ABSTRACT

KENDIR, GURHAN ALPER. An Efficient Transcutaneous Power Link Design to Be Used
In Retinal Prosthesis. (Under the direction of Dr. Wentai LI1U)

Design of the radio-frequency power links to be used in prosthetic body implanted systemsis
important. In this study, we present a novel design procedure for the coil design considering

both the efficiency of the system and the radiated magnetic field. Closed loop class-E driver
design for low-Q networks is also presented along with the coil design. Main specifications
used in the design procedure are dimensions of the coils, distance between them, frequency
of operation, load power, load voltage and the maximum available input DC voltage.
Experimental results showed an overall power link efficiency of 65% delivering 250mwW

power to a 16V DC load from an optimal distance of 7mm.
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CHAPTER
INTRODUCTION

End-stage photoreceptor degenerative diseases such as retinitis pigmentosa (RP) and age-
related macular degeneration (AMD) are retinal diseases affecting millions of people
worldwide. Previous studies demonstrated that electrical stimulation of the retinal surface can
create visual sensation in blinds suffering from end-stage photoreceptor diseases [1]. This
discovery inspired the wireless prosthetic system illustrated in Figure 1 [2].

ideocamera

ﬂ‘r.-
¥ Ganglion Cells

Figure 1 Prosthetic retinal device

The proposed prosthetic system includes a camera mounted on glasses to capture the image,
an RF link for both power and data transmission, and an implanted stimulus circuit to
artificially stimulate the retina and create a pixel style vision. Presented in this study are the
analysis and the design of the power link.



Wires penetrating the body tissue will have the probability of infection and implanted power
sources can not be used in all cases due to the undesired placement and the limited lifetime of
the source. In aternative to these powering methods listed above, RF power links are
commonly used for powering body implement electronic prosthesis. An RF power link is
mainly composed of a driver circuit, inductively coupled coil pair, a resonant amplifier and
the rectifier (Figure 2).

Vsm < 1 2 Cres 1T Cfilter [] R|oad

Figure 2 RF power link and the rectifier

Due to efficiency and the radiated magnetic field constraints, design of the radio frequency
coils is very important. A major study for the design of radio frequency power links is done
by Wen H. Ko [3]. In[3], DC load is converted to an equivalent AC resistor and the analysis
of the circuit is done accordingly. However, when the transmitted load power is relatively
high, this conversion results in inaccuracies. In this study, where the conversion of DC load
to an equivalent AC resistor is not accurate enough, we used the approach of exact model.
During the analysis of the circuit, usage of litz wire is investigated for reduced losses on RF
coils. As well as the loss of the system, radiated magnetic field is also considered. Constant
Q for the transmitter and the receiver coil is not assumed as in [3]. Dependence of the
unloaded quality factor, Q of the coil to the inductance of the coil is taken into account in

resistance calcul ations of the coils.

As the operation frequency increases, careful design of the power driver must be obtained.
Due to the high efficiency switching properties, class-E drivers are suitable for the high

frequency operation [4]. Along with the design of the class-E driver, a closed loop control



method by modifying the one explained in [5] is presented. Loading effect of the secondary

sideisalso included in the analysis for close-coupled power links.

The thesis is organized as follows. In chapter I1, the calculation of the inductance of the coil
and its relation with the effective series resistance of the coil is given. Chapter |11 begins with
the optimal design of the secondary side, and continues with the design of the primary side.
After acoil design exampleis given, driver design is addressed. Finally in chapters IV and V,
experimental results are discussed and the thesis summary is given. The necessary MATLAB

codes used for calculations and figure generations are listed as appendix.



CHAPTERIII
COIL FUNDAMENTALS

This chapter provides some fundamental knowledge about coil design. It is useful for the

analysis and the design procedure of the design procedure of the coils.

2.1 Inductance of a Coil

Inductance calculations is greatly facilitated by the material in [6]. For frequencies well
below the self resonating frequency of the coil (i.e. the impedance of parasitic capacitancesis
very large compared to the impedance of the inductor), it is reasonable to assume that the
inductance is only function of dimension, shape of the coil and number of turns. Method
given in [6] can be used to calculate the inductance of a circular coil for practically any

dimensional values.

Figure 3 Definition for dimensions for a circular coil (Front and side view)

Figure 3 gives a pictorial definition for the dimensions of a circular coil. As long as the

dimensional parameters are constant, inductance of a coil exhibits the following relationship;

L=L,, xN’ (1)

unit

where Lyt is only function of the shape and dimensions of the coil. If required, N can be

found from Lt and L using Equation (1).

From the tabulated data given in [6], some observations can be made about the inductance of

acylinder shaped coil.



* Lynitincreasesas“a’ increases

* Lyntdecreasesas“b” or “c” increases
Former relationship can be explained by the increase of the total coil area as well as the
increase of the length of the total winding so the total H-field crossing the coil area. Latter

relation is due to decrease of mutual inductance between each winding.



2.2 ESR of a coll

Due to the length of the coil winding, there is a parasite resistance accompanying the cail
inductance. When current passes through the coil, this resistance will dissipate power causing
loss on the coil. This resistance, called ESR (effective series resistance), is highly frequency

dependent.

At low frequencies, ESR is the same as the DC resistance of the winding,

_ 0 _ Nx2m
%C_pA_p A

where p is the resistivity of the winding material (generally copper) and A is the cross

)

sectional area of asingle turn winding (area of asingle circlein Figure 4).

A cross sectional view of atypical rectangular cross sectional winding of the coil isgivenin

Figure 4. In the figure, each circle represents a single turn.
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Figure 4 Cross sectional view of arectangular coil

As the frequency increases, current tends to concentrate on the surface of the circular
conductor wire increasing the ESR. This effect is called the “skin effect”. To minimize the



power losses exhibited in solid conductors due to “skin effect”, litz wires are used. A litz
wire is constructed of individually insulated strands twisted to a circular shape [7]. Cross

sectional view of asingle turn litz wireis given in Figure 5.

strand

Figure5 Litz wire

Because a litz wire is composed of many strands effectively increasing the surface area, ESR
will decrease compared to a single solid wire. Usage of alitz wire can be imagined as similar

to using laminated sheets for a transformer core to decrease eddy-current | osses.

Taking into account the skin effect, Equation (2) can be re-written as
N x 27

l
ER=R,. :pxksf =p A Kg 3
An equation for kg isgivenin [8] as
2
R :H+2X(NsxlD) <G, @
Roc OD
4

G, = Eddy current basis factor :[%J (f inHertz, ID incm's) (5)

— ] RAC —
H =(Snglestrand) == =1 (6)

C

ID, OD =diameter of anindividual strand and the finished litzwirerespectively
Ng = Number of strandsinoneturn

Referring to Figure 4, OD in Equation (4) can be approximated as



_ [bxc
oD =, N (7)

where b and ¢ are the dimensiona properties of the coil (Figure 3) and N is the number of

turns of the coil. From Figure 5,

2
_( oD
NS_[leKJ ®)
or equivalently,
N, = b><C/N2 (9)
(IDxK,)

In equations (8) and (9), K. is the stacking factor which is defined as the ratio of the total

cross sectional areato the area of the occupied region by copper conductor.

It should be noted that, equations (7)-(9) can not go any further than approximations. OD and
Ns value may grestly depend on the winding process as well as the number of turns, N. For
more accurate results, one may use hisher experience and/or trials to find out the value for
Ns.

As long as the same winding process is applied to the same size coil, there has to exist a
relation between the ESR of the coil and the number of turns (inductance as well by (1)).

Inserting equations (9), (7) and (4) into Equation (3),

bxc ’
N x 2721 N {ID\/T

/
Rye = p—=p———| 142,
e TP 'ONSXMD7 IDxK.2 | | 10.44
4

4
J , finHertz, ID in cm's) |(10)

In Equation (9), arelation was stated between Ns and N. Replacing N,

2
bxc

4
K 2x N?x8xa N ID|/f . .
R, = ¢ 1+2. . ,(finHertz, IDincm's 11
e =P bxc ID xK_? (10.44 ( ) (11




Equation (11) states a relation between the number of turns and the ESR of the coil.

However, making ESR as a function of inductance will be preferred in proceeding sections.

Using Equation (1),
bxc i
T 4
2 L/L
Ric :pw 1+2. / = IDJT (f inHertz, ID incm's) | (12)
L, Xbxc ID xK, 10.44

The above equation establishes the relation between inductance of the coil (L) and the
effective series resistance (ESR) for the dimension of the coil (Lynit), operation frequency (f)
and the chosen litz wire (ID and K¢). Equation (12) is one of the most important equationsin

the design procedure for both the secondary and primary coil.

American Wire Gauge (AWG) is a US standard for the diameter of the individual strand. As
AWG number decreases, ID of an individual strand will increase. For a constant operation
frequency, from available numbers, AWG number should be chosen not too small, otherwise
it will increase kg in Equation (3) and should also be chosen not too big, otherwise it will
increase K. in Equation (7) due to unnecessary insulation thickness between individual

strands. As a guide for choosing the optimal AWG number, Table 1 from [7] is given below.

Table 1(Frequency vs. AWG Strand Size)

frequency (kilohertz) AWG
1To 10

10To 50
50To 100
100 To 200
200 To 400
400 To 800
800 To 1600
1600 To 3200
3200 To 5000

S| R[S 588|838

In Equation (6), H is set to be 1, AWG number should be chosen accordingly from the table

for the operation frequency.



CHAPTER 111
ANALYSISAND DESIGN OF POWER LINK

In [3], the overall system is analyzed and designed together. However, to deal with the non-
linearity of the secondary side and to consider the magnetic field as well, it is preferred to

divide the overall the power link in two parts, as primary and secondary sides.

Design of the power link should be started from the secondary side due to loss, radiated H-
field and load requirement reasons. Secondary side is implanted inside the tissue to power the
prosthesis. Because an excessive |oss on the secondary side may cause tissue damage, 10ss of
the secondary side is much more important than the loss of the primary side. In terms of H-
field radiation, even though primary side is the main source for power and the H-field
accordingly, the radiated H-field requirement is determined by the load and the secondary
side. Because the load requirements are strictly specified prior to the power system design,
starting the design from the secondary side will be easier than starting from primary side.
However, the design effects of the secondary side to the primary side should also be

considered for efficiency purposes.

Once the secondary side is designed, primary side should be designed accordingly to meet
the radiated H-field requirement of the secondary side. It will be shown in section 3.2 that, in
the design of the primary side, there will be a trade-off between the available input DC
voltage level and loss on the driver and the primary coil.

Especidly at high frequencies, design of the power driver should be given specia attention to

reduce switching losses. Closed loop class-E power driver design to minimize the switching

losses is discussed in section 3.4 for low Q networks.

10



3.1 Secondary Side:

For sinusoidally excited inductive links, an approach to model the coupling effect is by
connecting a sinusoidal voltage source in series to the secondary coil. The effect of the
secondary side to the primary side is to be discussed later in section 3.2. Based on sinusoidal
voltage source modeling, secondary side can be modeled as in Figure 6. In the figure, Ving iS
the voltage induced at the secondary coil by the primary coil, which is due to the mutual
inductance, M1, in Figure 2. Other than this modification, the circuit is identical to the

secondary side of Figure 2.

> '

2
T Cres —T— Cfilter [} RIoad VRIoad

Figure 6 Schematic of secondary side

If the diode current is much less than C, current, then the circuit can be simplified to alinear
model where relations between load voltage, inductor current and induced voltage can be
established using mathematical equations. Otherwise, the circuit has to be analyzed asit isin
Figure 6 (exact model). In the latter model, simulation results will be used for determination

of circuit variables. These two approaches are explained in sections 3.1.1 and 3.1.2.

3.1.1 Linear Model

The circuit of Figure 6 is non-linear by nature due to the filtering diode. Cyjjer and Rjoad, lONQ
with the existence of the diode, make the circuit less likely operated in linear model.
However, if the diode current is minimal, the circuit can be linearized such that analysis is

possible. A smplified linear model isgivenin Figure 7.

11



ESR,,

jwL,
—— 1jwC, L

ind

Figure 7 Linear model

The condition for this ssmplification requires that the current on R, branch should be much
smaller than the current on Cre. i.€.

1 <i
wxC, 10

(13)

Otherwise pulsative diode current charging Criier Will cause higher order harmonic currents to
become effective on the circuit.

Of the components in Figure 7, especialy for large inductor and high frequency, L, will have
a significant ESR (effective series resistance) causing both power loss and voltage drop.
ESR\, isadded to model the resistance of the inductor as mentioned in section 2.2.

3.1.1.1 Load Resistance, R

Because in Figure 7, the load sees an AC voltage signal rather than a DC rectified voltage as
in Figure 6, Rioag should be modified. R, is the equivalent AC load which dissipates the same
power as Riosg does. To give a rectified voltage of V¢, the peak voltage on the capacitor
needs to be

Ve peak = Ve, T Vaiode (14
where VRioad IS the voltage of the DC load in Figure 6. From Figure 7,
VRL,rms = (VRDad +Vdiode)/\/E (15)

12



If more accuracy is desired, diode loss should aso be added to the power dissipated by Rjga.

From Figure 7,

(Ve Vo) V)

P

R = (16)

2

V
where P =P, . +—=_ which is derived from Figure 6. 17)

oad

Diode loss can be approximated as
Pdiode :Vdiode X l Load,DC (18)
With equations (18) and (17), (16) can be re-written as

(( R oad dlode)/[)

R = 2 (19)

VRL d
0a(
Vdiode X I Load,DC +

RLoad

Another approach for finding an equivalent RL value is proposed in [3]. In that study,
R =R .4/2 istaken by neglecting the power loss and the voltage drop on the diode.

3.1.1.2 Resonant capacitor-Cies

Cres IS tO create a resonant current on R-L-C branch and amplifying the voltage supplied by
the AC source in Figure 7. For a complete resonation, as long as the circuit is linear and all
the branch currents are sinusoidal, the value of C,e should be

1
C.=—
res a)'ZL

Assuming Rie=0, With this capacitance, the voltage amplification factor (sometimes

(20)

referred as the gain of the resonant amplifier) will be,
VRL —_ Q ]/acres - wLZ
Vi ER, ER,

where Vg istheload voltage in Figure 7.

(21)

13



3.1.1.3 Seriesresistor of theinductor, ESR| »

Because ESR, , is assumed as the only source of power loss, it deserves specia importance.
For fixed dimensions of the cail, frequency, and the AWG number of the litz wire, the
relationship between L and ESR is given by Equation (12) in section 2.2.

3.1.1.4 Inductor current, |-

The current on the inductor is the sum of the load current and the capacitor current. For

constant VRL , the inductor current will be

L =le_+lg =V, jaCp A (22)
R
||L2|:\/(VRL‘UC2)2+[\%J = RL\/(CUT-J J{%j (23)

3.1.1.5 The Required induced voltage-Ving

Modeled as a sinusoidal voltage source in Figure 6 but in fact the coupling effect of the
primary coil, Ving, with the number of turns N, will implicitly give the value of the required
H-field to be excited by the primary coil.

Referring to Figure 7, for any L, value, there is a unique value for Vi to generate the
required DC voltage on the load R, Or the peak voltage on Cis given by Equation (14).
From phasor equations,

v v (11 jaC.) IR o
CT(@aCD) IR ) ek, +ESR

The requirement for Vg, was given in Equation (15). The absolute value of Ving can be found

by inverting the Equation (24) as

) 1/ jaC L) IR
abs(Vipg ) = abS(Ve, )/ abs( (U jaC) IR) +jak, +ESR, J (25)

14



3.1.1.6 Loss of theinductor

Power dissipated by the inductor is equal to,
loss =1, *xESR, (26)
Using equations (23) and (12)

= i) 3]

2

_bxc 4 (27)
2 JL /L IDy/f : :
ch XL, x8xa 142, 2/ 2‘ _ \/7 (f inHertz, ID incm's)
L, Xbxc ID xK, 10.44

As long as the dimensions of the coil, frequency and the strand size of the litz wire are
constant, the loss is a function of the secondary inductor. Thus for any L, the loss of the coil

can be calculated correspondingly.

3.1.1.7 H-field

Because the tissues in body have non-zero conductance, the effect of the H-field around the
secondary coil is of great importance in transcutaneous power links. High H-field radiation
causes excessive power to be dissipated within the surrounding tissue, thereby decreasing the

efficiency of the system and even more importantly causing damage to the tissue.

In a coupled coil pair, both the coils will contribute to the H-field. Total H-field will be the
superposition of the contribution of these two. However, because the interested region is very
close to one of the coils (i.e. the secondary coil which is covered by the body), and thereis a
phase shift between the currents of the primary and the secondary coil, this superposition will
require complicated equations. The complexity limits the calculation of both H-fields to only

an average throughout the secondary coil area.
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The nomenclature used in this study for the two generated fields is Hing and Heyt, Where Hing
is due to the primary side and Hsys is due to the secondary coil. As explained above, the
magnetic fields of both sides are calculated only as an area average throughout the secondary
coil area. Because the total H-field is the superposition of the two H-fields, minimizing only
one of these does not necessarily reduce the total H-field. Thus both the H-fields should be

tried to be minimized at the same time.

Of these two H-fields, Hing value is not only critical for H-field limitations, but also directly
affect the primary side excitation strength. Larger Hing means larger excitation by the primary
side. Obvioudly, that implicitly increases the losses and the device ratings on the primary

side.

Using Maxwell’s equation, the absolute value of H_, ;.. can befound as,

abs(V,, abs(V,,
Havg,ind = ( d) = (2 d) (28)
Nxareaxwxy, N xmxa” xwxy,
where Vinq isthe rms induced voltage cal culated using Equation (25).
Likewise, Havg et CanN be written as
~ abs(VSelf )
Havg,self - 2 (29)
N x7xa” x wXx 4,
where Vs is
Ve =1, xwxL, (30)

where |, is calculated as Equation (23).

IEEE has developed a set of limitations on H-field as a function of frequency [9]. In this
thesis study, the normalized H-field is used to indicate how close the design is to the H-field
limitations. It is defined as

H (A/m)

H orm — 3 ATy
H |EEE (A/ m)

(31)

where, Heee is the limitation given in [9] as afunction of frequency.
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3.1.1.8 Analyzing loss and H-field
In equations (27), (28) and (29), the variables loss », Hsif, and Hing, are functions of L,. This

enables to plot the loss and H-field variables as a function of only L,. After the variables are
plotted with respect to L, the designer can pick up an optimal value of L by considering these
3 variables. From Equation (1), number of turns of the secondary coil can be derived once L

is known.

3.1.1.9 Modification on Ns

Due to the non-idealities and uncertainties of the winding process and the inaccuracy of the
linear Ns formula given by Equation (9), number of strands will deviate from the calculated
value. If the cail is winded using the number of strands found by equation (9), number of
turns may be different than the desired value. In that case, Ns should be modified to give the
desired number of turns. With the modified Ns value, loss of the coil will change as well by

changing the value of ESR, ».

3.1.1.10 Linear region design procedure
A flow diagram about the design procedure is given in Figure 8. With the given cail

dimensions, load power requirement, DC load voltage requirement and the operating
frequency, the design procedure for the secondary side can be stated as:
1) Find L from section 2.1.
2) From Table 1, choose the litz wire strand size (AWG number)
3) For the operating frequency and the selected litz wire, formulate the relation between
L, and ESR_ ;> using Equation (12)
4) Asexplained in section 3.1.1.1, considering diode power |oss, diode voltage drop and
load power, find the equivalent R, value to model the DC load from Equation (19).
5) Find the minimum capacitance (so the maximum inductance value) for the system

which still could be assumed as linear by Equation (13).
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6) Using sections 3.1.1.6, 3.1.1.7, as well as a math program, plot the loss and H-field
variables versus inductor vaue.

7) Decide on an inductance value based on the plots obtained in step 6. Calculate the
capacitance value from Equation (20), the number of turns (N) from Equation (1) and the
number of strands (Ns) in asingle turn from Equation (9).

8) Ns will deviate from the calculated value due to non-idedlities. Decide on the final
value, after atrial.

9) Note the Vi, value corresponding to the L, value chosen to be carried to the primary

side design.

Find the unit inductance

J L
Choose the strand size for the litz wire

J L
Write ESR| , as afunction of L,

4 L
Find the equivalent AC resistance of the load

4 L
Find the maximum inductor value that the system
can still be modeled by the linear one
J L
Plot loss and H-field wrt. Inductance of the cail

J L
Find the optimal point on the plot

J L
Make winding trials for the exact value of Nsto
give the desired number of turns
4 L
For the inductor value, find the required in induced voltage

Figure 8 Design procedure for linear model

3.1.1.11 A design example:

In this section, we will present a secondary coil design example.
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System requirements:
Load power: 25mW (R 0ag=2560Q2)
Load voltage: 8V at DC

Coil dimensions A=1cm

(asshownin _

Figure 3): B=0.05cm
C=0.2cm

Operating frequency:1IMhz
Steps in section 3.1.1.10 will be followed.
1)By Appendix A1, Loy isfound as 3.7E-8 H/N?.
2)From Table 1, 44AWG litz wire is suitable for 1 MHz operation. With this wire, each
strand will have a diameter of 5.08e-2mm [7].
3)ESR,, is defined as a MATLAB function in Appendix A2 for 44AWG wire. Because
unexpected excessive losses can be critical, calculated ESR value is multiplied by a
safety factor of 1.5 to have a safety margin.
4) From Equation (19), R, isfound as 1392o0hms.
5) The minimum capacitance value and the corresponding maximum inductance value are
founded as 1.14nF and 22uH respectively using equations (10) and (20).
6) The loss and the H-field are coded in MATLAB in Appendix A3. IEEE limitation for
H-field at IMHz is 16.3A/m [9]. From Appendix A3, Figure 9 can be obtained. Note
that L2 value goes up to at most 22uH in plot, where the linear region validity range

ends.
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Figure 9 Loss and H plot for linear model

7)By looking at the plot, it can be decided that L2 should be even more than 22uH where
loss and the H-field due to self inductance will decrease but H-field due to induction will
still remain at alow level. However, the linear model used is no longer valid for inductor
values larger than 22uH. If a better design is desired, exact model in section 3.1.2 should
be used instead. To proceed to the next step, we choose the inductor value as 22uH.

8) For 22uH, the capacitor valueis J/asz =1.15nF and Nsis4.19. If Nsistaken as 5, then

N, L and C values will be approximately 21, 17uH and 1.49nF respectively which will
still yield to reasonable values. A tria is not made for finding out the experimental Ns
value.

9)Ving vaue for an inductance of 17uH will be 0.68V s from the variable Vi in the code

in Appendix A3.
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3.1.2 Exact Model

The load current is determined only by the load and as long as the load requirements are the
same, load current remains constant. However for high capacitor impedance, which implies
low C,es value and high L, value, current on the resonating branch decreases. Linear region
formulas were derived based on the assumption that the non-linear current on the load branch
is negligible compared to the resonating current on the capacitor. When R, current becomes
comparable to the resonating current, results of the linear region formulas (i.e. loss and H-
field parameters) will deviate from the rea values. As in the previous example, there might
be some cases where L, needs to be larger than the stated region for the linear model. For
these high L, values, the exact (not-simplified) model, given in Figure 6 should be used
instead. For the exact model, some component values will be different from the ones in

Figure 7 as explained in section 3.1.1.

3.1.2.1 Load resistance for the exact model

RLoad iN Figure 6 represents the load that the useful power is transmitted. If the load voltage is

DC with a power dissipation “Poa”, €quivalent load resistance can be calculated as

RLoad = VLoad ,D02 / I:)Load (32)

3.1.2.2 Filtering capacitor Ciijter

The filtering capacitor is put just to give the effect of the rectifier. Aslong as Cier rectifies
the voltage with some acceptable ripple on the DC voltage level, its value is not critical. For
areasonable value, it can be determined so that

10
T =R i Coiter >T (33)

wheref isthe frequency.

3.1.2.3 Seriesresistor of theinductor, ESR| »

The relationship between the inductance of the coil is independent of the circuit model used
(i.e. linear or exact). Asshown in section 3.1.1.3, it can be found by using Equation (12).
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3.1.2.4 Modification on C,« for exact model

As long as the capacitor current is sinusoidal, the value for C,s is the one found by Equation
(20). However, In the exact model, the diode current is non-linear and will have different
frequency components accompanying the fundamental frequency, which will yield to higher
order harmonics. Because of these harmonics, a capacitor value for perfect resonation is not
existent as in the linear-region case. However, if we look at the Fourier extension of the
current, fundamental frequency is the operating frequency and the harmonics will be greater
than the fundamental frequency. In section 3.1.1.2, resonant capacitor value was found using
Equation (20) in which the frequency is at the denominator. So, it can be expected that the
higher order harmonics on the capacitor current will make the optimal C,e value to be a
smaller value calculated by Equation (20).

Though a complicated mathematical calculation for this value might be possible, in this
study, it is preferred to find out the optimal C. value by a circuit simulator such that the
output voltage for constant induced voltage, Vinq is maximal.

With an L, value (the corresponding ESR, ,; as well) and Riq Value, the coil is excited with
Ving @ the operating frequency. By parametric analysis on Cs vaue, output voltage is
observed on R.. Thus Cs giving the maximum output voltage should be chosen for the

specified inductor value.

3.1.2.5 Inductor current, I, , and therequired induced voltage, Vind

Because the phasor domain equations can no longer be used in analysis of the circuit,
equations for finding I and Ving derived in section 3.1.1 can no longer be used. As done for
finding C.s vaue, a circuit simulator can be used to find these two values. For a pre-
determined L,, the corresponding ESRL2, the corresponding Cie and load resistance Ry ga,
the only unknown in the circuit is the induced voltage Ving. TO find out the value of the
induced voltage, Ving can be swept using a circuit simulator just like the process of finding
out the C,e value to get the required output DC voltage Vgioag- At this Vi value, the rms
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current on the coil and Vg value should be taken so that they can be used for later

caculations.

For different L values, this procedure should be repeated so that a comparison can be made

between different L values.

3.1.2.6 Loss of theinductor

For any inductor value, the current that will pass through the inductor to give the required
output voltage is found in section 3.1.2.5. ESR of the coil was explained in section 2.2. Using
the current on the coil and the ESR value, loss of the coil can be found by equation (26).

3.1.2.7 H-field

In fact, H-field calculations are not different than the ones used in section 3.1.1.7. However,
I.2 and Vi should be the ones found in section 3.1.2.5, instead of the calculated values. By
using the coil current and induced voltage values, Hing and Hss Can be calculated by
equations (28) and (29).

3.1.2.8 Analyzing loss and H-field

After al the variables (Hssr, Hing and loss.;) are plotted with respect to L, (not as a
continuous function as in linear model but as a discrete plot) designer is supposed to decide
on an L, value. Due to the trade-offs between the loss and the H-field, the chosen value will

be dependent on the judgment of the designer rather than an exact L, value.

3.1.2.9 Modification on Ng

It was discussed in section 3.1.1.9 that experimental Ns to give the required number of turns
will be different than the calculated value. It is not different in this section and the Ns value

to be used can be found by experimental winding trials.
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3.1.2.10 Summary of exact model design procedure:

For the given coil dimensions, load power requirement, DC load voltage requirement and the

operating frequency, the first three steps stay the same as the first three steps of linear model.

The remaining steps can be modified as:

4)
5)

6)
7)

8)

9)

Find the value of R oy Using the Equation (32)

Starting from the maximum L, value that the linear region is valid, decide on some
valuesfor L, for aset of ssimulations.

Find the corresponding ESR, » values using Equation (12).

Using the procedure in section 3.1.2.4, find the corresponding C,e values for each L,
value by simulations.

For each L, value, using the capacitor values from step 7, make a parametric analysis
for Ving S0 that the required output voltage can be met. For every L, point, take the
current data of 1, 2 ms for the corresponding Ving.

Using the data from step 8 and using equations (27), (28) and (29), find the loss and the

normalized H-field values. Plot these variables versus inductor value.

10) Decide on an inductance value based on the plot obtained in step 9 and calculate the

number of turns (N) and number of strands (Ns) correspondingly.

11) Modify the Ns value after experimental trials.

12) Note the Ving value corresponding to the L, value to be used for the primary side design.

Figure 10 shows the design procedure as a flow chart.
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Find the unit inductance

J T
Choose the strand size for the litz wire

J T
Write ESR| , as afunction of L»

J T
Find the DC load resistance

J T
Pick a number of L, values

JL
Find corresponding ESR, , values

JL
Find corresponding optimal C,es values

J L
Run simulations for each inductor value and find
the corresponding Ving and I »
J L
Plot the loss and H-field wrt. Inductance of the coil

Find the optimal point on the plot

J L
Make winding trials for the exact value of Ng

J L

For the inductor value, find the required in induced voltage

Figure 10 Design procedure for the exact model

3.1.2.11 A design example:

Let’s consider the same load requirements as in section 3.1.1.11 but with an exact model.

Thus, L, is further increased to the off-limits of the linear moddl.

Requirements:
Load power: 25mwW

25



Load voltage: 8Vdc
Operating frequency:1IMHz

4)
5)

Using Equation (32), R cas=25600hm

Linear region was ending at 22uH, so the exact model inductor values should be

started from 22uH. Data points are selected as 22, 30, 40, 60, 80, 110, and 140 (uH).

6)

Table 2 (ESR values for corresponding L values)

Using the code in Appendix A2, the corresponding ESR,» values are found as in
Table 2 for Lyynii=3.7e-8.

L2(uH) 22 30 40 60 80 110 140 200
ESRL2(ohm) 2.05 2.78 3.69 5.52 7.34 10.1 12.8 12.8
7) Using acircuit smulator (i.e. SPECTRE), to obtain maximum output voltage Vry oads

Cres Values are found as in Table 3. For comparison purposes, ]/ o”L vaues aswell

as the ratio of the Ces values by simulations to the Ci values by ]/ oL are aso

given. As L, increases, so does the deviation from the linear region values increase

as can be seen from the “ratio” variable and the validity of linear assumptions

decrease.

Table 3 (C, values for corresponding L values)

L2(uH)

22

30

40

60

80

110

140

200

Cres(pF)

1100

790

580

370

260

170

130

75

Cres(pF)(1/w"2L)

1152.545

845.1999

633.9

422.6

316.95

230.5091

181.1143

126.78

ratio

0.954409

0.93469

0.914971

0.875532

0.820319

0.737498

0.717779

0.591576

8)

and inductor current.

Table4 (required Vind and resultant coil current for corresponding L values)

Again using SPECTRE, data in Table 4 are found for the required induced voltage

For Vload=8Vvdc
L2(uH) 22 30 40 60 80 110 140 200
Vind(peak) 0.974 1.246 1.57 2.17 2.74 3.58 4.35 5.76
IrmsL2(mA) 52.67 39.74 30.85 21.75 16.95 12.94 11.17 8.39
9) Using the equations (27), (28) and (29), MATLAB code is shown in Appendix B.

From the code, Figure 11is generated.
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10) From Figure 11 L, can be decided as 200uH where the loss is much smaller than the
required power and where the superposed H-field is the minimum value.

11) Anwinding experiment is not made for this example.

12) From Table4, if L2=200uH, Vind=5.76V pex.

Designing the circuit for larger L values is aso possible and looking at the plots, it is
expected to give better result in terms of secondary loss. However, the plot for Hi,g shows
that the primary side excitation losses will increase.
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Figure 11 Loss and H-field for exact model

27



3.2 DESIGN OF PRIMARY SIDE

After the design of secondary side is complete, primary side is to be designed to meet the
requirements of the secondary side (i.e. the induced voltage Ving for a particular secondary
side inductance L, dimensions and the distance between the coils).

Without dealing with the powering of the coil, primary side can be modeled asin Figure 12

Figure 12 Simplified primary side

Because the primary side frequency is the same as the secondary side frequency, the litz wire
strand size can be chosen as the same one used for the secondary coil winding. However,
Equation (4) indicates that, for constant strand size, skin effect will increase as Ns increases.
If Ns is so large that the “skin effect” is at an excessive level, it might be preferred to
increase AWG number, and decrease the ID of an individual strand. In this case, Ns will
increase but the decrease on ID will dominate in Equation (4) and ESR will decrease. For a
known shape and size of the cail, L1,y and ESR,; can be calculated by sections 2.1 and 2.2

inasimilar way for L2t and ESR| 1.

3.2.1 Coupling coefficient

An important parameter of the coupled coils is the coupling coefficient, “K’. It is a measure
of how much the coils are coupled to each other. Its value is between “0” and “1”. “K” isa

function of distance between the coils as well as the dimensions of the cails. In this study, for
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calculation of the coupling coefficient, [6] is used. Mutua inductance of the coils can be

calculated from the coupling coefficient “k” by using the formula
My, =kyLL, (34

3.2.2 Primary current, I ; requirement

The voltage induced on the secondary side, previously referred to as Ving, Can be calculated

as

dl
Vind = M1,2 Tu

If Equation (34) is substituted into Equation (35)
Vg =, %K xm (36)
or equivalently,

_ Ving

| .=
L kax/l_le2

for sinusoidal input, V, , = wM,,I ; (35)

(37)

For constant physical properties of the cails (i.e. dimensions and the distance between them),
IL1 is inversely proportional to the sguare root of Li. A large value of L1 will decrease the
current requirement on the coil. For the value chosen for L1, some trade-offs will come into

play.

3.2.3 Effect of L, on Loss

Loss on the primary coil can be found by

loss, =1, **xESR, (38)
Using equations (12) and (37), loss can be formulated as
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2
|O$_ — \/ind X
! wx k x /l_le2

2

_ bxc \ (39)
chzxL1><8><a 1io V L/ L | ID{f
L, it XbXC ID xK? 10.44

It can be seen that, as long as the frequency is high so that the skin effect comes into play,
larger L, values reduces the power loss on the coil. Figure 13 shows a plot for the loss vs. L1.
For high L values, loss of the coil tends to be saturated at a point where the skin effect is“0”.

0.065

0.06
0.055 \
0.05

0.045

loss (W)

0.04

\

0.035

0.03

0.025
0.5 1 15 2 25 3 35 4 4.5 5 5.5

L(H) 4

Figurel13Lossvs. L1

Moreover, as L1 increases, driver losses decrease, too. If L1 isincreased, current supplied by
the driver decreases by Equation (37). As the current of the driver decreases, losses on the
driver will decrease as well (i.e. transistor conduction losses). If the loss of the driver is of
importance, this factor should also be included in considerations.

As a genera conclusion, it can be said that, higher L; values will increase the efficiency by

both decreasing the losses on the primary coil and by decreasing the current supplied by the

driver.
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3.2.4 Effect of L1 on Q1 of the primary side

The quality factor mentioned here shouldn’t be confused with the Q of the coil. Q; isreferred
to as the equivalent loaded Q of the primary coil that the AC voltage source sees. This
parameter may be an important factor for the design of the AC voltage source or the driver.
Specificaly, if the driver is class-E, it is desired that the load have high Q, which is discussed
later.

Figure 14 Simplified primary

The load network that the power inverter seeswill be asin Figure 14 In the figure, Regnt iS the
equivalent loading effect of the secondary side seen by the primary side. The loss of the
primary coil is neglected in the calculations. Thus, it should be noted that derivations below
are only valid when loss on the primary coil is much less than the transmitted power (i.e.
coupling coefficient is high). If we define the total power delivered to the secondary side as
P2, Regnt Will be approximately

R =2 (40)

eqnt 2
L1

Using Equation (37), quality factor will be

V 2
Q: a)Ll = ind > (41)
Row B xawxk”xL,

which isindependent of L; or N;.

In conclusion, the value of L; does not have any significant effect on the quality factor.

31



3.2.5 Effect of Ly on V|

The voltage of the coil may be an important factor for isolation as well as the driver voltage
ratings. The voltage on the coil is the multiplication of the current and the impedance of the

coil.

Vi =y R +67 X2 (42)

However, because oL and Rey are squared, Regn Can be neglected even for Q is as small as

3. With this assumption, the voltage becomes simply
Vlea)xleILl (43)
If the Equation (37) isinserted into Equation (43),

V — \/ind \/E (44)
L1
5
or equivalently

— VL12 xk’ xL,

L v_? (45)

An important conclusion from 44 isthat, V|1 is proportional to the square root of L, or to the

number of turns itself.

In fact, the inductance value may also effect the DC voltage requirement of the driver. In
section 3.3, it will be shown that, higher values of L; will require more DC voltage supplied
to the class-E driver to obtain the same output voltage on the secondary side.

3.2.6 Determining the value of L,

In section 3.2.3, it was understood that large L1 is needed in order to reduce the loss.
However, in terms of reducing the voltage level, L; should be decreased as derived in section
3.2.5. In other words, there is a trade-off between the voltage rating and the efficiency of the

primary side.
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The following procedure is for the determination of L1. Designer should determine a voltage
level that the wire and the driver can handle. Using this voltage, the value of L can be
calculated from Equation (44). In case a class-E driver is to be used, designer should aso
take into account the effect of the chosen inductor value to the V 4q requirement as explained
in Section 3.4. After choosing the inductor value and the coil is implemented accordingly,

designer can proceed to the design of driver for driving the primary coil.

In summary, the procedure can be described as

1). Cdculate“k” and L yynit

2). Choose the maximal voltage on the primary coil, by considering the trade-off of the
power loss. Using Equation (45), calculate L, corresponding to the chosen maximum
voltage.

3). Calculate the current on the primary coil using Equation (45) and the loss using
Equation (39). If the loss is not acceptable, try to increase V. 1.

4). Using L unit found in step 1), calculate N as well as Ns using the equations (1) and
(8).

5). After experimental winding trials, come up with the final Ns value
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3.3 A coupled coil design example

This section provides a design example of the coupled coils. Table 5 shows the coil system
for the following system requirement:

System requirements are:

Load power: 250mwW

Load voltage: 15Vdc

Operating frequency: 1 MHz

Table 5 (physical information of the coupled coils)

Primary coil Secondary cail
Coil dmensions(cm): |a |2 1
(Figure 4) b |05 0.05
c |02 0.1
distance (cm)
: d 0.7
(Figure 15)

Figure 15 Definition of distance between coils

3.3.1 Design of secondary side:

Steps explained in section 3.1 are to be followed.

Linear model calculations:



First three steps are the same as steps 1-3 of section 3.1.1.11, which yields an Lyt of 3.7E-8
H/N?, litz wire of 4AWG from Table 1 and the code in Appendix A2 for ESR, , calculation.
4) Using the Equation (19), R, isfound to be 471ohms.
5) Theminima C.is 3.38nF by Equation (13). This corresponds to an L, of 7.45uH.
6) Figure 16 is generated by the code in Appendix D1.
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Figure 16 loss and H-field for linear model

7) In these plots, the loss and the mutually induced H-field are at acceptable values.
However, self induced H-field is still far from acceptable limit, which implies the
need of increasing the inductor value such that the exact model should be used.

Thus, the exact model should be used by following the procedure explained in section

3.1.2.10.
4) Using Equation (33), R ,,a=9000hms
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5) Starting from an L2 of 7.5uH, followed by the values of 15, 25, 40, 60, 80, 110, 140

(uH)

6) Table 6 shows the corresponding ESRL2 generated by the code in Appendix A2.

Table 6 (ESR values for corresponding L values)

L2(uH) 7.5 15 25 40 60 80 110 140
ESRL2(ohm) 0.71 1.4 2.32 3.69 5.52 7.34 10.1 12.8
7) Table 7 shows Cres generated by acircuit smulator such as SPECTRE.
Table 7 (C,es values for corresponding L values)
L2(uH) 7.5 15 25 40 60 80 110 140
Cres(pF) 3280 1590 900 530 270 190 130 95
Cres(pF)(1/w"2L) 3380.8| 1690.4| 1014.24 633.9 422.6] 316.95| 230.5091( 181.1143
ratio 0.970185| 0.940606| 0.887364| 0.836094| 0.638902| 0.599464| 0.563969( 0.524531
8) Agan using SPECTRE, required data for induced voltage and the corresponding

inductor current are shown in Table 8.
Table 8 (required Vg and resultant coil current for corresponding L values)

For Vload=8Vdc

L2(uH) 75 15 25 40 60 80 110 140
Vind(peak) 2.04 3.1 4.65 6.87 9.34 11.8 15.3 18.8
IrmsL2(mA) 270.6 147.8 96.55 68.54 47.49 40.65 34.75 31.3

9) Figure 17 is generated by the code in Appendix D2 which includes equations (27),
(28) and (29).

36




40 ! ! 0.2
--------- H-self
———  H-induced
——  loss
©
Q —
= 01 3
£ 2
8 o
I ~~~~~~~~~~
—/4_/> —
0 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4
L(H) x 107

Figure 17 Loss and H-field for exact model

10) Referring to Figure 17, L2 can be decided between 60 and 80uH where the self H-

field is minimal and the other parameters are acceptable. For L2=60uH , N and Ng
are 40 and 6 respectively.

11) Experimentally, 40 turnsis obtained for Ng=4.
12) For the inductor value, L,=60uH, Ving 1S 9.34V (peak) by Table 8.

Thus, the design of the secondary side is complete with N, Ns and L, values as 40, 4 and
60uH respectively.

3.3.2 Design of primary coil:

For this part of the design, we will follow the steps explained in section 3.2.

1). From Appendix D3, k is found to be 0.167. For the given dimensions, Lyt IS 5.20E-
8 HIN.
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2). If the maximum voltage on the primary coil is 60V peak, than L1 can be calculated as
69uH using Equation (45).

3). Using Equation (37), I ims IS found to be 98mA. With this inductance and current
value, loss will be 67mW, which can be accepted as a reasonable value for delivering
250mW. Loss is multiplied by 1.5 to have a safety margin as done in loss calculations
of the secondary side.

4). Using Equation (1), the corresponding N is found to be 37 and Appendix A.2 gives
Ns=130.

5). After trials, Nsisfound to be 150 for 37 turns on the primary coil.

The design of primary coil is thus complete with N, Ns and L; values as 37, 150 and 69uH
respectively. The required coil current is 98mA .
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3.4 Primary coil driver

Transcutaneous power links are generally powered by batteries, which are DC sources.
However, power transmitted through coupled coils requires an AC excitation which in turn
makes the power driver to be an inverter. Furthermore, considering the fact that high voltage
level is usually required by the primary coil (i.e. 60V in the previous example), the driver

should also have an ability of amplifying the battery voltage.

Being able to meet al these requirements with high efficiency, class-E power amplifier

topology is commonly used for wireless power transmission in most transcutaneous links.

A schematic of aclass-E driver is given in Figure 18. A simple explanation of how it works
and why it is efficient is given below.

Figure 18 Class-E driver

Lchoke 1S the RF choke supplying DC current to the circuit. L is the main inductor oscillating
with C,. R isthe load or the loading effect of the coupled system. C; is the alternative current
path when the switch (Q) is off.

When the switch is on, current follows through the path C2-R-L and when the switch is off,
current follows through C1-C2-R-L path resulting in two different oscillation frequencies.
The operating frequency (switching frequency) of the class-E circuit is designed to be in
between these two oscillating frequencies.
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For ideal operating conditions, a full cycle of the current on the transistor and the collector

voltage isgiven in Figure 19.

Vv

Switch

Switch

SN S

Figure 19 Waveforms for ideal class-E operation

The advantage of a class-E inverter is that it avoids the switching losses by always turning on
the transistor when the switch voltage is zero. More than that, it is also aimed that at the turn
on instant, the derivative of the voltageis ‘0’ V/sec which will compensate for the loss due to

the finite turn on time of the switch and timing errors of the control circuitry.
Our experiments show that class-E inverter is greatly frequency dependent. Even a 3%

change in the frequency can dramatically affect the efficiency. Figure 20 shows some

oscilloscope traces about this frequency dependence.
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Figure 20 Frequency dependence of open loop control for class-E

In Figure 20b, it is clear that there are switching losses at the turn on time of the switch, thus
decreasing the efficiency. This makes the closed loop control of class-E circuit essential. In
addition to the frequency dependence, the dramatic effect by the change of equivalent load Q
on the primary side is aso reported by authors [5], [10], and [11]. A feedback from the
resonant circuit of the class-E may be used to largely reduce the undesirable effect [5], [10].
Feedback from the current on the inductor L is used in both studies.

wL | 1/wC wL ‘l/WC
7
g
R R
a b

Figure 21 Phasor diagrams for high Q and low Q network

In [5], the problem is approached by high Q approximation and it is claimed that for high Q
values (Q>80), current on C2-R-L branch and V. voltage will have 90degrees phase shift
when the switch is off. A typical phasor diagram for high Q approximation is given in Figure
21a. However this approach is not valid for low Q designs (Figure 21b). It is also reported in
[5] that, the optimal closure point is where V. is at its lower peak voltage. For a high Q
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network, the current on C,-R-L branch will be “0” at this minimal switch voltage. A current
transformer can be used for sensing the current on the inductor. Due to its inductive behavior,
current transformer will convert the current to voltage signal with a 90 degrees phase shift.
Zero crossing of a differentiator cascaded with a zero crossing detector connected to the
output of the current transformer will sense the negative peak value of the collector voltage.

A block diagram for the control circuitry is given in figure 22.

For diagrams,
refer to figure 18

pulse
generator

L delay | | peak detector

line

Figure 22 Closed loop control for class-E

For low Q networks, where the voltage and current will have less than 90 degrees phase shift
(as in Figure 21b), a delay line should be added to catch the minimum peak of the switch
voltage by observing the inductor current. Delay line in Figure 22 is added for low Q
networks. If the Q of the load network changes due to misalignments or the power
requirements of the circuit, then the constant delay line will cause timing errors and thus
reduce the efficiency. However the results will be good enough for frequencies as much as

1MHz. The results are shown in chapter 1V.

3.4.1 Calculation of R

R isthe equivalent resistance to model the loading effect of the secondary side. Theoretically,
the sum of the power dissipated on the secondary side (including the losses of the secondary
side as well) and the power dissipated on the primary coil should be equa to the power
dissipated on R in Figure 22. The relation can be written as
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I:ziiode + I:?oad ( 46)

P, loss, , +
R=ESR, +~5 =ER, + ik

I 2
L1 L1

In fact, there might be an inductive or capacitive effect associated with the coupling of the
secondary side. However, practically, this effect will be of minor importance. If accuracy
required, a smulation for the schematic of Figure 23 can be used for the exact effect of the
secondary side. By looking at the current and voltage waveforms of the current supply in
time domain, one can find the equivalent inductance and the resistance of the overall coupled

M2 N +

L1 L, E— L
res T Crect D Ricad Vout

system.

Figure 23 Coupled secondary side

3.4.2 Calculation of C; and C,

If the duty cycle of the control signal to the switch transistor is 50%, for known L and R

values, C1 and C2 can be found by formulas given in [4].

C.0 Y320 1 xR (47)

C, D[ %nfR} [ o) —0.105} (48)

,where, referring to Figure 22,

Q=p (49)

For any duty cycle value, the formulas given in [12] can be used as well. However, in a
closed loop controlled circuit, the duty cycle will be subject to change depending on the
loading. Due to that reason, an exact determination of component values is both impossible

and unnecessary.



3.4.3 Vy4q requirement

An equation for V yq can be derived from equationsin [4] as

V,, =V, +J/P xR (50)
Where V, is the turn on voltage of the switch. Practically, Vg is greatly vulnerable to the

timing of the circuit, duty cycle and the exact component values. But, the given formula is
still useful at least to offer an approximation.

3.4.4 Effect of Ly on Vyq

In section 3.2.5, it was mentioned that, the inductance of the coil L1 would effect the DC

voltage requirement of the driver.

Neglecting the loss of the primary coil, from Equation (46), R can be written as

2
ILl

Inserting (51) into (50),

Va =Vo + P (52)
L1
Using (37) for I 1,
wx k x XL
V,, =V, + PG L (59

ind
This indicates that, as L1 increases, DC voltage required for the class-E inverter will be
increased. This might be an important factor in addition to the ones explained in section 2.3.6

to determine the inductance of L;.

3.4.5 Inverter design example:

In this section, we present a design example.
Problem definition:
An inverter design for the excitation of the power link designed in section 3.3 where L=69uH

with current requirement of 98mA ms.



Design:

From Equation (46), the equivalent resistance, R, is 38.7 ohms.

For L=69uH and R=38.7 ohms, from Equations (47) and (48), C1 and C2 can be calculated
as C1=755pF, C2=370pF.

For these capacitor values, the required V q¢ IS approximately equal to 3.9V by Equation (50).



CHAPTER IV
EXPERIMENTAL RESULTS

For the problem stated in section 3.3, the secondary part (section 3.3.1), primary part (section
3.3.2) and the driver (section 3.4.5) are implemented. In summary, the component values are
asfollows:

L,=60uH

N2=40

Ns=4

Cres=330pF

L;=69uH

N1=37

Ns;=150

C1=330pF

C,=690pF

Q=IRF510

A picture of the implemented circuit is given in figure 24.

46



Figur e 24 Photograph of the experimental circuit

i
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4.1 Calculations

The efficiency of the power link is defined as

F)ou _Pioe+Poa
,7p0werlink: F)t - ddP road (54)

in in

For the rectified system, the overall efficiency can be defined as

P

,70verall = ll:(;ad (55)

n

Theoretically, P, will be the summation of the output power and the losses. The main source

of losses were mentioned as

 Diodeloss
e Lyloss
e Lsloss

e  Q (switch) loss
As long as the load power and voltage requirements are fixed, secondary losses (diode and

L) will be constant.

Diode loss can be calculated as 11mW using Equation (18).

For 15V output requirement, from section 3.3 or the raw data of figure 16, loss , can be
found as 11mW.

Asstated in 3.3.2 1,1 1S 98mAms. From Equation (38), the corresponding lossis 67mW.

Assuming a 50% duty cycle control signal for the switching of transistor and 0.5V turn on
voltage, the loss of the switch can be approximated as

loss, =0.5%0.5xI =24.5mW (56)

L1,avg

Because the current on Lcoke Can be assumed as DC, experimentally P, can be measured as
R =Voc Xloc (57)



4.2 Case 1: d=7mm, P,5q=250mW

LOoSSgiode=11mW

Loss o=11mW

[L.1=98MA ms

Loss 1=67/mW

l0ssQ=24.5mW

The calculated power link efficiency by Equation (54) is
=71.8%

I7p0wer|ink
The calculated overall efficiency is
=68.8%

I7p0wer|ink
The experimental overall efficiency is
=63.1%

”powerlink

Thecalculated V4 is3.9V (Section 3.4.5).
Actually, the experimental value of Vg is 4.26V

Figure 25 shows the experimental waveforms for MOSFET gate and the drain voltage.

‘Ch1- 10.0V - (@ 5.00V =M 200ns ‘A Ch2 £ 2.60

Figure 25 d=7mm, P,,,i=250mwW
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Making the switching at a value close to “0” volt, the class-E can be said to be working

properly. Thereis an acceptable match between the cal culated and experimental efficiencies.

4.3 Case 2: d=14mm, P;y2g=250mW

LOSSgioge=11mW

Loss »=11mW

[L1=196.5mA

Loss 1=269.3mW

l0ssQ=49.1mW

The calculated power link efficiency is
=49.1%

”powerlink
The calculated overall efficiency is
=47.2%

17 powerlink
The experimental overall efficiency is
17 poweriink. = 40%

The calculated V yq IS not available because the class-E circuit is mistuned. The experimental
Vg vVaueis4.33

Experimental waveforms switch gate and the drain voltage are given in Figure 26.
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10.0V |Ch2 5.00V M 200ns| A Chz &  2.61

Figure 26 d=14mm, P,;,=250mW

At the instant when the drain-source voltage is “0”, the derivative of the drain-source voltage
is non-zero. More than that, control circuit does not switch at “0” voltage. Because of these,
the class-E circuit can not be defined as properly working. However, this improper operation
does not cause any excessive power loss but only a freewheeling current over the MOS
transistor itself and thereby cause a minor loss. The calculated and experimental efficiencies
are agreeable. The decrease in the efficiency is mainly due to the power loss on the intrinsic
freewheeling diode. It is also contributed by the increase of the turn on voltage of the switch
due to increased current.

4.4 Case 3: d=3.8mm, P,;5q=250mW

LOSSgioge=11mW

Loss »=11mW

[L1=75.7mA

Loss 1=40mW

|0ssQ=18.9mW

The calculated power link efficiency is
=78.8%

”pawerlink
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The calculated overall efficiency is
1 powertink. = 16%0

the experimental overall efficiency is
M oonein = 69%
The calculated V yq IS not available because the class-E circuit is mistuned. The experimental
Vg vaueis

5.30V

Experimental waveforms for switch gate and the drain voltage are given in Figure 27.

Chl 10.0V [#i# 5.00V M 200ns A Ch2 4 —600i

Figure 27 d=3.8mm, P,;q=250mW

Because the switch is turned on at a non-zero switch voltage, Class-E circuit is improperly
working. For high frequencies, that switching loss might be of importance both by decreasing
the efficiency and causing damage to the switching device itself. However, at 1IMHz
frequency, thislossisonly,

loss = f xC xV? =39mw (58)

switching
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This switching loss accounts for the mismatch between calculated and experimental

efficiency percentages.

4.5 Case 4: d=7mm, Pp5q=119mW

A theoretical efficiency isnot calculated for that case. The efficiency is measured as
60%

The Experimental V4 valueis

3.39Vv

Experimental waveforms for switch gate and drain voltage are given in Figure 28.

€hi 10.0v [#B 5.00v M 200ns A Ch2 & 2.6

Figure 28 d=7mm, P,o,t=119mW

Class-E inverter can still said to be properly working. Experimental results show that there is

no excessive loss in the circuit.
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CONCLUSIONS

A novel design procedure for coil based RF power links is presented considering losses of
the system, radiated H-field and the DC voltage requirement of the power link. Input
parameters are load, frequency of operation, dimensions and distance between the coils.
Output parameters are inductances of the coils and class-E inverter component values. Figure

29 summarizes the design procedure.

\F/)I'z:l — Secondary side design
f
dimi» @ L2Ving
f
dircrjm S Primary side design
Yoo ﬂ Li, P2, 11
f —> Class-E design

Figure 29 Summary of power link design procedure

Based on the design procedure, a power link is designed to transmit 250mW power to a 16V
DC load. Power link is implemented by using 2cm and 1cm radius for the primary and
secondary coails. Errors were less then 10%, which is acceptable considering the accuracy
limits of the formulas used. For an optimal distance of 7mm between the coils, power link
efficiency is measured as 65%. Losses in the measurement include the losses of the rectifier
and the losses of the class-E driver but exclude the power dissipated by the control circuitry.
Control loop for the class-E circuit was successful for a loaded Q range as high as 4 to 20
which was actually designed for aloaded Q of 12.
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APPENDICES

A Calculations for section 3.1.1.11

A.1  Samplelnductance calculation for section 3.1.1.11
All the equations used in this section are from [6].

2a
L, =0O. 01974( )acm(K k) (uH /N?) (58)
/ =0.1 (59)
/ 0.25 (60)
/2 =0.025 (61)
Table 9 values of k from Table 23 of [6]
blc cl2a
0.05 0.10 0.15 0.20 0.25 0.30
0.25 0.0128 0.0256 0.0383 0.0510 0.0635 0.0759

From Table 9, k=0.0256
Table 10 values of K from Table 36 of [6]
b/2a 0 0.1 0.2 0.3 0.4 0.5
K 0 0.03496 0.06110 0.08391 0.10456 0.12362

By interpolating from Table 10, “K” can be found as 0.0725.
From (58) , Lynii=3.7E-8

A2 ESR|,Calculation

% his function finds the resistance of winding of a coil given the

di mensi ons

%nd t he nunber of turns

%his case is for 44AWG

%Wmnis the mninumradius, rmax is the nax and h is the thickness of the
coi l

%Wh" is the sane as "b" in Figure 2

%l |l units incm’ s

% unction Rac44 = Rac44(N, rmn, rmax, h) %cm s

function Rac44 = Rac44(N, rmin, rmax, h) %cm s

b=h; % o use the sane notation witten as in the thesis

f=1e6; % r equency

Kc=1. 155; % aken from[7] for 44AWG itz wire

| D=. 0022*2. 54; %D aneter of the single strand litz wire. Taken from[7]
for 44AVG

rho=2. 08e- 6; Yohns. cm (copper)
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Hs=1; %AC resistance to DC resistance of individual strands when isol ated
K=2; % Constant depending on N (from[7])

% or "a" and "c" refer to Figure 2

a=(rmax+rmn)/ 2;

c=(rmax-rmn);

| ength=a. *N*2*pi ;% n cms

Ns=b*c./ N (1 D*Kc) *2%quati on (9)

Rdc=r ho*N. "2*8*a/ b/ c*Kc"2

Rac=r ho*N. *2*8*a/ b/ c*Kc"2. *(1+2*(sqrt (b*c./N)/ I D/ Kc"2) . 22* (I D*sqgrt (f)/ 10. 4
4)~4) Y%Equation (12)

%o take into account the inaccuracies of the fornulas and

%dependencies to the wi nding process, a safety factor is added to the
formul a

saf etyfactor=1.5;

Rac44=Rac*saf et yf act or

A.3 Calculation of thevariables

%-or determ nation of C and L values for the m ninum power | o0ss,
%al cul ated for linear region

%Weferring to Figure 2, code assunes bel ow physi cal properties
%=1 cm

%c=.2 cm
%=. 05 cm
cl ear

Vdc=8; % oad DC vol t age requirenent

L2uni t =3. 75e-8; %.=L2uni t *sqr(N), taken fromstep 1

H EEE=16. 3; ¥%speci fied by | EEE for 1NMHz

Vdi ode=0. 7;

RL=1392; % he | oad resistance value to dissipate 25nmN taken fromstep 4
r=1e-2; Y%paraneter "a
area=pi *r"2;

u0=4*pi *le- 7;

f=1e6; % he operating frequency

w=2*pi *f

VL=(Vdc+Vdi ode)/sqrt(2); % ns vol tage of the equival ent | oad
L2=10e-6:. 1le-7: 22e-6; ¥%swept up to the edge of |inear nodel
N=sqgrt (L2/L2unit); %qg'n 1

C=1/wr2./L2; %q' n 20

ESRL2=Rac44(N, .9, 1.1, .05); %\ppendi x Al

[rmsL2=VL*sqgrt ((1./(wL2)).72+(1/RL)"2);%q' n 23

| 0SS=ESRL2. *I rmsL2. "2;

absVi nd=VL. /abs(wsL2/j *RL. [/ (wL2/]j*RL+(j *W-L2+ESRL2) . *(w*L2/] +RL)));
% nms val ue, equation (25)
absVsel f=wL2. *IrmsL2; %eq' n 30

Havgi nd=absVi nd. / (N*ar ea*w*u0) ; %eq' n 28
Havgsel f =absVsel f./ (N*area*wu0); %eq' 29

Havgi ndnor m=Havgi nd/ Hl EEE; % or mal i zed values to |EEE [imtation
Havgsel f nor mmHavgsel f/ H EEE; %

%Below is for plotting the variables

k=pl ot (L2, Havgsel fnorm ' k--")
hol d on
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[ mn]=plotyy(L2, Havgi ndnorm L2, | 0ss)

| egend([k, m n],

'"Hsel f',

"H i nduced',

"l oss")
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B Calculations for section 3.1.2.11

%on_Iinear _25mA/ m

%Cal cul ates loss and H field paraneters fromsinulation results
cl ear

L2=1e-6*[22 30 40 60 80 110 140 200]; %li screte values for L
%Jsi ng sinulations, Vindpeak and IL2rnms are found as

Vi ndpeak=[ 0. 974 1.246 1.57 2.17 2.74 3.58 4.35 5.76] ;

| L2rne=1e-3*[ 52. 67 39.47 30.85 21.75 16.95 12.94 11.17 8.39];

H EEE=16. 3; ¥%speci fied by | EEE for 1NMHz

L2uni t =3. 75e-8; %.=L2uni t *sqr ( N)

N=sqrt (L2/ L2unit);

ESRL2=Rac44(N, .9, 1.1, .05);%alls the function in Appendi x A2
r=1e-2; %average radi us of the coi

area=pi *r"2

u0=4*pi *le-7;

f=1e6; % he operating frequency

w=2*pi *f;

| oss=I L2rmns. *2. *ESRL2,;
Vi ndr ns=Vi ndpeak/sqrt(2); % nms val ue of required induced voltage
Vsel f =wsL2. *| L2r 1rs;

Havgi nd=Vi ndr ns. / ( N*ar ea* w* u0) ;
Havgsel f =Vsel f./ ( N*ar ea*w*u0) ;

Havgi ndnor mrHavgi nd/ Hl EEE; %nor nmal i zed val ues to | EEE standarts
Havgsel f nor m=Havgsel f / HI EEE; %

%Below is for plotting the variables
k=pl ot (L2, Havgsel fnorm ' k--")

hol d on
[ mn]=plotyy(L2, Havgi ndnorm L2, | 0ss)
| egend([k, m n], "Hself', '"Hinduced , 'loss")
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C MATLAB Code for Figure 11

% oss vs. L

N=40: . 2: 100;

L1=L2unit(1.6)*N. "2; %0 cal culate the unit inductance for N=1
R44=Rac44(N, 1.6,2,.5); %alls the function goven in Appendi x A2
| =3.7./N;, %or supplying constant Vind

| 0ss44=R44.*|.72; % oss of primary coil for 44AWG |itz wire

pl ot (L1, | oss44)

| egend('loss L1")

grid on

function Llunit=Llunit (R nner); %H

%Result is in uH

%<Ri nner <2

%rhi s function assunes that

%% =0. 5cm

%Rout er =2cn( a+c/ 2)

%el ow Lunit val ues are found for different Ri nner values from/[6]
L=1e-8*[1.129 1.503 1.897 2.326 3.038 3.830 4.730 5.901 7.466];
i nt R=f | oor (4*Ri nner +1) ;

% nt er pol ati on of the above data is
Llunit=(L(intR+1)-L(intR)).*(4*Ri nner+1-intR) +L(i ntR);
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D Equations for section 3.3

D.1 Calculation of secondary side parametersfor linear model

%Cal cul ated for linear region, for |oad power

% equi rement of 250mwV

%=1 cm

%=.2 cm

%=.05 cm

Vdc=16;

L2uni t =3. 75e-8; %.=L2uni t *sqr ( N)

HI EEE=16. 3; %specified by | EEE for 1MHz

Vdi ode=0. 7,

RL=471; % he |oad resistance value to dissipate 250nW
r=le-2; %average radius of the coi

area=pi *r"2;

u0=4*pi *le-7;

f=1e6; % he operating frequency

w=2*pi *f

VL=(Vdc+Vdi ode)/sqrt(2); % ns vol tage of the equivalent |oa
L2=1e-6: le-7: 7. 5e-6; ¥%swept up to the edge of |inear nodel
N=sqrt (L2/ L2unit); %equation 1

C=1/wr2./L2;%q' n 20

ESRL2=Rac44(N, .9, 1.1, .05); %\ppendi x A

[rmsL2=VL*sqgrt ((1./(wL2)).72+(1/RL)"2);%q' n 23

| 0ss=ESRL2. *IrmslL2. "2;

absVi nd=VL. /abs(w<L2/j *RL. / (w*L2/] *RL+(j *w*L2+ESRL2) . *(w*L2/j +RL)));
% ns value, eq'n 25
absVsel f=w*L2. *IrnslL2; %&q' n 3

Havgi nd=absVi nd. / (N*area*w*u0) ; %eq' n 28
Havgsel f =absVsel f./ (Nfarea*wu0) ; %eq’ 29

Havgi ndnor m=Havgi nd/ Hl EEE; % or nmal i zed values to |EEE |imtation
Havgsel f nor mmHavgsel f / HI EEE; %

%Below is for plotting the variables
a=pl ot (L2, Havgsel fnorm 'r:")
hol d on

[ b, c,d] =pl otyy(L2, Havgi ndnorm L2, | 0ss)
| egend([a,c,d], Hself-linear', " Hnd-linear',"'loss-linear")
hol d on

D.2 Calculation of secondary side parametersfor exact model

%on_I i near _25mA/ m

%Cal cul ates loss and H field paranmeters fromtabulated sinulation results
cl ear

L2=1e-6*[7.5 15 25 40 60 80 110 140] ; %li screte values for L

%Jsi ng sinmul ations, Vindpeak and |IL2rnms are found as

Vi ndpeak=[2.04 3.1 4.65 6.87 9.34 11.8 15.3 18.8] ;



| L2rms=1e-3*[ 270. 6 147.8 96.55 68.54 47.49 40.65 34.75 31.3];
H EEE=16. 3; ¥%speci fied by | EEE for 1NMHz

L2uni t =3. 75e-8; %.=L2uni t *sqr (N)

N=sqrt (L2/ L2unit);

ESRL2=Rac44(N, .9, 1.1, .05)

r=1e-2; %average radius of the coi

area=pi *r"2;

u0=4*pi *le-7;

f=1e6; %Y%operating frequency

w=2*pi *f;

| oss=I L2rns. *2. *ESRL2;
Vi ndr ns=Vi ndpeak/sqrt(2); % nms val ue of required induced voltage
Vsel f =wsL2. *| L2r 1rs;

Havgi nd=Vi ndr ns. / ( N*ar ea*w u0) ;
Havgsel f =Vsel f./ (Nfar ea*w+ u0) ;

Havgi ndnor m=Havgi nd/ Hl EEE; %nor nmal i zed val ues to | EEE standarts
Havgsel f nor mmHavgsel f/ H EEE; %

%Below is for plotting the variabl es
k=pl ot (L2, Havgsel fnorm ' k--")

hol d on

[ mn]=plotyy(L2, Havgi ndnorm L2, | oss)

| egend([k, m n], '"Hself', '"Hinduced , 'loss')
hol d on

D.3 Calculation of coupling coefficient

function k=kfinder(d, Amn); %all incms

%d" is the distance referring to Figure 13

%A\min is the minimumdianmeter fromFigure 2, Am n=a-c/2

%at a and cal cul atin nmethods of this function and the sub-functions
%re all taken from][6]

% unction k=kfinder(d, Amin); 9%all incms

% his function assunes that

%am n=. 9cm

Y%amax=1. 1cm

oha=. 05
%hA=. 5
CL2=3. 7e- 8;

ML2=mut ual i nduct ance(d, .9, 1.1, Anmin, 2, .05, .5, 1, 1)*1le-6;
CL1=L1uni t (Ami n); %Appendi x C
k=ML2/ sqrt (CL1*CL2); %Equati on (33)

% unction mutual i nductance = mnutual i nductance(d, amin, amax, Anin, Amax,
ha, hA, N1, N2) ;

% his code cal cul ates the nutual inductance of two coils by taking an
aver age of

%vut ual i nductances of lots of filanents (10000 different conbinations)
%l | distances are to be entered in cm s

% nputs are d, ha (height of coil a), hA amn, amax, Amn, Amax, N1, N2
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%Im n
%out put is the average nutual inductance of the filanents
%-----------
function nutual i nductance = mnutual i nductance(d, anmin, amax, Anin, Amax,
ha, hA, N1, N2) ;
%°s digit is the index of heighta
%10 s digit is the index of heightA
%400° s digit is the index of a
%4000 s digit is the index of A
for i=0:9999,
hei ght a=nod(i /10, 1) *ha+ha/ 20;
hei ght A=nod(fl oor (i/10)/ 10, 1) *hA+hA/ 20;
df i | =hei ght a+hei ght A+d; %li stance of filanments
afil =nmod(fl oor (i/100)/10,1)*(anax-ani n)+am n+(amax-amni n)/ 20; %
Afil =mod(fl oor(i/1000)/10, 1)*( Anmax- Am n) +Am n+( Amax- Am n)/ 20; %A
Mi+1) = nmutual filanent(afil, Afil, dfil);
end
mut ual i nduct ance=N1*N2*nean(M; % n uH

% unction M= nutual filanment(a, A d);%ll incms

%a" is the radius of secondary coi

WA" is the radius of prinmary coi

%d" is the distance between the coils

% i nds the nutual inductance between two filanments usung the fornula in
[ 6]

function M= nutualfilament(a, A d);%ll in cms

%elow is a Table from|[6]

f(1:10)=1e-2*[2.147 1.731 1.493 1.328 1.202 1.101 1.017 0.946 0.884
0.829];

f(11:20)=1e-3*[7.81 7.37 6.97 6.61 6.27 5.97 5.68 5.42 5.17 4.94];

f(21: 30) =1e-3*[4.723 4.518 4.325 4.142 3.969 3.805 3.649 3.5 3.359 3.224];
f(31:40)=1e-3*[3.095 2.971 2.853 2.74 2.632 2.528 2.428 2.331 2.239 2.15];
f(41:50)=1e-3*[2.065 1.982 1.903 1.826 1.752 1.681 1.612 1.545 1.481
1.419];

f(51:60)=1e-3*[1.358 1.3 1.244 1.19 1.137 1.086 1.037 0.99 0.944 0.9];
f(61:70)=1e-4*[8.56 8.14 7.74 7.34 6.97 6.6 6.25 5.9 5.57 5. 25];
f(71:80)=1e-4*[4.94 4.64 4.35 4.07 3.81 3.55 3.3 3.05 2.82 2.6];
f(81:90)=1e-4*[2.39 2.18 1.98 1.8 1.62 1.45 1.28 1.13 0.98 0. 84];
f(91:100)=1e-4*[0.71 0.59 0.48 0.38 0.29 0.2 0.131 0.071 0.025 0];
ksgr=( (A-a)"2+d"2)/ (( A+ta) "2+d"2);

i ntksqgr=floor (100*ksqr); % integer value of ksqr

i nterpol ated=(f(intksqgr+1)-f(intksqr))*(100*ksqr-intksqr)+f(intksqgr); %
% nterpol ated value fromthe table

Mei nt er pol at ed*sqrt (A*a); %unit of Mis uH



