factors (k)
between them based on the secondary position. Factors that
govern the amount of power transfer includes the current in the
primary and secondary coils and the loading condition of the
secondary side.

When the primary coil is energized with some current set by
Vbus and Ocy, it will have a volt-amp product equal to V' A; as
defined as follows:

VA = Vi1 “)

This V Ay can be used to calculate the uncompensated volt-
amps of the secondary pad (Sy). Here, Sy is proportional to
the coupling factor (k) between the two coils in a standard IPT
system as shown in the following. It is also equal to the product
of the induced open circuit voltage (V,) and the short circuit
current (/) in the secondary coil

SU = k2VA1 = |VocIsc|~ (5)

The rms value of V. is defined in (6), while I is proportional
to both V. and the impedance of the secondary coil in (7)

Voe = jwky/ L1 LIy (6)
Voc

I = .
N wlo

(7

If a partial series compensation network is used to boost
the short circuit current, then the power analysis should use
a boosted short circuit current I/.. This parameter is defined
as follows and is related to the series compensated impedance
(X3):

R —— 1 8)
wlo —1/jwCsrs X}

The magnetic parameters of an IPT system are generally
quantified early in the simulation stage. L; and Lo are given
anominal value, and % has a range defined by the allowable pad
misalignment. Equation (2) and the LCL tuning topology also
nominally hold the I; constant. This means that V;,. has a certain
defined range.
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The secondary coil also has a current (/3) in it with some
phase with respect to the primary current (£6;,). The secondary
coil volt-amp product (V A,) is defined by the following:

V Ay = |Vals|. ©))

Finally, the ac output power supplied by the secondary coil
P, 4 1s defined in the following:

Po,ac == k\/ VA1VA2 sin (912).

A higher P, , correlates to a higher P, if the efficiency can
be assumed to be relatively consistent. In the initial stages of this
work, the only losses considered are in the parasitic elements.
At the same time, the diodes used in the secondary rectifier are
modeled as lossless elements for simplicity.

Not included in Fig. 1 are the equivalent series resistances
(Resr) of each of the passive components in the system. Low
ESRs are critical to ensure high unloaded quality factors (Q),
which are desired to minimize the copper and core losses in
the inductors and the resistive losses in the capacitors. These
resistances depend on the types and the quality of the con-
struction of each component in the network. As an example,
ceramic capacitors used in the tuning network tend to have very
low Reg. These components have high unloaded quality factors,
Qc,ur (11), typically in the 2000 s. However, inductors will have
unloaded quality factors (Qy, ur,) of approximately 400 due to
the natural constraints of winding a coil with fixed conductivity
(12), and additional losses introduced by ferrite and aluminum,
which also cause the ESRs to rise

(10)

1
= — 11
Qc,uL DO (11)
wl
L (12)
QuuL T

III. PASSIVE SECONDARY RECTIFIERS IN IPT SYSTEMS

The challenge in the design of IPT systems with passive
rectifiers is to reliably predict 6, as both k and V;, vary. As
discussed, 615 determines the input power, so the real power
output can be predicted accurately for any given volt-amp effort.

If 0y, is known, then the reflected impedance (X ,f) and load
(Ryer) that the secondary pad presents to the primary can be
characterized by (13) and (14). Here, X, is inductive when 61,
is less than g, and capacitive otherwise

, I
Xpef = jwk\/L1L2|I—2\ cos (612) (13)
1
Iy, .
Ryet = wk\/L1L2\f| sin (01,). (14)

The impact of parameters such as 6,5 and reflected voltages
changes the reflected load on the primary converter. This article
does not investigate how this causes the primary converter
switching characteristics to change. The focus of this article
is to simplify the secondary side’s modeling and prove that the
proposed method provides good accuracy for passively rectified
LCL secondaries. As such, the primary side can be assumed to
consist of an LCL-tuned network which provides a controlled
constant current source into the primary coil.
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Fig. 2. Decoupled secondary side used to generate the lookup table for the

passive secondary rectifier.

Here, as in many practical systems, L1 and Lo are assumed to
be set by the designer. I; can be designed by a combination of
components as discussed in (1) and (2). k has a range of values
set by the magnetic design. The two variables that need to be
determined precisely are |I5| and 6}, to solve (10) and better
understand the power throughput of the IPT system.

The primary and secondary sides can be split into two distinct
systems, which can be solved separately. Equation (6) shows that
Voc always leads I; by m/2 radians. This allows the secondary
side to be modeled using a voltage source as shown in Fig. 2,
and 61 is defined as 90° less than the phase shift between V.
and I.

Various assumptions, such as a secondary rectifier that is
always conducting and low harmonic content in the primary and
secondary currents allow designers to perform a first harmonic
analysis of the system and derive approximate power and loss
analysis of systems. Under this assumption, Vicc 2 is a square
wave with an rms value that is 7 /(2+/2) times higher than V.
Here, the diodes are assumed to have a much lower forward
voltage drop compared to the battery voltage. Considering the
power balance on either side of the rectifiers, the output current
Iow) is 22 /7 times lower than the rms of the secondary
rectifier current (/¢ 2). For a perfectly tuned system, the rms
value of I, 2 is equal to the rms value of I, (8).

The assumption of a fully conducting rectifier and a first
harmonic analysis allows designers to scale their designs from
expected values. For example, suppose Vi is the only parameter
that is varied and is decreased from 800 to 600 V. In that case,
this approach allows designers to calculate a power drop from
full power at 800 V to 3/4 of full power at 600 V. Likewise, if
Voc is doubled (because k or I; doubles), then the output power
is expected to also double. This article shows that these relation-
ships do not hold for all cases because the secondary rectifier
does not remain in continuous conduction for all practical values
of k, which vary as the IPT system becomes misaligned. The Vj,4
will also have a range of voltages based on its SOC, and therefore
an increase in the battery voltage can also cause the rectifier to
go into discontinuous mode.

The required parameters for the LUT are the gains between
Vb and Ve (Gvy), and the gain between the partially tuned
impedance X and V., as defined in (8) (Y"). These are defined
in the following as:

Gy = ‘é"‘“ (15)
!
y=22, (16)
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In the initial study, the system is assumed to be ideally tuned
according to (3). In this article, the design space is for a 50 kW
system. However, the LUT can be used for any power design
and does not need to be repopulated.

A. Lookup Table

An ideally tuned system shown in Fig. 2 was simulated using
PLECs over the search space of interest and the results are plotted
in Fig. 3. A normalized simulation set was performed with Vo, =
1 V. Gy was analyzed in a range between 0.2 and 4, and Y was
analyzed in a range between 0.004 and 0.05. The dataset range
presented in this article is chosen as it is relevant to the power
levels in a system that ranges between 4 and 50 kW. The system
is also applicable for lower power levels, but typically inverters
are operated from 10% to 100% for efficiency reasons. As such,
results are kept nominally within this range for clarity of the
article.

Here, the unloaded Q factors of the secondary side com-
ponents are kept constant as the pad impedances and tuning
values vary, which is generally expected with good designs.
This ensures that the ESRs of the pads do not interfere with
the power transfer of the system and a system with abnormal
lossesisnotinvestigated. Thus, Ry, gsr and Rc gsg are changed
throughout the search space. ()¢ 1, is initially assumed to be
2000, and @1, ut, is assumed to be 400. A sensitivity analysis
will be presented in Section V to investigate how variations in
component values and parasitic elements impact the modeling
of the system.

Fig. 3(a)—(c) show how certain critical operating parameters
vary as Y and G'y change. Fig. 3(a) shows the normalized output
power (Foy) per volt of Voo (W/V), where Poye = Viatlour. Here,
P,ut increases as Y becomes smaller, or as Gy becomes larger.
This is expected because a lower Y value directly means that X7,
is smaller or Vo is increasing, resulting in a larger I],. As Iy is
related to 1], alower Y logically results in a higher output power.
Similarly, as G'y increases, the output voltage also grows larger.
Thus for any system where all of the other factors are fixed, Py
should logically grow larger as V4, increases.

Fig. 3(b) shows that 015 does not vary as Y varies. Instead,
012 only depends on Gy. As Gy increases, 012 decreases. For
the LCL-tuned network 615 approaches 90° as Gy approaches 0.
This makes sense as P,y approaches 0 in this case, and only the
resonant currents exist on the secondary side. It also shows that
the LCL-tuned secondary network always reflects an inductive
load on the primary side.

For a constant V., Fig. 3(c) shows how the secondary resonant
current varies with changes in Y and G'y. Here, I does not need
to be denormalized, so the current can be read directly off the
graph for any given power level.

As shown in (10), the input power (and therefore F,,) in-
creases as 612 approaches 7/2. This happens as Gy becomes
smaller, as shown in Fig. 3(b). However, this also means that the
Py per Vi and 1> shown in Fig. 3(a) and (c) decreases as 615
increases. A careful balance of the magnetic system at the design
stage is necessary since Gy varies with V., which is related to
k and I;. Balance can be achieved by carefully considering the
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Fig. 3. LUT for the ideally tuned LCL passive secondary rectifier showing
the (a) Pout per Voo (W/V) (b) 012 (rad), and (c) I3 (A) as both Y and G are
varied.

volt-amp requirements in both the primary and secondary sides,
which are influenced by various design choices such as tuning
values, input bus voltages, conduction angles, etc. Since this
article focuses on an LUT analysis of the secondary side only,
the magnetic design of the IPT system is not covered in detail.
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TABLE I
IDEAL AND PRACTICAL MAGNETIC PARAMETERS

Measured magnetic parameters

Ly 18.2 uH + 0.32% | Lo 17.3 uH + 0.43%
Ll,lead 1.8 uH LQ,Iead 1.04 uH
k12 0.133

I 207 A | Iz 204 A

Ideal tuning values
Linv,1 6.684 uH | Lyec,2 6.629 uH
C1ip 5245 nF | Cap 528.9 nF
Cis 262.8 nF | Cag 302.1 nF
Practical tuning values

Parameter Value ‘ Parameter Value
Linv,l 7.5 IUH Lrec,2 7.4 IUH
C1ip 536 nF | Cap 533 nF
Cis 263 nF | Cog 304 nF

Instead, any changes in k or I; are abstracted into the expected
variations in V.

B. Interpreting the LUT

This section gives an example of how to use the proposed
LUT to aid in designing an LCL-LCL tuned IPT system.

Instead of analyzing the system at any particular & or I, the
points of interest will be analyzed at various V,.’s, and Gy is
determined by the ratio shown in (15).

For the initial study, an existing 50 kW pad designed in [12]
is used to test the model’s validity. The IPT system described
in this article consists of a circular primary pad and a circular
receiver pad, both LCL-tuned. In the 50 kW evaluation presented,
the input and output are connected so that the dc power supply
only supplies the losses during a 50 kW power transfer test.
Thus, there is a limitation on the existing test system where
Vbat = Vbus. For lower power tests (< 10 kW), decoupling these
two voltages is possible as the appropriate power supplies and
loads become available. Practical validations will be presented
in Section IV.

The magnetic parameters of the 50 kW system are given in
Table I. Note that practical tuning values deviate slightly from
ideal tuning values. In this section, a set of ideal tuning values
will be calculated for the initial analysis. Furthermore, addi-
tional parasitic inductances are introduced by the leads (Lieaq)
that are physically required to connect the pads to the tuning
topology. These were measured to be approximately 1.8 pH
for the primary side and 1.04 pH for the secondary side. This
means that the compensation network needs to be designed for a
total inductance of Liyo + Lieag. However, the actual volt-amp
generation is defined by only L; or Lo for the primary and
secondary sides, respectively.

Point A in Fig. 3(a)—(c) shows the operating condition as indi-
cated using the magnetic parameters given in Table I. This point
represents the nominal operating condition of the secondary
rectifier in the kjo position. The ideal system shown in [12] is
placed at k12 s0 |Vie| = 260.90 VRms, Vius = Ve = 800V,
giving a Gy = 3.066. Furthermore, due to the partial series
tuning and the induced V., Y = 0.0136. The normalized LUT in
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TABLE II
COMPARISON OF THE IDEAL NORMALIZED MODEL TO A DENORMALIZED AND
A FULL SYSTEM MODEL AT POINT A IN FIG. 3

‘ Normalized  Denormalized  Full model
Voc 1 260.9 261.57
Gv 3.066 3.066 3.058
Y 0.0136 0.0136 0.0136
Vbat 3.066 800 800
X} 0.0136 3.5401 3.5401
I (A) 200.9 200.9 200.586
612 (°) 65.67 65.60 69.97
Pout (kW) 0.179 46.70 46.23
Poac (kW) N/A N/A 48.208

Point A in this Fig. 3(a)—(c) shows a power gain of 170.20 W/V,
012 = 65.66°, and Io = 209 A.

Fig. 3 also shows the boundary between CCM and DCM,
which occurs at approximately Gy = 1.34. Fig. 3(b) shows that
the DCM boundary occurs when 6, = 73°. According to (10),
this corresponds to a 4.4% power drop, despite remaining in
CCM. The output power per volt increases if Gy increases
further, but this comes at the cost of operating at a lower 6,5,
causing the efficiency of the system to drop. For example, if the
system operates at Gy = 3, then 6, = 66.4°, so for a fixed
coupling and pad VAs, the output power will drop by 14%
compared to the ideal scenario of 61, = 90°.

Table IT shows a comparison of the proposed normalized LUT,
the denormalized result using the predicted V.. = 260.90 V
(both simulated using the secondary only model shown in Fig. 2),
and the values provided by a final simulation using the whole
IPT system as in Fig. 1. This table shows that the P, of a
system with practical values can be predicted by multiplying the
normalized model value by the expected V,,.. The predicted value
also has a close agreement with the full model. The phase shift
between the primary and secondary currents has a very small
variation between all three modeling methods of approximately
0.3°, which is practically insignificant.

Since the normalized and denormalized analysis only use a
voltage source to model V,, there is no primary source to supply
P, ... However, the full model (see Fig. 1) has an LCL-tuned
primary network, so there is a defined I; and k. As such, a
theoretical P, . can be calculated using (10)

This shows the ideal model for a rectifier using an LUT is
accurate and can be used to predict various operational param-
eters on the secondary side without needing to perform the full
simulation at each position of interest.

C. Application of the LUT

The above work presented in this article shows that the pro-
posed LUT method of analyzing a passive full bridge rectifier in
an LCL-LCL IPT system is accurate and can be used to predict
Py, 012, and I. This section describes how this information
can be used to quantify the performance of the secondary side
as the input or output parameters are changed.

Vbar Will realistically have a voltage swing over a nominal
range for any battery charging application. For this article, this
is assumed to be between 600 and 800 V. The change in battery
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Fig. 4. Photographs of the experimental set up including the (a) magnetic
couplers used and the alignment system, and (b) the inverter and rectifier used
in the set up [located behind the oscilloscopes shown in (a)].

voltage can be visualized along points A to B in Fig. 3 for a
constant k. As discussed earlier, the typical assumption made
in the design of IPT systems is that Io, = (2v/2/7)I for a
perfectly tuned LCL system where the passive rectifier is always
operating under continuous conduction. In this case, if V4, drops
from 800 to 600 V, then the P, should scale down to 35.02 kW.
However, using the LUT shows that the Py, = 35.85 kW when
the Vye is decreased to 600 V, which is 830 W higher than the
standard simplified extrapolation.

The LUT method can accurately predict the output power
when operating conditions are changed faster and provides
more accurate information than conventional methods, such as
running various simulations or scaling based on assumed pa-
rameters. This method can also provide designers with accurate
knowledge of 015, which is a critical design parameter for further
work involving primary side design.

IV. PRACTICAL VALIDATIONS

The system was validated using the existing pads on the
alignment rig as shown in [12] and is shown in Fig. 4. Here,
the nominal target Py at point A in Fig. 3 is 50 kW. In [12], no
more than 45.9 kW was achieved as the initial design procedure
did not account for the impact of 6;5. The theoretical analysis in
this article has proven that 615 should be approximately 65.66°.
The system parameters are presented in Table I. As noted earlier,
Vius and Vi, are linked. The de supply (Keysight N8957 A) only
provides the losses in the system. The waveforms of interest are
1, I, Viy (shown on the oscilloscope as Vo), and I, Here,
I; is used as a reference current to get a measurement for 61o.
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TABLE III
DIFFERENT APPLICATIONS OF THE LUT FOR POSITIONS A, B, C, AND D
SHOWN IN FIG. 3, USING DENORMALIZED VALUES

Simulated denormalized values

| A B C D E
X} 3.54 3.54 3.54 3.54 3.54
Voc 260.9 260.9 129.7 129.7 68.5
Wbat 800 600 300 129.670 274
Y 0.0136  0.0136  0.0273 0.0273 0.05
Gv 3.066 2.300 2314 1 4
I3 (A) 200.59  152.21 76.38 3331  70.14
Pout (kW) 46.70 35.84 8.93 4.16 4.26
012 (°) 65.67 66.74 66.69 78.74  65.38

Practically measured values*

I (A) 205.99 N/A  102.84 101.93  55.13
Iz (A) 203.15 N/A 76.77 3393  67.96
Voc 258.09 N/A  128.85 127.71  69.07
Pout (kW) 48.00 N/A 9.33 4.16 4.24
012 (°) 66.92 N/A 69.90 7746  66.61

*practical values measured at M = k+/L1L2 = 2.346 uH

These are plotted in Fig. 5(a)(i). The rms values of /; and I5 are
given and show good agreement with the theoretical values in
Table III.

There are a few errors caused by the resolution of either the
probes or the oscilloscopes based on the chosen measurement
scales, as well as practical differences between the ideal and
constructed tuning components. This section will compare the
accuracy of the measured values against the ideal LUT as
presented in Fig. 5. Section V will investigate how mistuning
impacts the performance of the system.

One such example is shown in Fig. 5(a)(i), where the oscil-
loscope shows Vi, and Vpye at 780 V instead of the set 800 V.
These sorts of measurement errors are accounted for by verifying
other parameters, such as the track and inverter currents. These
measurements align closely with simulated values so small
errors in measurement are easily accounted for.

Similarly, there are phase measurement errors as current
probes (Ragowski probes) have difficulty measuring phase to
a precise value. DC current clamps also inherently have mea-
surement errors, and the results presented are given after careful
calibration. The dc output current is measured using a Hioki
3274 clamp probe.

The measured P,y = 48 kW and is higher than the predicted
46.7 kW from the denormalized model presented in Table II.
This is due to the imperfect tuning values in the practical system,
as shown in Table I. The measured value is only 2.8% higher and
is well within any margin of error. Furthermore, the measured
012 also closely agrees with the simulated values, deviating by
only 1.15°.

Point B could not be validated as the equipment to deliver
36 kW with different V4, and V4,5 voltages was unavailable.
Instead, Point C was chosen as another point to be validated.
This point was chosen as G'y is almost the same as point B.
Therefore, 6,5 should be very similar in both cases, despite much
lower power transfer. Since V. is halved, Y will double for the
same tuning topology on the secondary side. The power delivery
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available is now dictated by the dc power supply (Keysight
N8957 A), which can supply up to 15 kW to the bidirectional
power supply acting as a load (Regatron G5.RSS). Here, V; 4 is
chosen to be 300 V, V},,s 1s set at 400 V, and V. = 128.85 V.

Fig. 5(b)(i) and Table III show that the /s agree closely with
simulations. Here, there is once again a higher power transfer in
measurement compared to simulation by approximately 4.3%,
which is within the acceptable margin of error.

The phase error is small, just 3° (69.94° versus the simulated
66.69°). The measurement and simulated value error is +4.8%
and is within the acceptable tolerance.

Point D [shown in Fig. 5(c)(i)] was chosen as a third validation
point to show that a low Gy, with no other changes in the
system compared to point C will cause 65 to increase. Gy is
intentionally set at approximately 1. As expected, the output
power drops, but the LUT and measured results are in close
agreement. There is also a minimal error in the predicted and
measured power values since mistuning has a smaller absolute
impact on the errors.

Fig. 5(d)(i) shows an extreme operating point where Gy = 4
and Y = 0.05. The measured Py, 612, and I, all agree closely
with the ideally simulated values. Furthermore, Fig. 5(d)(ii)
shows the primary and secondary bridge voltages and currents.
Here, Viec,2 (shown in blue), is in DCM. However, the practical
nature of the body diodes in the switches causes some reverse
recovery which forces the voltages at the switching edges to
commutate. This phenomenon also exists in previous work [19].
Combined with the results Fig. 5(a)(ii), this proves that the pro-
posed method is accurate even in DCM. Fig. 5(b)—(c)(ii) prove
that the method is also valid for CCM operating conditions.

The four experimental points also show the validity of the
DCM boundary presented in Fig. 3. Here, only point D [see
Fig. 5(c)] is expected to operate under CCM, and the rest of the
operating conditions are in DCM. The experimental validations
shows this is true, and that as Gy grows from point C to A
to E [see Fig. 5(b) to (a) to (d)], the discontinuity becomes
increasingly pronounced.

Finally, Fig. 5(a)—(d)(ii) show that the system operates under
ZVS turn-ON conditions under these various operating condi-
tions.

A. Practical Applications

All of the results shown prove that the measurements and the
simulations have an acceptable agreement. The LUT method can
give an idea of what to expect from the secondary side as the
operating conditions vary within 5% accuracy. The advantage
of this method is the ability to quickly determine the expected
output power and 6, without additional time-consuming simu-
lations.

The results presented here can be used to predict the 6y, be-
tween the primary and secondary coil currents. This is powerful
as it simplifies the operation of the complex secondary network
into an /2 /01 factor, allowing designers to predict a range of
reflected impedances and resistances to design primary inverters
more quickly. As this is beyond the scope of this work, it is not
discussed in further detail.
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The next section discusses how the secondary tuning net-
work’s mistuning impacts the measurements’ accuracy.

V. MODEL SENSITIVITY TO MISTUNING

The previous section discussed the accuracy of ideally tuned
systems using the proposed LUT method. Such assumptions are
difficult to achieve due to component tolerances and variations
in parasitic parameters as operating conditions change. It is
unlikely that mass-produced systems are perfectly tuned when
assembled and are also likely to drift over time, despite good
quality control.

In this work, the only parameters where sensitivity needs to be
analyzed are the passive components on the secondary side. This
section uses PLECs to simulate the proposed system at Points
A, C, and D measured in Table II. Shifts in Py, and 05 with
variations in either unloaded Q or the component values from
their nominal tuned points are also evaluated.

A. Impact of Q

A critical factor whose impact on the model needs to be
carefully quantified is the unloaded Q’s of Lo, Liyec,2, and Cop.
In the previous section, these were assumed to be constant at
Qr,ur, = 400 and Qc,ur, = 2000. However, it is known that
these values change as currents flow through the system, causing
the temperatures of the components in the system to increase.
The authors in [25] showed the pad Q’s can decrease by as much
as 30% if energized for an extended period of time.

To fully quantify the impact variations in component Qs will
have on the model, Qy, y1, was varied over a wide range of £50%
from nominal (between 200 and 600). This range is larger than
the typical range of Q for IPT pads to fully capture the impact
of higher loss in the modeling technique presented. Q¢ ur, is
varied between 1500 and 2500, which is a typical range for an
85 kHz capacitor tuning board.

The relative position of the two pads will cause variations in
Lo, typically within 5% of the nominal value. L, » also varies
based on the construction of the inductor and changes over time
due to increasing temperatures and physical shifts in the air gap.

The tuning board capacitors have an NP0 temperature co-
efficient, so are relatively resilient to changes in temperature
and frequency. However, they will inevitably vary due to aging.
This section quantifies how these variations impact the proposed
model and investigates worst-case scenarios where the passive
components are assumed to vary up to +10% from their nominal
values.

Table I shows that the built practical C5, differs from the
ideal value by approximately 0.8%, and C, ¢ has a variation of
< 0.4%. The biggest deviation from the nominal ideal values
was Lyec 2, but this was by design, and this deviation does not
have a significant impact on F,y.

As shown in Fig. 2, the secondary pad and partial series
compensation, which make up Xj, as described in (8) is as-
sumed to have an Qr, ur, = 400. Each component Q is varied
independently, while the Q’s of the other components are held at
their nominal values. Both A Py per Vo, and A6y, are analyzed
relative to their nominal values shown in Fig. 3 at the operating
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points given in Table III. The results of each of the Q variations
are presented in Fig. 5 and show that it is critical to analyze
the system using sensible Q’s, similar to what would usually be
expected in a well-constructed system; otherwise, there will be
additional errors in the power and phase predictions.

Variations due to changes in the Q of the secondary pad
impedance (X7 ,), denoted as Q,, have little impact on either
overall output power per volt or 612, with variations generally
between +1% for power, and < 0.1% for 615. The general trend
here is that the system will have a higher output power as Q.
increases. As long as @p, is kept relatively high (> 300), then
the system will deliver the desired output power. However, there
is a Py drop of up to 1% as Qy, is halved from 400 to 200.
If 1, continues to decrease, the system becomes less efficient,
and P, continues to drop.

The Q of the secondary rectifier inductor Qr,rec,2 has almost
no impact on the output power or #15. However, it should be
noted that higher Q’s here will result in a lower system loss
overall, so the design goal should be to keep Q1.rec,2 as high as
possible in the practical build stage.

The unloaded Q of the secondary parallel capacitor C5, also
has minimal impact on the output power per volt and 615. As
discussed, these capacitors tend to have very high Q factors. In
practice, the built capacitor board and the ideal C>, shown in
Table I has a +0.7% difference. Assuming that the primary side
does not change, Fig. 6 shows that P, per V. increases by
approximately 0.1% at the nominal position

These results confirm that higher Q’s are better in terms of
stability of power output and lower losses in the secondary side
of the IPT system. Even large variations in Q only have small
impacts on A Py, and 615.

B. Variation in Impedances

Equation (8) shows the secondary pad impedance is a sum
of the impedances of the coil and the partial series capacitor.
Here, the coil inductance varies more than C, 5, which is a fixed
value once constructed. As such, the sensitivity study focuses
on what happens to the system when Ly varies, and the degree
of variation is shown in (17). Here, Aw L, ranges between 0.9
and 1.1 times the nominal value presented in Table I

AXé = LUALQ + WL2,1ead — (17)

1
wCz s ’

In this study, a 10% change in Lo equates to a difference of
+26% from the nominal X). For the system analyzed in this
article, this variation results in an overall range of 2.616—4.464
Q. In practice, Lo 4 Lo 1cad has a very low variation (< 0.7%),
and the practical impedance of Cy s (1/(wCh¢)) is only 0.36%
lower than the ideal value.

The result of the sensitivity study is presented in Fig. 7 for
the three operating conditions (A,C, and D) given in Table III as
X127, Xirec2, and Xcop vary around the nominal values.

In the studied case, Py per Vi changes depending on the
mistuning of the secondary pad’s effective impedance. The
measured X7 is equal to 3.63(2, which is 2% higher than the
ideal value. According to Fig. 7, this degree of mistuning results
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Fig. 6. Sensitivity study of (a) Poy per Vo and (b) 612 due to variations in

inductor and capacitor Q’s. The nominal operating points A, C, and D are shown
in Table III and Fig. 3.

in an output power drop of approximately 1.1%, and the 612 is
expected to also drop approximately 0.9% for all three analyzed
operating conditions.

Fig. 7 also shows that the P, and 612 drop caused by
the mistuning X} is independent of the gain factors used to
normalize the system. However, it is clear that there is a min-
imum detuning factor of approximately -9% where the output
power begins to decrease to zero quickly. This suggests that if
mistuning is unavoidable, it should be biased during construction
by ensuring that X% and Xc,, are higher than the nominal
values.

Furthermore, parasitic lead inductance plays a large role in the
design of the system. Any design in higher power IPT systems
need to be able to separate the inductance, which generates or
captures flux and the parasitic lead inductance, which does not
contribute to power transfer. If the lead inductance varies and
is higher than expected, then there will be a power drop in the
practical system. In any practical system, the magnetics need to
be placed in predefined locations, and this is usually quite a large
distance away from the electronic system. Any lead inductances
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inductor and capacitor impedances. The nominal operating points A, C, and D
are shown in Table III and Fig. 3.

need to be quantified properly, and the tuning network designed
accordingly.

Mistuning of C», has a different impact on Py per Voe. A
lower capacitance translates to a higher impedance, and the
errors that typically exist in a practical tuning board should be
under 1 %. For the system presented in this article, the actual
mistuning is lower by 0.7 %. A power increase of 2% is expected
at point A, while approximately 1.3% is expected at points C
and D relative to their nominal tuned results. Combined with
the power drop due to the mistuning in X}, an overall higher
power delivery than originally expected is achieved. This agrees
with the measured results presented in Table III, where all mea-
sured values follow a trend of being higher than the simulated
values.

Similarly, 6, also increases due to the higher Cs,,. It is shown
that mistuning has a larger impact on 615 when Gy ~ 3 for the
practical mistuning case compared to when GGy approaches 1,
where the shift in 615 approaches 0%. This aligns well with the
measured phase shifts, which are all slightly higher than the
simulated values.
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TABLE IV
ERROR BETWEEN THE EXPERIMENTAL RESULTS AND SIMULATIONS USING
PRACTICAL VALUES

| Point A | Point C

| Sim  Error (%) | Sim  Error (%)
I (A) 205.07 1 78.76 2.5
Pout (kW) (A) 48.7 1.5 9.27 -0.6
612 (°) 68.02 1.5 68.24 2.4

| Point D | Point E
Iz (A) 34.52 1.7 | 70.01 3.0
Pout (kW) (A) 4.23 -1.6 4.32 1.4
612 (°) 75.48 -2.6 | 67.65 2.0

Mistuning of the rectifier inductor does not have a significant
impact on the Py, per Vo.. Even a large deviation here of up
to +10% in this inductance only results in a P, increase of
under 1%. This is because if the secondary network made up of
XY, Xirec,2 and X is relatively well tuned, then the rms value
I ec,2 should be very close to I/.. As such, Ay, and therefore
AP, will be small.

Additional simulations have been performed using the real
tuning values and are compared to the measured values shown
in Table III. The simulated values and their errors from the
measured values are given in Table IV. The results in this
table show that the measured and the simulated results using
practical values have consistently close agreement at all under
3%. However, it is difficult to predict the degree of mistuning at
the design stage, and the proposed LUT method is proposed as
a guide to help designers understand how the system performs
with ideal values.

The power output continuously increases as Xcop, decreases.
However, this result is due to the limited range shown. As X,
decreases further, the system becomes mistuned, and the power
output decreases. This analysis shows that the two most impor-
tant components to keep in tune include the effective secondary
coil inductance and the parallel capacitor. For a practical design
with good quality control, variations should be within 2% of the
nominal design values, and therefore a worst-case 5% fluctuation
in output power may be expected.

The absolute errors become increasingly impactful as the
ratings of the IPT system increase. For the 50 kW system of
interest, a 2% increase in X} results in a change in output
power from 46.7 to 48 kW, as shown at point A. This suggests
that as power levels increase, the accuracy of the tuning values
themselves will be critical. For example, for a 250 kW system,
a 0.7% increase in C,, results in a Py fluctuation of 2 kW.

VI. CONCLUSION

This article has shown that the proposed LUT method can
be usefully used to characterize the secondary side of an IPT
system that is LCL-tuned. It helps predict the output power, the
phase shift between the primary and secondary currents, and the
rms value of the secondary current itself. The proposed LUT
is useful for understanding how phase shifts are impacted by
the introduction of higher-order harmonics within the passive
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rectifier. The DCM boundary has also been found for the passive
LCL secondary rectifier network.

This method allows designers to decouple the design of the
secondary side of the IPT system from the primary side since the
performance of the primary side can be abstracted into the value
of Vic. This means the secondary side parameters of interest can
be determined independently, decreasing the simulation time
and resulting in a faster overall design procedure.

A number of different operating conditions were investigated
and validated. The work shows close agreement in both output
power and phase shift of the primary and secondary currents
over a wide power range.

A sensitivity analysis was performed and shows that a small
amount of secondary mistuning will cause the LCL-tuned sec-
ondary power and 615 to fluctuate. However, for a practical
system, which is nominally well-tuned, the variations in power
are stable (< 5%).
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