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Abstract—This paper presents a state-space based analysis of
a Class E? converter for wireless power systems based on a
two-coil inductive link. The Class E*> converter consists of a
200kHz Class E inverter as the primary coil driver and a voltage-
driven Class E synchronous rectifier at the secondary coil of the
inductive link. A piecewise linear 7th order state-space model
is used to calculate several parameters and values to achieve
optimum switching operation of the Class E inverter and the
Class E rectifier. Simulation results are presented to compare
the accuracy of the state-space modelling approach with the
established analytical approach. For validation of the state-space
analysis, an investigation of the influence of variation of coil
alignment and load for a 20W Class E? converter prototype
system is performed by means of a novel compensation method
that maintains optimum switching conditions irrespective of
variations. Experimental results are presented to confirm the
accuracy of the state-space modelling approach over a wide range
of operational conditions and the utility of the compensation
method.

Index Terms—Inductive power transmission, DC-DC Resonant
converters, Rectifiers.

I. INTRODUCTION

The Class E inverter has been one of the preferred design
topologies to be used as the primary coil driver in recent
contactless and wireless power transfer (WPT) applications
due to its design simplicity, high power delivering capability,
sinusoidal output current and efficient operation [1]-[7]. The
Class E inverter consists of a single power MOSFET, hence
simplifying the MOSFET gate driving circuitry, overall board
layout and thermal considerations. On the other hand, Class E
rectifiers provide an efficient AC/DC rectification for high
frequency AC voltages [3], [8]-[10]. They operate at resonance
and have a near sinusoidal input current which makes them
suitable for WPT applications. A Class E rectifier was initially
used in a WPT system operating at 800 kHz in [3] where an
efficiency of 94 % had been achieved. Extensive analysis has
been carried out in for Class E inverters in [11]-[13] and for
Class E rectifiers in [3], [8]—-[10] and the references therein.

Class E inverters and rectifiers can be combined together
to form Class E? DC/DC resonant converters. These con-
verters can be used to build high frequency, powerful and
efficient DC/DC converters. Extensive research has also been
carried out on Class E? DC/DC converters over the past three
decades [14]-[29].

A Class E? converter was initially proposed in [14] for
inductive links which had a switching frequency of 200 kHz
and delivered 100 W to a constant 100 € load at an efficiency
of 85.1%. It consisted of a finite DC-feed Class E inverter

and a current-driven Class E voltage-switching rectifier. We
continue on the work of [14], [20] by presenting a Class E*
converter that has a more compact form for medium power
applications that operate up to 20 W as specified in the *Qi’
wireless power standard [30], [31]. Compactness is achieved
by reducing the component count of the Class E* converter
used in [14] as a result of the dual use of the inductance of
the primary coil to eliminate the resonant inductance of the
Class E inverter. Moreover, voltage-driven Class E rectifier
with a lower component count is used instead of the current-
driven Class E rectifier. A MOSFET is employed to replace
the diode of the Class E rectifier to provide an improved
performance and efficiency of the overall configuration. Con-
sequently, a novel self-starting MOSFET driving circuitry is
developed and to be presented here.

The main aim of this paper is to extend the numerical design
approach based on state-space modelling of Class E switching
circuits that has been used in [2], [3], [14], [19] to provide an
improved analysis of the Class E? converter, and to use it
to calculate certain parameters and values such as the phase
difference between the switching of the switches of the Class E
inverter and the Class E rectifier, and the maximum current in
the coils of the inductive link. Analytical and simulation results
will be presented to show the improved accuracy of the state-
space modelling approach over the previous work in analysing
Class E? converters which has been based on analytical
approach. The analytical approach assumed that the Class E
inverter section of the converter is operating at high () factor
and that the Class E rectifier section could be represented
by an equivalent impedance. It is noted that these analytical
models have been validated by experimental results over only
limited load ranges and operating conditions. However, in such
applications such as WPT, it is highly desirable to have design
models that provide accurate performance prediction over a
wider load range and variations in coil misalignments.

In order to further validate the state-space method ex-
perimentally, an investigation of the influence of variations
of coil alignment and load for a 20W Class E® converter
prototype system is performed by means of a novel com-
pensation method that maintains optimal operating conditions
irrespective of the variations.

This paper is organised as follows. Section II presents the
Class E? converter. Analysis is carried out based on a 7th
order piece-wise linear state-space representation. Section 111
provides a design example and addresses the effect of coil
misalignment and load variation. A comparison is provided
between the results obtained from the analysis presented in
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Fig. 1. Circuit of the Class E inverter, inductive link and the Class E rectifier

this paper with the analytical approach. Section IV describes
the experimental setup of a Class E? converter for an inductive
link system and discusses the obtained experimental results.
Section V gives the conclusions and suggests further work.

II. MODELLING AND ANALYSIS

The Class E? converter under study consists of a Class E
zero-voltage switching (ZVS) and zero-derivative voltage
switching (ZDS) inverter with an infinite DC-feed induc-
tance [11], an inductive link consisting of a primary and
secondary coils separated by a certain air gap and a voltage-
driven Class E ZVS rectifier presented in [3], [32]. Fig. 1
shows the complete circuit of the converter. The inverter and
rectifier switches are designated by @, and Q2 respectively,
Ly is the DC-feed inductance of the inverter, Lp and Lg
represent the inductances of the primary and secondary coils
respectively and M is mutual inductance between them. Re-
sistor 17y, represents the load. The ZDS of the Class E inverter
means that the first derivative of the voltage across switch Q4
is zero at the moment it is switched ON, which intern results
in zero-current switching. The switches are driven at the same
switching frequency w, but at different duty cycles which will
be discussed in the following sections.

A. State-space representation

The Class E? converter in Fig. 1 can be represented by the
equivalent circuit shown in Fig. 2. Resistors rp and rg are
included to represent the equivalent series resistance (ESR) of
the primary and secondary coils respectively. The analysis will
be based on the following two assumptions:

« Switches @, and @2 have zero switching times, infinite
OFF resistances and ON resistances rg, and rg, respec-
tively.

« The shunt capacitors C'; and C'y absorb the output capac-
itance of switches (), and (Jo respectively.

The equivalent circuit can be analysed by the following general
state-space representation

X (wt) = AX (wt) + BU (wt) (1)
Y(wt) = CX(wt) + DU (w) (2)

where X is the state vector and contains the following seven
voltage and current states variables

X(wt) = Jog, (W) vey (W) ve,(wt)  ve, (wt) -
T
'fo(wt) -iLP(wt) -iLs(wt) (3)

and U is the input vector equal to a unit step function. Using
KVL and KCL, the matrices A, B, C' and D are given as

i —1
{JJC] Ty 0 0
0 0 0
-1
0 0
L\.u‘C‘r;A]\‘.I"Q:2
A= 0 0 0
-1
E 0 0
Lsa —Lpa —
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o —y —Lpa
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1 -1 1
0 0
Lu'C1 Lu'C1
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Lu'Cz
1
0 0 0 —
.'.dC;]
0 0 0 !
.'.dC,;
0 0 0 0
—a Lsar, —ar,
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—Lpa —ary, Lpar,
wM?(1 —«) wM(l—«a) wM?(1-a)l
4
T
BZ{OOUO—UO} (5)
Ly
C=1 (6)
T
Dz[noonnoo] )
where I is the 7 x 7 identity matrix and
a=w?(LpLs — M?). (8)

B. Switching periods and operating modes

The Class E? converter will have four operating modes
depending on the state of the switches. The switches are either
ON in which they are represented by their ON resistances, or
OFF in which they are represented by their OFF resistances.
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Fig. 2. Equivalent circuit model of the Class E? converter.
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Fig. 3 shows the order of the four different modes in one
switching period. It is assumed that the inverter is set to
operate at a duty cycle ratio of 0.50. The order of the modes
can be initially deduced by inspecting the operation of the
circuit. However the duration of each mode is not yet known.
The four different operating modes are defined in Table I. The
switching period begins in Mode(D). In this mode both switches
are turned ON and are represented by their ON resistance.
At wt = a, the converter transitions into Mode@) and the
rectifier’s switch is turned OFF. At wt = b, the converter
transitions into Mode(@) where the inverter’s switch is now
turned OFF. At wt = ¢, the converters transitions to the
final Mode(@), where the rectifier’s switch is now turned ON
and the inverter’s is kept OFF. The four modes of operation
result in four different A matrices which lead to four different
linear state-space representations. The complete model of the
converter is now a piecewise linear state-space representation.
Fig. 4 shows the voltage waveforms of the switches that are
associated with this mode sequence. From Fig. 4, the duty
cycle ratio Dy of switch @, is equal to

b
Dy = — 9
1= o (9
and the duty cycle ratio D5 of switch (); is equal to
2 —c
Dy = te=c (10)
2r
The phase difference ¢ between D; and D, is equal to
p=c (1)
C. Determining the Initial Conditions of the states
The general solution to Eqgs. 1 and 2 is given by
X(wt) = X, (wt) + Xy (wt). (12)

Function X, is the natural response matrix, or the zero-input
response matrix, and is equal to

X, (wt) = e X (0) (13)

wi

Fig. 3. The possible operating modes of the inverter and rectifier for one
switching cycle

Inverter

Voltage (V)
\\
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Fig. 4. Voltage waveforms of the inverter MOSFETs Q1 and the rectifier
MOSFET @2

where e is the matrix exponential function. X (0) is the initial
condition matrix. Function Xy is the forced response matrix,
or the zero-state response matrix, and is equal to

Xf(wt):f eAWt=") BU (1)dr

0

= A" (e —1) B. (14)

The initial condition matrix X (0) can be determined from the
voltages’ and currents’ continuity conditions as the converter
transitions from one mode to the next as follows

Xo(0) = Xa(2n(1 —¢)) (15)

Xo(0) = Xp(27(a)) (16)
Xo(0) = Xo(2(b - a) (17)
Xo(0) = Xg (27 (c — b)). (18)
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By substituting Eqs.16-19 in Eq. 12, the initial conditions of
all states in all modes are equal to

x @(0)- [_cAm2ma 1 0 0 1
Xo(0) 0 _elt@rml-a) g 0
Xo(0) - 0 0 —eAere-b) g

_X@(O)_ | I 0 0 _eA@2n( l_,:)_

Aél (CA®21Tﬂ o l)

A(—Dl(c,‘l@?ﬂ[b—a) _ l) . (19)

Aél (6.4@21:{(:—b) _ l)

Aél (6.4.@'271'(1—(:} _ I)

D. Solving for optimum switching conditions

The modelling and analysis has now been completed. The
next step is to determine the values of the components and
switching periods for each modes that will achieve the op-
timum switching conditions of the Class E® converter. From
Fig. 4, the inverter’s optimum ZVS and ZDS conditions occur
in Mode(?) at wt = 0. The rectifier’s optimum ZVS conditions
occur in Mode(®) at wt = a and in Mode(3) at wt = ¢. These
optimum switching conditions can be written as

Vpsi1(0) =0 — z@1(0) =0 (20)
Yosi@h) o L ps(0) = 2es(0) =0 Q1)
dwt  wi=0 ° ’
VDSQ(QTTLL) =0 — :I-'@);;(O) =10 (22)
Vpsa(2mc) =0 — z@3(0) =0 (23)

By using Eqgs. 19-23, a computer program can be written to
solve numerically for the four different component values or
parameters. The design example in the following section will
discuss this in further details.

III. DESIGN CASE

This section will describe the design procedure of a Class E*
converter prototype for an inductive link. The converter will
operate from a 9V DC supply and will deliver up to 20 W
of power to a nominal 109 load at a 200kHz switching
frequency.

A. Initial design

The design procedure begins with coils of the inductive
link. The coils should have a large quality (Q)) factor at the
switching frequency of the converter for maximum power
transfer efficiency. Extensive research has been devoted into
developing coils for inductive links, and it is outside the
scope of this paper. For this reason, the popular ‘Qi" Wireless
Power Consortium standard [31] is adopted in determining the
primary and secondary coils. Both coils have a maximum DC
resistance of 0.1(2, an inductance of 24 pH and a maximum

() factor of 230 at 200kHz [33]. The coils’ ESR can be
calculated and is equal to 0.137£2. With the addition of the
connectors’ resistance and the DC resistance of the printed
circuit board tracks, the total resistance of the coils is approx-
imately 0.180 Q2 at 200 kHz. The mutual inductance between
the primary and secondary coils can be measured at different
separation distances. For a separation distance of 3 mm, the
measured mutual inductance is approximately 12 pH which
corresponds to a coupling coefficient (k) value of 0.50.

The secondary coil of the inductive link and capacitor C'y
form the resonant part of the Class E rectifier. The value of
C5 that will cause the rectifier to resonate at 200kHz is equal
to

1
C:; = m = 26.38nF
The output capacitor C'y should be large enough to maintain a
constant DC voltage. A value of 6.6 pF is found to be suitable.
The duty cycle D5 of switch Q2 and its phase ¢ with respect to
Dy are the first two parameters that will need to be determined
from Eqs. 19-23.

The DC-feed inductor Ly of the Class E inverter should
be large enough to maintain a constant DC current flow. A
choke with a 1 mH inductance is used. The duty cycle D,
of switch @, is initially set at 0.50. MOSFET IRF540 was
used for both switches ¢, and (5. The total resistance of
the MOSFETSs’ drain-to-source channel and the printed circuit
board trace is approximately 0.15€2. Capacitors C, and Cy
are the two remaining values that will need to be determined
from Eqgs. 19-23.

The values and parameters that need to be determined
are now a, ¢, C7 and Cy. Egs. 19-23 were programmed in
MATLAB using the Optimization Toolbox and Simulink was
then used to measure voltages and currents throughout the
converter. The code is included in the Appendix. Table II
lists the solutions obtained for D,, € and C5. Table II
also lists the maximum voltages across the switches Vi, max
and Vig,max. the maximum current in the switches I, max
and Jg,max. the input average DC current Iy,, the primary
coil’s peak-to-peak current Iy, the output voltage across the
load V,, and the overall DC-to-DC efficiency 7. The solutions
and measurements for three coupling coefficient values above
and below the nominal value of 0.50 are included to show
how the variation in the distance between the coils affects
the converter. It can be seen that as the coils are further
away from each other, or at loose coupling coefficients, the
converter delivers more power to the load but at increased
current stresses and reduced efficiencies. Efficiency is reduced
due to the increasing currents in the coils which lead to higher
ohmic losses. The converter delivers less power to the load as
the coils are brought closer to each other or at tighter coupling
coefficients. The duty cycle D, and phase ¢ remain relatively
constant when the coupling coefficient varies. This is because
the Class E rectifier’s performance is mainly affected by the
load [3], [32] which is kept constant at 10 €.

Table III lists the solutions and measurements for several
load values above and below the nominal load. The distance
between the coils is kept constant at a coupling coefficient

24
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TABLE 11
CALCULATED PARAMETERS FOR A VARIABLE COUPLING COEFFICIENT AND FIXED LOAD OF 10}

ke fikHz) Dy Dy @ CrnF) C200F) Voo ma®™)  Vgoma™  IQ ma®  TQomad  IRp(d)  Ipnid Vo) n%
0.35 200 0.500 0.511 229.347 99.656 33.269 31407 56,133 9.547 4.066 3.333 12.541 14835 7337
0.40 200 0.500 0511 229.489 80.302 35989 31530 51.5712 7.682 1746 2676 10106 13.607 T6.88
045 200 0.500 0511 229.657 66,003 39,663 3618 47.433 6.287 3457 2,196 8288 12.562 7984
0.50 200 0.500 0511 229.864 55230 44.773 31.683 43.736 5223 3202 1.820 6.905 11571 81.74
0.55 200 0.500 0510 230,124 46.972 52208 31729 40.447 4397 2971 1.538 5833 10.760 8364
060 200 0.500 0510 230,464 40,552 63.826 31.759 Ts10 3744 2,780 1.305 4,989 10,010 85.31
0.65 200 0.500 0.509 230,931 35.509 84.251 T 34.864 3219 2,608 L126 4314 9.336 86,01
TABLE III
CALCULATED PARAMETERS FOR A VARIABLE LOAD AND A FIXED COUPLING COEFFICIENT OF 0.5
R(51) fikHz) I Do ¢ €1 (nF) Ca(nF) V@ max V) Vg ,maxV) TQ  max(A) TQomax(A) Tig(A) I pl&) Va(¥V) n%
5 200 0.500 0.573 217428 84.266 40459 31514 42,683 8001 4.827 282 10,644 9.621 7289
L] 200 0.500 0.558 220.590 75.623 41.297 31.563 43104 7249 4338 257 9.544 10.156 75.59
8 200 0.500 0.532 225742 63462 43,005 31.632 43.555 6048 3.657 2112 7978 10,992 79.46
10 200 0.500 0.511 229.864 55230 4773 31683 43.736 5213 3202 LE20 6.905 11571 BL74
15 200 0.500 0.470 237,587 42731 49,581 31.784 43.703 3046 2526 1.380 5.247 12,623 8553
20 200 0.500 0.440 243215 35.561 55.168 31.888 43395 3196 2152 LI125 427 13.338 B7.85
30 200 0.500 0.395 251.291 27455 70,145 32114 42.538 2,326 1.756 0.824 3.158 14.158 90.10
S0 200 0.500 0.337 261.584 19.844 144.43 32580 40671 1491 1430 0.539 2091 14.964 92.32
of 0.50. The converter delivers more power to higher loads at Vi
increased current stress and reduced efficiencies. The output
voltage is also reduced. At reduced loads, the converter al Ly . | '
. . ~ . . 1) 1
delivers less power but at higher efficiencies. The duty cycle Cot Lp a1 Ly |} Cs
. . . ]
Dy and phase ¢ vary accordingly since now the load does ||_"': 00— | [T ""E |:I_
_ . . 1
change. These variations will have to be considered and may 40 C v M 1 C
. . .. . . . 1= H ! =
increase the complexity of the driving circuitry for switch Q. 1 I ‘ ! Q2 4
It is noted that solutions listed in Tables II and III are not i |
unique, other solutions exist that satisfy the optimum switching H <+ H

conditions. However they are not considered further since they
suffer from implementation difficulties and poor efficiencies.

B. Comparison with the analytical approach

It is necessary to compare the proposed state-space approach
with the analytical approach [8]-[10], [20]. [23]-[26] in terms
of accuracy and complexity. In this section, certain solutions
will be obtained using the analytical approach to determine
the level of agreement to those in Tables Il and III

The analytical approach begins by representing the inductive
link with an T-equivalent circuit [34] as shown in Fig. 5a. Next,
the Class E rectifier part is replaced with an equivalent inductor
Lgg and equivalent resistor R as shown in Fig. 5b. Further
details on determining the equivalent inductance and resistance
of selected Class E rectifier topology in this paper can be found
in [32]. Finally, the components in the output network of the
Class E inverter can be represented by an equivalent inductor
L, and equivalent load resistance R, as shown in Fig. 5c.
Setting the duty cycle to Dy to 0.50, the values of C'; and Cs
can be determined using the design equations in [2], [35].

Table 1V compares between the solutions obtained using
the two approaches for two load values of 10 and 30(2.
For the 1092 load case, the solutions for C, Cy and D in
both approaches are relatively close to each other. However
for the 30€2 load case, the difference between the solutions
of both approaches starts to increase. It can be assumed that
the analytical approach is less accurate for the 302 load case
since the () factor of the inverter is reduced. As a result, the

(b) Replacing the Class E rectifier with an(c) Replacing the output net-
equivalent impedance work of the Class E in-

verter with an equivalent
impedance
Fig. 5. Equivalent circuits of the Class E? converter for the analytical
approach

current in coils of the inductive link is no longer sinusoidal,
therefore the assumptions that the analytical approach is based
on are not valid. The phase ¢ and output voltage V, were
not determined in the analytical approach since they involve
tedious calculations.

PSPICE simulations were performed using the solutions in
Table IV for both approaches. Fig. 6 shows the voltage and
current waveforms of )y and Q2 respectively. A difference
can be observed in the waveforms due to mismatch in the
solutions. It can be seen from the waveforms that the solutions
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TABLE IV
CALCULATED VALUES AND PARAMETERS COMPARING THE ANALYTICAL
APPROACH WITH THE PIECEWISE LINEAR STATE-SPACE APPROACH

Ry =108, k = 0.50 Ry =309, k= 0.50
Analytical State-space Analytical State-space
(&1 58.088 nF 55.230nF 29.666 nF 27.455nF
Ca 45.195nF 44.773 nF 76.667 nF 70.145nF
Da 0.515 0.511 0.404 0.395
] - 229.864° - 251.291°
Reg 96.463 02 - 41,5120 -
LEg 19.726 yH - 15.504 pH
Ry 2.6930 - 5.8420Q
Ly 16.738 yH - 14.825puH -
Vo - 11.571V - 14,158V

=== Analythcal

© rra—
=
E
, / |
o x 2x ] T o
wl wit
(a) Voltages for Ry = 10Q (b) Currents for Ry, = 1092
50
=== Amalytical
i a — Stati-spae
—~ 2
= % =
- 2 1
H H
™ E oolk
10 -1 i ‘(,.l'__.//
i -2 P ]
0 ) x ) P I x P

(c) Voltages for Ry, = 300

wi
(d) Currents for Ry = 3002

Fig. 6. Simulation results comparing the voltage and current waveforms of
(21 and Q2 for the analytical approach and the piecewise linear state-space
modelling approach.

obtained using the analytical approach do not completely
satisfy the optimum switching conditions of the converter.
The voltage across switch (7 in Figs. 6a and 6¢ is not
zero when the switch is turned ON. This results in a large
current spike to flow through switch ¢); as can be seen in
Figs. 6¢ and 6d. The analytical approach resulted in a DC
output voltage of 11.900V and 14.093V for a 10 load
and 302 load respectively, whereas the state-space approach
resulted in a DC output voltage of 11.571V and 14.158 V for
a 1042 load and 30 €2 load respectively.

C. Compensation for load variations and coil misalignments

The Class E? converter prototype is to operate at a nominal
load of 10€2 at a coupling coefficient of 0.50. Variations
can occur in the load and alignment of the coils while the
converter is operating. These variations can cause the Class E
inverter to operate at non-optimum switching conditions since
Class E inverters can only operate optimally at a constant load
value. Tables II and III list the solutions for different load and
coupling coefficient values. However it is necessary to alter
the values of capacitors C; and C5 to compensate for any
variations. Since replacing capacitors may not be practically

feasible, it is only reasonable to keep the values of capacitors
¢4 and C5 constant for a specific nominal load and coupling
coefficient. Other parameters such as the switching frequency,
the duty cycles D, and D5 and phase ¢ can be altered even
when the converter is operating [36].

Table V lists the solutions for different values of loads and
coupling coefficients when capacitors C; and C are kept
constant at 53.360 nF and 45.139 nF respectively. Altering the
switching frequency will shift the operation of the Class E rec-
tifier part of the converter from resonance. However efficient
operation can still be maintained [8].

The solutions in Table V will be verified manually by
observing the voltage waveform across switch (1. These
solutions form the basis for the controllers and algorithms to
be implemented to achieve automatic compensation.

IV. EXPERIMENTAL VERIFICATION
A. Implementation and Set-up

A Class E2 converter was built based on the specifications
and the design method presented in the previous sections. The
complete circuit is shown in Fig. 7. The Class E inverter part is
powered from a 9V DC supply limited to 2.6 A. The switching
signal of MOSFET (), is supplied from a function generator
via a MOSFET driver. An electronic load is connected to the
output of the Class E rectifier to simulate various loading
conditions. The coils of the inductive link are initially kept at a
separation distance of 3 mm. A photograph of the experimental
setup is shown in Fig. 8.

B. Class E rectifier self-start and driving circuit

Driving MOSFET ), of the rectifier requires additional
circuitry to ensure that the switching signal is supplied at
the correct instants. Referring to the time instant ¢ in Fig. 4,
MOSFET @ switches ON once the voltage across it crosses
zero volts. Therefore, the voltage across MOSFET (2 can
used to trigger the switching signal using a comparator. On the
other hand, the voltage across MOSFET (> cannot be relied
on as a trigger to turn it OFF. This is because the voltage has
a near zero time derivative. Therefore a one-shot timer is used
to drive MOSFET @ with a time duration equal to or less
than duty cycle Ds. The timer is triggered once the comparator
detects a zero crossing in the voltage across MOSFET (@)s.

The Class E rectifier part is an isolated circuit. Power is not
available immediately once the converter starts up, therefore
the driving circuitry for MOSFET @ will not be functional.
However, the rectifier will still be able to start automatically
due to the body diode of MOSFET (J),. Once the output
voltage rises to a sufficient level, the driving circuitry will
then activate to allow for synchronous operation. A voltage
regulator is connected to the output of the rectifier to supply
power to the driving circuitry.

C. Results

The Class E? converter prototype was operated at a nominal
load 10€2, a coupling coefficient of 0.50 and a 200kHz
switching frequency. The duty cycle D; was set to 0.50 and
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TABLE V
CALCULATED PARAMETERS FOR A VARIABLE LOAD AND VARIABLE COUPLING COEFFICIENT

R(51) k fikHz) Dy Dy @ Voima®™  Vgomu™ I mu®  Tgoma®  Tp) I, Vo) ni%)
5 0.50 187,882 0.550 0.582 221433 38.166 53465 10,543 5854 4228 12,841 11.768 T2.79
6 0.50 19042 0571 0565  223.465 36.507 51671 8.952 5.063 3489 11088 1917 7538
8 0.50 194750 0535 0535 226997 33915 41751 6722 3954 2491 8.603 1932 7938
10 0.50 200,000 0.500 0511 229.864 31.683 43736 513 322 1820 6.905 11571 8174
12 050 205855 0465 0490 232064 29.750 39.693 4128 2640 1344 5.645 1nms 8374
14 0.50 212,659 0.426 0.471 233465 27.894 35279 3.248 2169 0.957 4617 10,120 84,93
1] 0.45 187.701 0.543 0.519 228835 34.499 52797 6901 3704 2.600 8774 13.726 80.51
10 0.47 192186 0526 0516 229.267 33.373 49.118 6.186 3.504 2.269 7981 12876 8119
1] 0.52 26,112 0480 0.507 230.122 30.536 40,177 4.633 2990 1.553 6.240 10,729 8236
10 055 217243 0444 0501 229982 28.689 34,597 3m2 2632 1162 5258 9312 5292

Fig. 8. Photograph of the Class E? converter and the experimental setup

the one-shot timer was set to provide a 2.56 us pulse corre-
sponding to a duty cycle D5 of 0.51. Fig. 9 shows the observed
waveforms of the voltages across MOSFETs (), and (), the
currents and voltages of the primary and secondary coils and
the switching signals. The waveforms of the piecewise linear
state-space model are also plotted for comparison. It can be
seen that the observed waveforms are in good agreement with
the state-space model. Table VI provides further comparison
between several measured and calculated parameters. The
errors between the measured and calculated parameters could
be attributed to the tolerance of the capacitors’ values and
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TABLE VI
CALCULATED PARAMETERS FOR A VARIABLE LOAD AND VARIABLE
COUPLING COEFFICIENT

Parameter Measured Calculated Error
Va(V) 11.53 11.571 -0.35 %
P,(W) 13.294 13.389 -0.71 %
IN(A) 1.88 1.820 +3.30 %

n % 78.57 81.74 -3.88 %
Vo pmas(V) 326 31.683 +2.89 %
Vaama(V) 47.0 44773 +4.97 %

@° 230 229.864 +0.06 %

parasitic capacitance and inductance in the printed circuit
board.

Fig. 10 shows a loss breakdown analysis at nominal op-
erating conditions. Power is mainly lost in the ESR of the
inductive link coils, switching and conduction losses in MOS-
FETs ), and Q)2 and other losses such as that of MOSFET
drivers, the ESR of the capacitors and the timing and control
circuitry of the rectifier. It can be seen that a significant amount
of power is lost the ESR of the inductive link coils, whereas
the power lost in the inverter and rectifier is low. Therefore, the
overall efficiency can be improved by using coils with lower
ESR.
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D. Load Variation

The performance of the Class E? converter was investigated
for variations in load and coil misalignment as discussed in
the previous section. The load was varied from 8 to 15€2
and the coupling coefficient from 0.45 to 0.55. The duty
cycles and switching frequencies were varied according to
Table V. Fig. 11 shows the measured output voltage, input
power and efficiency for both load and coupling coefficient
ranges. It can be seen that the measured parameters agree with
the calculations in Table V. The overall efficiency is reduced
at higher loads and loose coupling coefficients, whereas lower
loads and tighter coupling coefficients result in a higher overall
efficiencies. The output voltage and output power are largest
at loose coupling coefficients and higher loads and decrease
as the coupling coefficient increases and the load decreases.
The agreement between the measured parameters with the
calculations in Table V confirm that the Class E? converter
can adapt to variations in load and distance in inductive links
that may occur during operation. This is due to the result that
the Class E inverter part of the converter can be tuned to achieve
its optimum switching conditions by adjusting its duty cycle and
switching frequency.

V. CONCLUSIONS

This paper presents a Class EZ converter for inductive link
which consists of a Class E ZVS and ZDS inverter and a
Class E ZVS rectifier. A 7th order piecewise linear state-space
model has been used to model converter and the inductive link
including the ON resistance of the switches and the ESR of
coils. The state-space model is used to calculate the values
of the converter’s components and parameters for optimum
switching conditions. A compensation method is used to adapt
for variations in the load and the distance between the coils
by adjusting the switching frequency and the duty cycle of the
switches.

The accuracy of the state-space model is compared to that
of an analytical model. PSPICE simulations show that calcu-
lations based on the state-space model satisfy the optimum
switching conditions of the converter, whereas calculations
derived from the analytical modelling approach do not com-
pletely satisfy the optimum switching conditions. Experimen-
tal results prove the accuracy of the state-space modelling
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Fig. 11. Variation in coupling coefficient and load

approach and verify the utility of the compensation method
for variations in load level and distance between the coupled
coils of the inductive link.

Since the compensation method was implemented manually
in the current work, future work may include the development
of controllers and algorithms to achieve automatic compensa-
tion.
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