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1. Introduction

In all analysis of resonance at RLC circuits, the concept of equality in the inductive reactance
and capacitive reactance generates the maximum energy transfer. In the same way, this
concept is applied to transformers, due to parasitic capacitances present inter turns (Costa,
2009). Such concept determines explanation of several phenomena of the induced EMF on
coils, showing through differential equations and others formalisms of how happens this
phenomenon (Costa, 2009a). However, phenomena as secondary energy at Tesla
Transformer (that is a pulse transformer (Lord, 1971), where the input energy is a square
wave) present some problems that are not fully comprehensible, as the high energy in
secondary coil apparently greater then input energy, which was explained in (Costa, 2009b;
Costa, 2010) as the sum of responses of the induced EMF at secondary coil. By other side,
when analysing these same transformers with input energy as sinusoidal excitation, the
induced EMF at resonance appears in the same way, but with smaller gain.

Considering planar coils, several researches are found, applied to microcircuits (Kaware et
al, 1984; Conway, 2008; Anioin et al, 2008; Oshiro, 1987), as well in planar transformers
(Oshiro et al, 1989). By other side, several analysis of coils, considering planar coils and ring
coils, forming special transformers has been analysed, exciting one (primary) and verifying
the other (secondary), in a experimental way, to find new expectations in this area.

When exciting primary coil in these transformers, built with planar coil versus ring coil,
called direct system (having the planar coil or the ring coil as primary, and the other as the
secondary) or planar coil versus ring coil (called inverted system), the effect of induced EMF
at secondary coil presents some common characteristic previously yields studied in circuit
theory (as resonance due the RLC characteristic of the transformer). However, with the
experimental analysis of the induced EMF in these transformers, when exciting primary coil
with square wave and sinusoidal wave, although are found resonance frequencies at
frequencies (above 3 MHz) depending of the configuration (number of turns in each coil,
and type of coil - planar or ring), gain variations are seen. Also, on resonance frequencies,
other phenomena are seen, as high voltage gain in the transformer, even if the primary coil
of the transformer presents less turns than the secondary, which contradicts ideal
transformer theory.

These cases are analysed here, showing these phenomena, and checking the problem in
some mathematical and experimental analysis. The induced EMF from primary coil to
secondary coil at transformers in the resonance has shown several properties that generates
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154 Electromotive Force and Measurement in Several Systems

new perspectives in electromagnetic theory, as formalisms to develop new type of
transformers, others explanations about resonance theory, analysis of energy transfer
through resonance on coils, generation of high energy from low power sources, analysis
about parasitic capacitances and others characteristics at coils and transformers, and others.
This chapter treats of this problem, checking some experimental results, and mathematical
formalisms that explain some properties and phenomena that occurs at secondary coil when
the resonance frequency is reached in the coupled circuit (transformer), due to induced EMF
generated by the excitation of the primary coil with square wave or sinusoidal wave.

2. Experimental methodology and data analysis of Induced EMF at coils

Several experiments were realized in special transformers built in planar coils versus ring
coils, to found interesting results about resonance. In all cases, an excitation of square and
sinusoidal alternating current were put as entry in primary transformers directly of the
wave generator output, to verify the response at secondary coils of the transformers. The
analysis of the results shown phenomena at resonance which are analysed here, showing
high gains not expected in circuit theory.

2.1 Experimental methodology

In present work were utilized some coils to prepare the transformers where the experiments
were realized. These coils are built in copper wire with diameter d = 2.02 x 104 m (32 AWG) or
d =1.80 x 104 m (36 AWG). Were built several planar coils with diameter of D = 4.01 x 102 m,
with turn numbers of 20, 50, 200, 500 and 1600, and the ring coils with diameter of D = 4.65 x
10-2 m, with turn numbers of 2, 5, 7, 9, 10, 12, 15, 20, 30 and 50. All coils were built so that
their height are & = 1.8 x 104 m (case of 20 and 50 turns) and h = 5 x 104 m. In this way, the
transformers present a planar coil inner ring coil, always based on crossing of the described
coils, where this configuration is shown in Fig. 1.

O

i%aper wire

Fig. 1. Basic layer of the studied transformer: Planar coil inner Ring coil.

Secondary  Primary

The measurement of the capacitance between two coils (planar vs ring) presented the value
of Cpr =3.1x 1011 F.

The used equipments were: a digital storage oscilloscope Agilent Technologies DSO3202A
with passive probe N2862A (input resistance = 10 MQ and input capacitance ~12pF), a
function generator Rigol DG2021A and a digital multimeter Agilent Technologies U1252A.
Initially, the experiments were realized exciting primary (being the planar coil) with a
square wave of 5 Vy, (2.5 Vmax), and frequencies ranging from 1 kHz and 25 MHz, and
observing the responses of the secondary open circuit (being the ring coil). Also, with this
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Resonance Analysis of Induced EMF on Coils 155

same waveform of excitation, the system was inverted, considering ring coil as primary
(input of square wave) and planar coil as secondary (output analyzed). A posteriori, the
excitation was changed by a sinusoidal waveform with the same amplitude, realizing the
extraction of the data in direct system and inverted system.

Considering the effects of parasitic capacitances (C; the parasitic capacitances in relation to
a ground, and C,; turn to turn parasitic capacitances, i = 1,2), self (L; i = 1,2) and mutual (M)
inductances and resistances (r;, i = 1,2) of coils, the system can be analyzed as equivalent
circuit shown in Fig. 2.

Sepdn| ST

Ceail 1 Coil 2

Fig. 2. Equivalent circuit to analysis of the system.

Inductances and mutual inductances of the coils (Hurley and Duffy, 1997; Su, Liu and Hui,
2009) are calculated using procedure presented in (Babic and Akyel, 2000; Babic et al., 2002;
Babic and Akyel, 2006; Babic and Akyel, 2008), where some of obtained magnitudes of self
inductances are shown in Table 1 as follows:

Turn number Self inductance (H)
10 4.33 x 107
20 1.85 x 10-6
30 4.07 x 106
50 1.10 x 105
200 1.67 x 104
500 9.48 x 104
1600 1.07 x 10-2

Table 1. Computed self inductances for planar coils.

The experimental data obtained with this configuration, a priori, were sufficient to determine
several effects not common in literature, especially in relation to resonance described as the
sum of system responses (when the input is a square waveform), as the high gain that
contradicts theory of ideal transformers (in both waveform excitations).

2.1.1 Data analysis for excitation with square wave on direct system

When the primary of the transformer was excited with square wave, the response of the
system presented as a second order system, presenting a sinusoidal response with
exponential dumping (Costa, 2009d). In this case, considering excitation of the planar coil
(as the primary of the transformer), response at secondary is seen in the oscilloscope in time
division of 100 ps/div we observe that the system response is verified in accordance with
Faraday’s law emf = -d¢g/dt. This result may be seen in Fig. 3, where the signal of the output is
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156 Electromotive Force and Measurement in Several Systems

inverted to simplify the observations. In this case, this response is referred to a 200 turns
planar coil as primary and a 10 turns ring coil as secondary in input square wave frequency f
= 1 kHz. However, when inceasing time division of the oscilloscope for 500 ns/div, in this
specific case of the system which generates the response seen in Fig. 3(a), the effects of
parasitic capacitances may be observed as attenuated sine wave, as shown in Fig. 3(b). In
this case we observe a double sinusoidal (modulated response) with exponential drop. This
case is formally observed as effect of the values of the system transfer function, that can be
observed only 15 < ny/n, <25, being n, is the turn number planar coil and 7, is the turn
number ring coil (Costa, 2009; Costa, 2009a).

Agilent Agilerllt

-

Delay:202,0600us - . Delay, 000000

CH1 500m/div— CHZ 500mY div 100, Ousddiv 1,00M5 8z CH1 B00mY/die CH2 BO0mY div 500, 0ns/div 100MSa/s

(@) (b)
Fig. 3. (a) Oscilloscope image of input (upper) and output (lower) of the analyzed system
with time division 100 ps/div, (b) System response with increasing oscilloscope time
division.
When we observe the system responses in other configurations, is observed that the increase
of turns in planar coil reduces the lower frequency (that modulates the higher frequency or
the main response shown in Fig. 3(b)), as we can see in Fig. 4.
In Fig. 4, we observe that the system response follows equally the rise and the fall of the
square wave. Because these effects, when increasing the frequency of square wave applied
on primary of the system, we observe that the total system response is presented as the sum
of these responses separately. Clearly, the accumulated energy on system (in inductances
and parasitic capacitances) is added with the new response when the excitation rises or falls.
It is shown in Fig. 5(a), as simulation for 3 attenuated sine wave responses, and at Fig. 5(b) is
shown the same effect based on experimental results.
In the case of Fig. 6, we observe that the results have a DC component in response for each
rise and fall of the square wave, which is observed in Fig. 7. Consequently this sum of
responses is presented as:

v, = i (1) (asin(o(t - p))exp(=b(t - p)) + a) (1)
p=0

where a is a constant referring to peak response of the sine wave, a is a constant referring to
DC level in response, b is a constant referring to exponential attenuation and p is the time
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Resonance Analysis of Induced EMF on Coils 157

when occur each change in the square wave, as we can see in (Costa, 2009¢; Costa, 2010a) for
some aspects of resonance on coils.

Agilent Agilent

Delay 232,0000ns © : . . Delay:-656.0000ns -

CH1 5,000/ div CH2 2,00 /div 100, Ons/div 250M5als CH1 5,000 /div CH2 1,000 /div 200, 0nsddiv 250MSals
(a) (b)
Agilent

Agilerrl
I

| ——— i -

i

Delag 47200005 © : o Dielay 855,0000ns

CH1 5,00 /div CH2 5DI,DmV!|;I\v TDU:Dns:’di;ﬁ 25DMISaf’s CHY 2,000/ CH21DIUch;W 2UU,IDnsf'd\\lf | 250Ml5af's I
()

Fig. 4. Responses of the system excited with square wave of f = 1kHz in configurations: (a)

20 turns planar coil vs 9 turns ring coil; (b) 50 turns planar coil vs 12 turns ring coil; (c) 500

turns planar coil vs 7 turns ring coil and (d) 1600 turns planar coil vs 5 turns ring coil.

Agilent
T T T T T T T T T T
: ; : - Sum - :
Serhre fo ...... foon] === Responze 1 H - o
: == = Regponse 2
: : === Response 3 {
: : ——— Square Wave
: {-:“\ R _‘_._,‘_.__-’
P e e
i Z ] |
) L:—\__\‘ : o 1
b T S P S )
S oA T R
A g ;i
%® F ' H ¥
_'___5!‘_._:___:_ ——— i e
i : |
Delal2,120000us -

'2'50 D;Z U_iri Uia U_ia 1| 1_;2 1i4 1_i5 1ia 2 CH1 5,000 /div CH2 EDiDch;w EDD,iDnsti;a i 1DDMiSa£s i
Fig. 5. (a) Simulation showing the sum of attenuated sine wave responses in some rises and
falls of the applied square wave on system. (b) Response of the system defined with 200
turns planar coil and 12 turns ring coil, where we observe the sum of individual responses
for each rise and fall of the square wave.

www.intechopen.com
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Due to the sum of responses, we find that when the responses is in phase with the square
wave, i.e., the relation f, = f/n, we find a maximum value in output, which refers to the sum
of the sine waves in phase and their DC components. In this relation, f, is the frequency of
the main sine wave of the response in each rise and fall of the square wave, f; the frequency
of the square wave and n an integer. Thus, this sum refers to sum of total accumulated
energy on coils. However, the resonance only occurs in specific frequencies, when the
output is a perfect sine wave. In this case, we can see that effect of resonance is verified
when the maximum energy peak is found. This occur in the frequency f, = f, which may
have values of voltage greater than peak to peak input voltage of the square wave, although
the turn ratio of the transformer is lower than 1.

This result may be observed in Fig. 5(a), when the responses are added sequentially, i.e.,
when t -, with f, = f.. In this case, the maximum value of the peak to peak voltage on
output is

k i .
Vi = 2;(& exp(—b (@D +(-1) a] )

where k is the number of cycles of the attenuated sine wave as system response to an input
step voltage and T is the period of this sine wave (oscillatory response). Based on this
example, we note in all experiments that the found problem due to induced EMF at
resonance is that the output is the sum of the responses in each rise and fall of the square
wave step voltage. Consequently, it is a result obtained that explains the high voltage of
Tesla transformer. These results are shown in Fig. 6, for some configurations of the analyzed
system.

In Fig. 6, the obtained data for these configurations are shown in Table 2.

In accordance with these data, we observe that the system response excited with square
wave does not follow the common gain of the circuit theory, defined as turn ratio. In other
words, in usual circuit theory, the turn ratio determines voltage reduction, but in resonance
when is applied square wave as input signal, the response is sinusoidal presenting a visible
inversion (high gain defining increased voltage). Thus, for the same data shown in Table 2,
data in Table 3 shows the gain of the system in resonance and the expected output value in
accordance to circuit theory.

Turn number Turn Ratio
Planar (1,)/Ring (1,) ny/My Oppnax (V) | f (kKH2)
20/12 0.6 52.4 8130
50/7 0.14 8.0 13900
200/20 0.1 7.84 4050
500/5 0.01 1.17 18350
1600/30 0.01875 2.02 1570

Table 2. Data of the System Configurations shown in Fig. 8.
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Agilent

Delay:498,0000ns -

CHT 6,000 /div

Agilent

CH2 10,0v /v
(a)

100, Dreddiv

250MSads

Agilent

Delay:-272,0000ns -

CHT 5,00 /div

Agilent

CHZ 2,00 /div

0,00rs/ div S00MS a's

Delay:423,SDDUns

Diekeyi /00000

CHT 200mbiAdiv  CH2 2,000 /div 100, 0neddive 250 S als CH1 5,00/ div CH2 200m /div 20,000/ div S00M S als

(c)

Agilent

AN A AEA N A

Drefby: 2 GO0HO0uS -

CH1 500 /div CHZ S00mb /div 500.0nsdiv 100MSar's

(e)
Fig. 6. Resonance of the systems in configurations: (a) 20 turns planar coil vs 12 turns ring
coil on f= 8130 kHz; (b) 50 turns planar coil vs 7 turns ring coil on f = 13900 kHz; (c) 200
turns planar coil vs 20 turns ring coil on f = 4050 kHz; (d) 500 turns planar coil vs 5 turns ring
coil on f=18350 kHz and (e) 1600 turns planar coil vs 30 turns ring coil on f = 1570 kHz.

Turn number Upp - expected value of
Planar/Ring Oppmax (V) o0 ppcircul:i)t theory (V)
20/12 52.4 10.48 3.0
50/7 8.0 1.6 0.7
200/20 7.84 1.568 0.5
500/5 1.17 0.234 0.05
1600/30 2.02 0.404 0.09375

Table 3. Ratio Output/Input and Expected output for Data at Table 2.
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These effects are clearly visible when using Equations (1) and (2), which show why the
system at resonance can get high energy.

The same effect is observed for the inverted system, i.e., when ring coil is the primary of the
transformer and the planar coil is the secondary. This case is presented in the next section.

2.1.2 Data analysis for excitation with square wave with inverted system

Considering the inversion of the system, i.e., ring coil as primary and planar coil as secondary,
the response appears similarly to initial configuration. But due to the inversion of the values
(parasitic capacitances, self inductances and resistances in the equivalent system shown in Fig.
2, and consequently changes in value of mutual inductance (Babic and Akyel, 2000; Babic et al.,
2002; Babic and Akyel, 2006; Babic and Akyel, 2008) changes in transfer function are made,
such that the output presents features similar to the cases where n,/n, >25. In these cases, the
inversion of the values in transfer function also generates a lower frequency on oscillatory
response. Consequently, the system response presents resonance in lower frequencies than the
initial configuration, as we see in (Costa, 2009d).

Observing Fig. 7, we see the system responses for some configurations when the input
signal is a low frequency square wave (similarly to input step voltage). In this figure, we
clearly observe that the frequencies are lower than frequencies of system response in initial
configuration. Also, we observe that the input square wave is presented with effects of RL
circuit, due to passive probe of oscilloscope be in parallel to primary coil (Babic and Akyel,
2000; Babic et al., 2002; Babic and Akyel, 2006; Babic and Akyel, 2008).

When the frequency is increased, the same effect of sum of responses to each rise and fall of
the square wave defined in Equation (1) is observed, as shown in Fig. 8. In the same way,
when the relation f, = f/n is verified, the output voltage reaches the maximum value,
although this response is not a perfect sine wave.

However, in accordance to Equations (1) and (2), when the relation f, = f; is verified, the
resonance occurs, and the output reaches the maximum value with a perfect sine wave.
Since that the frequencies of the responses are lower, the resonance occurs in low
frequencies of the square wave, in comparison with the initial configuration. Some results of
this case are shown in Fig. 9.

We observe in this case, that the output voltage (v,y) is greater than the initial configuration.
Clearly, this effect is observed because two components are considered: the turn ratio (effect of
the transformer, as circuit theory) and the sum of the sinusoidal responses as (1).
Consequently, the resonance output voltage is greater than the effect of the transformer alone.
For configurations shown in Fig. 7, 8 and 9, the maximum values of the output voltage are
shown in Table 4, with their respective turn ratio and resonance frequency.

However, although in this case occurs an effect of the turn ratio (transformer), in accordance
to results shown in Table 4, this effect defines that this is not always right, as in the case of
the configurations of 2 turns ring coil vs 1600 turns planar coil, 2 turns ring coil vs 50 turns
planar coil, 5 turns ring coil vs 500 turns planar coil and others with turn ratio greater than
100. It is due to impedance of the circuit, which eliminates various sinusoidal components of
the input square wave, reducing total value on output.

In the realized measurements with all coils in the initial configuration and inverted system,
we can see the behavior of the output voltage when varying turn number of the coils (ring
and planar) in Fig. 10, for input square wave of 5 V peak to peak. With this Fig. 10 we can
generate a direct comparison for both cases worked, verifying the gain.
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Agilent

Delay:458,0000ns -

CH1 5,000 /div CH2 2,000 /div

Agilent

Dela}i:,DDDDQDs

CH1 5,000 div CH2 10,00 /div

Fig. 7. Some responses of the inverted system: (a) 12 turns ring coil vs 20 turns planar coil;

Agilent

Delay:1 ,ZSDGDDUS

200,0nzAdiv ZR0MSals CH1 5,000 div CH2 5,000 /div 500, 0ns/div 100MSals
(a) (b)
Agilent
-0
> TV TVWR SUC
:UUUU“?”': R
: : : : : Delay:1 5,BDGDDus : : : : : :
1.000us/div 50.0M5a/s CH1 5,000 div CHZ 20,00 fdive 5,000us/div 20.0M5als
(c) (d
Agilent
o
[N Smacaaany |,.. e =

Delay:21,00000us -

CHT 2,000 div

CH2 5,00 Adiv

(2)

50000z div

20,0MSals

(b) 7 turns ring coil vs 50 turns planar coil; (c) 9 turns ring coil vs 200 turns planar coil; (d) 20
turns ring coil vs 500 turns planar coil and (e) 2 turns ring coil vs 1600 turns planar coil.
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Agilent Agilent

. T s 1

Delay 647, 999590s - Delay: 73600000 -

CH1 5.000 A div CHZ 1,000 Adiv 200.0ns/div 260M5 als CH1 2.000 /div CHZ 5.000/div 200,0ns/div 260M5 als

(a) (b)

Agilent Agilent

U

Delay: 000060s Delay:5,32000Tus -

CH1 S00m/div CH2 10,00 Adiv 20000z div G005 als CH1 5,000 /div CH2 10,00 /div 2.000us/div 50,0M5 als
(c)

Agilent

Delay:11,20000us -

CH1 5,000 dive CH2 10,00/ dive 5, 0000/ div 20.0MSals
(e)

Fig. 8. Sum of responses on inverted system in configurations: (a) 15 turns ring coil vs 20
turns planar coil; (b) 2 turns ring coil vs 50 turns planar coil; (c) 20 turns ring coil vs 200 turns
planar coil; (d) 10 turns ring coil vs 500 turns planar coil and (e) 7 turns ring coil vs 1600
turns planar coil.
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Agilent

LA B

Agilent

Delay: 232 0000ns - Delay:1,240000us -

CH1 5,00 /div CH2 10,0 Adiv ( ) 50,00rz/div S00MSals CHT 5,008 /div CH2 20,00 A di 100.0nsAdiv 280MSals
a

Adgilent Agilerlnl

T AT T

D elay:' o 3

CH1 500m\ fdiv CHZ 50,00/ div 200,0ns/div 250M 5 als CH1 5,000 Adiv CH2 50.00 Adive 1.000us/div G0.0MS s
(c)

Agilent

Delay:19.40000us -

CH1 500 A div CHz2 ED,DV.-"di;f Z,UD.DUS.-"di';p’ . ED,DN:ISaJ’S .
(e)

Fig. 9. Resonance in some inverted systems: (a) 7 turns ring coil vs 20 turns planar coil; (b) 15

turns ring coil vs 50 turns planar coil; (c) 12 turns ring coil vs 200 turns planar coil; (d) 5

turns ring coil vs 500 turns planar coil and (e) 30 turns ring coil vs 1600 turns planar coil.

In case of the initial configuration (direct system), the gain obtained is increased follows
in accordance to turn numbers of the both coils. In the case of the inverted system, the
gain is decreasing to turn number ring coil, and reaches the maximum peak voltage in
configurations defined as low turn number in ring coil and high turn number in planar
coil (in the obtained experimental results this value is 5 turn number ring coil). The
obtained values for turn number in ring coil lower than 5 is decreasing, when it is crossed
with turn number higher than 200 in planar coils. Naturally, this effect is verified as being
the variation of the values of parasitic capacitances, self-inductances and mutual
inductance (Babic and Akyel, 2000; Babic et al., 2002; Babic and Akyel, 2006; Babic and
Akyel, 2008), since that these planar coils are built in more than one layer in the same disk
diameter.
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Turn number Turn Ratio
Ring (n,)/ Planar (n,) /1y Oppmax (V) f(kHz)
12/20 1.667 214 13900
7/50 7.143 96 5920
9/200 22.222 170 1573
20/500 25.0 328 560
2/1600 800.0 322 402
15/20 1.333 17.6 13900
2/50 25.0 99.2 5700
20/200 10.0 174 1580
10/500 50.0 336 540
7/1600 228571 400 407
7/20 2.857 38.8 14000
15/50 3.333 72.8 5770
12/200 16.667 166 1520
5/500 100.0 362 530
30/1600 53.333 342 442

Table 4. Results to Inverted System in Configurations of Fig. 7, 8 and 9.

Also, other effect observed in inverted system is the output peak voltage for low turn
number in ring coil. When the turn number in planar coil is increased, considering 5 turn
number in ring coil, the graph seen in Fig. 10(b) increases quickly, showing a better
relationship to maximum response in resonance.

Because this relationship between coils, higher sinusoidal voltage is obtained, showing
important results between self inductances and others parameters evaluated on system to
generate high voltages on air-cored transformers, as well how we can built small pulse
transformers [28] with high voltage output based on planar coil inner ring coil and others
applications for energy transfer.

(@) (b)
Fig. 10. Output variations according to turn number coils: (a) Initial configuration; (b)
Inverted System.
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Finally, we observe that these results, in both cases (initial configuration or direct system,
and inverted system) show important effects on resonance in pulsed systems, when they
involve coils, which may be used to analysis on electromagnetic interference and other
problems of power electronics, pulse transformer and computational systems.

2.1.3 Data analysis for excitation with sine wave in direct system and comparison with
square wave excitation

When analysing the response of the system when excitation is a sinusoidal waveform, the
result presented is a sinusoidal wave with phase variation. But, when the resonance is
reached, high gain is noted, however slightly larger than the response of the excitation with
square wave. In both cases, the induced EMF at resonance generates the phenomenon of
that the coupled circuit theory (transformer) and circuit theory is not satisfied, since that the
high gain do not satisfies the ideal gain of the transformers.

Considering direct system, the response at low frequencies (from 1 kHz to 20 ~ 50 kHz) are
generally noise, as shown in Fig. 11. It is due to effect of inductances, mutual inductances,
and parasitic capacitances, which determines a filter which cut these frequencies. For
frequencies above 50 kHz, response of the system appears as lagged sine wave, as we can
see in Fig. 12.

Agilent Agilent
—

DMMW it M ]

Dlelay:. 0000005
L i

Delay 000005,
i |

i i i i i i i i L L L L L L L
CHT 20,0mi fdive CH2 20, 0mi Adive 500, 0ns.Adiv 100MEa/rs CH1 20,0’ div CH2 50,0y Adiv 10.00us/div 10.0MSads

(a) (b)

Agilent

Agilent

Dielay:/ 000000

Delay: 0000003
; ;

i i i i i i i i i i i i i i i
CHT &0, 0 Adiv CHZ 20,0mi/ div 50,00us/div 2,00M5a/s CHT 1,000/ div CH2 50,0t /div 20,00us/div 5,00M5as
(©)

Fig. 11. (a) 10 turns planar coils versus 15 turns ring coil at 30 kHz; (b) 20 turns planar coils
versus 30 turns ring coil at 40 kHz; (c) 30 turns planar coils versus 10 turns ring coil at 5
kHz; (d) 200 turns planar coils versus 10 turns ring coil at 50 kHz;

www.intechopen.com



166 Electromotive Force and Measurement in Several Systems

Agilent Agilent

Delay 000000

De\ay:,PUDDDDsi

i i i i i i i ] i H i I L L H
CH1 200my/ Adiv CH2100my Adiv 2 000us/div 80,0MSa/s CH1 1,00/ div CH2 100m div 500, 0rs/div 100MSar's

Agilent Agilent

Delay: 000000s 4 3 4 2 % Delay:, 000000s

CH1 1,00V div CH2 200 /div 100,0nsAdiv T00MSals CH1 1,000/ div CHZ 1,000/ div 100, Ons/div 100MSa/s
©

Fig. 12. (a) 20 turns planar coils versus 10 turns ring coil at 200 kHz; (b) 30 turns planar coils
versus 15 turns ring coil at 1000 kHz; (c) 50 turns planar coils versus 50 turns ring coil at
3500 kHz; (d) 200 turns planar coils versus 30 turns ring coil at 2850 kHz.

Analysing the problem of these frequencies, we can see that the response of the system is:
v, = A(w)sin(wt + ¢( o)) (3)

where A(w) is the amplitude and ¢(w) is the phase, which both depends upon frequency.
Amplitude varies with inductances, mutual inductances, resistances and parasitic
capacitances of the system, presenting similar graph as system excited with square wave,
but with fewer resonance peaks, as view in Fig. 13, which compares output of the system in
some cases excited by sine waves and square waves. The number of resonance peaks in
output of the system when escited by square waves is due to components of the Fourier
series that passes at filter, generating several resonance peaks with increased amplitudes, as
frequency increases,which similarly we find in (Cheng, 2006, Huang et al, 2007) analysis of
problems involving harmonic analysis.

In the case of sine wave excitation, resonance responses are found as higher output as
excitation with square waves. When considering the sinusoidal excitation, the maximum
gain are presented at Table 5, where are seen the gains of some experimented systems,
considering ring coil as primary, and in Table 6 are seen obtained ratio of these two gains for
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direct system (ring coil as primary), where are seen that in resonance with sine wave
excitation, the gain is higher than square wave excitation.

Plot of Woltage x Frequency (20 tums planar coil ¥ 12 tums ring coil) Plat of Woltage x Frequency (20 turns planar coil x 12 tums ring coil)
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Fig. 13. Graphs of voltage versus frequency of the system built in 20 turns planar coil versus
ring coil excited by: (a) sine wave; (b) square wave; and system built in 500 turns planar coil
versus 12 turns ring coil excited by (c) sine wave; (d) square wave.

Coil 10 20 50 200 500
10 0.14 3.80 12.40 28.40 50.00
12 0. 46 1.84 13.36 13.04 50.80
20 0.22 1.26 11.88 22.80 51.60
30 0.10 1.47 6.12 19.20 5.04
50 1.98 2.20 6.04 5.04 0.16

Table 5. Gains of transformers with sinusoidal excitation (direct system): columns with
planar coil; rows with ring coil.
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Coil 10 20 50 200 500
10 0.39 1.58 1.46 1.61 1.49
12 1.68 0.77 1.67 0.82 1.57
20 0.93 0.83 1.95 1.36 1.57
30 1.74 1.84 1.59 1.50 0.15
50 3.17 5.29 3.68 0.60 0.01

Table 6. Ratio of the gain transformers with sinusoidal (sin) and square wave (sw)
excitation: Gsin/ Gsw (direct system): columns with planar coil; rows with ring coil.

Clearly, the results for sine wave excitation is higher than square wave excitation, due to
square wave can be seen as Fourier series, where the response have several low frequencies
components eliminated. Consequently, the result of the sum is lower than the resonance
response of the system, when excited by a sine wave.

Fig. 14 shows the curve of the gain ratio for direct system, which they shows that the
variation is almost constant in the most cases.

Flat of gain ratio of planar coil = ring coil {rc)
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i 1 1 I 1
] 50 100 150 200 250 300 350 400 450 500
Mumber of turns planar caoil

Fig. 14. Graph showing gain ratio for direct system with sine wave excitation (Gsin) and
square wave excitation (Gsq): Gsin/Gsq.

2.1.4 Data analysis for excitation with sine wave with inverted system and comparison
with square wave excitation

Considering inverted system excited by a sine wave, similar problem is found as inverted
system excited by square wave, as well the higher gain of the sine wave excitation.
Considering low frequencies, the response of the system has the behaviour similar as low
frequencies in direct system, what we can see in Fig. 15. When frequency increases,
behaviour appears in similar way as previously cases, as shown in Fig. 16.
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Fig. 15. (a) 10 turns ring coil versus 30 turns planar coil at 5 kHz; (b) 12 turns ring coil versus
200 turns planar foil at 20 kHz; (c) 30 turns ring coil versus 20 turns planar coil at 15 kHz; (d)
50 turns ring coil versus 500 turns planar coil at 50 kHz.
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Fig. 16. (a) 10 turns ring coil versus 50 turns planar coil at 3000 kHz; (b) 15 turns ring coil
versus 30 turns planar foil at 8000 kHz; (c) 30 turns ring coil versus 500 turns planar coil at
1500 kHz; (d) 50 turns ring coil versus 200 turns planar coil at 900 kHz.

In this case, the problem also presents higher gain, when comparing with square wave
excitation. Table 7 shows the gains of some inverted systems, and Table 8 shows the gain
ratio of these systems.

Coil 10 12 20 30 50
10 9.68 11.20 14.40 16.96 24.60
20 8.48 8.72 12.00 16.48 19.84
50 416 6.08 8.96 8.88 12.48
200 1.22 1.16 2.44 3.84 7.76
500 1.37 0.46 0.71 0.53 0.99

Table 7. Gains of transformers with sinusoidal excitation (inverted system): columns with
ring coil; rows with planar coil.

In Fig. 17 are shown the gain ratio of the inverted systems of Table 8. Comparing these
curves with direct system, presented in Fig. 14, we can see the similarity with the average
gain ratio, where only one system (10 turns ring coil versus 500 turns planar coil) appears as
a point out of what is expected.

In this way, both direct system and inverted system, the gain appears almost higher when
excited by a sine wave than excited by a square wave. However, in both cases, we can see
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that considering turn ratio (that is, ideal gain transformer) at resonance, the gain does not
satisfy coupled circuit theory. This effect of EMF in secondary transformers when resonance
is reached is interesting phenomenon that shows new perspectives for this area. Due to
these analyses, several researches can be realized from resonance, applying this special
transformer and obtained data and results to new technologies. In this way, researches
about induced EMF in cascaded direct systems and inverted systems to reach high output
voltages and others are optimal perspectives, as well their applications.

Coil 10 12 20 30 50
10 1.68 1.75 1.76 1.66 1.81
20 1.93 1.73 1.67 1.87 1.94
50 242 2.30 1.60 1.21 1.04

200 1.60 1.26 3.18 1.60 1.67

500 43.85 3.87 1.68 0.75 0.58

Table 8. Ratio of the gain transformers with sinusoidal (sin) and square wave (sw)
excitation: Gsin/ Gsw (inverted system): columns with ring coil; rows with planar coil.
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Fig. 17. Graph showing gain ratio for inverted system with sine wave excitation (Gsin) and
square wave excitation (Gsq): Gsin/Gsq.

3. Conclusion

This work shows very important results about the induced EMF in coupled circuits
(transformers), that not only explains phenomena as high voltage of Tesla transformer, as
the found problem of not satisfaction of resonance in circuit theory due to high gain found
in output of the special transformers analysed. Some analysis generate simple solutions to
this problem, but this work open a new investigative problem in this area, that here is
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proposed. This work was based on experimental results about air core special transformer,
excited by square waves and sine waves in frequencies ranging from 1 kHz to 25 MHz.
These transformers were built with planar coils inner ring coils, where initially planar coil
was used as primary to verify the induced emf response in ring coil and, a posteriori, we
invert primary and secondary, exciting ring coil with the square wave, to verify output on
planar coil.

In the analysis of the results of the system when excited by a square wave, were observed
that the response of the system shows existence of parasitic capacitances, and the response
to low frequencies are similar to response of step voltage excitation. But, with the increasing
frequency, the responses in each rise and fall of the square wave are added, generating low
voltages when this sum of responses are not in phase, and high voltage when the responses
are in phase with the square wave, i.e.,, when is satisfied the relationship f. = f/n (f
sinusoidal frequency of the response, f; square wave frequency and n number of cycles of
the sinusoidal frequency of the response on semi cycle of the square wave), where this is
because energy accumulation in each cycle by the coils in transformer. The higher voltage
on output is obtained when the relation f, = f; is verified (or n = 1). In this case, the
maximum values of voltages on output are sinusoidal, showing a resonant response of the
system. In both cases (diretc system and inverted system), the response reaches values
greater than input, although the turn ratio between coils does not meet the requirements of
the circuit theory. So, we observe in results of the inverted system that, when the turn
number of planar coil increases too, effects of inductances, parasitic capacitances and
resistances generates an active filter on input, which reduces the output voltage. Finally, we
see that the better transfer energy observed is obtained to inverted system when turn
number ring coil is about 5, and turn number planar coil is great, shown as peak voltage in
Fig. 10(b).

When considering sine wave excitation, we note that the system, both direct and inverted
sistems, presents higher gain than square wave excitation, that is with average 1.5 times. It is
due to amplitude of the sine wave components of the square wave (considering Fourier
series), that are lower than peak of the sine wave excitation. The system acts as an filter that
eliminates some sine wave components of the square wave, and the response is almost
always lower than effect of direct sine wave excitation. Due to results, possibilities of
cascaded systems excited by sine wave can generate high resonance voltages, which is
shown as new perspectives of application of the high alternating voltages, and others
researches with these special transformers, as well induced EMF.

Thus, in both cases, important results are shown, that may be used in researches of
electromagnetic interference, computational systems, power electronics, pulse transformers
and others excited by square waves and sine waves.
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