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The Tesla transformer, named after its inventor, is really a resonance transformer.  Transformers of this type consist of two inductively coupled electrical oscillation circuits that are tuned to their Eigen-frequencies.  A differentiation is made between free oscillating resonance transformers, which are generally designated, as Tesla transformers, and resonance transformers with forced oscillation.  As may be seen from their designations, the type of excitation of the primary circuit characterizes a resonance transformer.

[image: image48.bmp]
Fig.1.  Basic resonance transformer circuits.  a) Free oscillating resonance transformer or Tesla transformer.  b) Resonance transformer with forced oscillations.


The basic circuits for both of these types of resonance transformers are shown in fig. 1a and 1b.  In the first case the oscillating system is excited intermittently by discharging the previously charged capacitor C1 into the primary circuit, and in the second case continuously with the aid of a high frequency generator G that operates at the resonant frequency of the circuit.  On the basis of these different types of excitations either a series of attenuated oscillations which can have a surging character, or an undamped oscillation, i.e., an oscillation with constant amplitudes results.  With the aid of resonance transformers, especially with those of the free oscillation type, voltages on the order of magnitude of 106 V can be produced without any real difficulty if the individual elements of the circuit are suitably designed.


Since the damping in a resonant circuit is a controlling factor for the height of the attainable voltage, resonance transformers, in comparison to such transformers in which the operating frequency is very much smaller than its resonant frequency, are considerably more sensitive in comparison to each external electrical lead.  Connecting a test component with specific impedance will affect the voltage amplitude and frequency of the transformer. The effect upon voltage amplitude and frequency will become greater as the damping of the transformer becomes smaller and the better the condition of resonance was hit before the load was connected. In respect to its sensitivity in comparison to external loads the resonance transformer can be compared to a 50 Hz test transformer which has a very large magnetic dispersion.


Tesla transformers are really the best known representatives of the group of resonance transformers.  As has already been mentioned the designation Tesla transformer generally refers to transformers of the free oscillating type as shown in Fig. 1a.

*Certified Engineer W. Heise is the chief of the High Voltage Research Section of the AEG High Voltage Institute in Kassel.


For several decades since the beginning of research in the field of high voltage technology, Tesla transformers have been the only possible means for producing voltages of the order of magnitude of 100 kV. It is not surprising that work has appeared very early which dealt with theoretical investigations [1 to 4].  In these articles, among other things, questions concerning the influence of attenuation and the degree of interconnection on the attainable voltage peak and the voltage form are treated.  In the time between 1914 and 1932 publications on resonance transformers of any note were not made known.  This could be because the theoretical treatment of the problem appeared to be solved but, practical investigations, which would have given additional stimulus, were not yet available as the suitable aid.  The development of cathode ray oscillographs first made it possible to check the theory that was worked out with regard to its agreement with reality.  Hochhausler conducted experiments in the years between 1930 and 1932 on a Tesla transformer with a maximum voltage of approximately 106 V [6].  In his article “The Tesla transformer as a high frequency test generator and its investigation with the cathode oscillograph” he pointed out, among other things, that the good agreement between his calculations in design and the test results when this Tesla transformer was studied.  The calculations were essentially conducted according to information given by Drude [1, 2].  The investigations of Hochhausler show, however, that calculations involving the attenuation influence present difficulties.


At this time Hochhausler considered the Tesla transformer to be a useable voltage source for testing high voltage instruments, especially with regard to its electrical stability as a source of high voltage at high frequencies.  This type of test was never carried out as a result of the fast development of the surge voltage generator, which was better suited for this purpose.  On the other hand, high frequency high voltages were used for a long time by many test panels for detecting hidden cracks and cavities in ceramic insulating materials.  Subjecting test specimens that are damaged in this manner to voltages of higher frequency would cause them to warm up as a result of the comparatively strong gas discharge currents in the enclosed hollow space.  This testing method was, however, outdated by the modern methods of ultrasonic testing technique.


Essentially, this remained the only well known technical application of Tesla transformers, when we take into consideration instruments of this type with a comparatively low voltage which today also, for example, are in use for insulation testing and for instruction in schools.  In recent years engineering schools and polytechnic institutes have also been interested in the construction Tesla transformers for the production of high voltages.  It is possible that the Tesla transformer will prove to be useable in the future as an aid for scientific investigation.

The theory of the Tesla transformer


In Figure 2 we see the basic electrical circuit of a Tesla transformer.  In this case excitation is attained with alternating current at a frequency that is lower than the resonant frequency of the Tesla transformer.  The primary capacitor C1 is charged up to the breakdown voltage U0 of the spark gap F.  The ensuing arc across the spark gap F closes the primary circuit.  The inductively coupled arrangement that is capable of oscillating resulting from the primary and the secondary circuit is given an impulse in this way and starts to oscillate.  The voltage form and frequency of this oscillation is dependent upon the quality of tuning, the degree of coupling and the damping.


 The basic time slope of voltage UC1 at the primary capacitor C1 and the secondary voltage U2 is shown in Fig. 3.  At time t0 capacitor C1 starts to charge, e.g., by an alternating current the time slope of which is indicated for the no load operation of the distribution transformer.  The breakdown of the starting spark gap F, which has already been mentioned, takes place at time t1.  Both circuits start to oscillate.  The frequency of this oscillation is f = (fI + fII)/2 which will then be derived.  At time t2 the electric arc in the primary circuit spark gap is quenched.   The oscillation in the primary circuit is interrupted and capacitor C1 is again charged to U0 at time (t3 – t2), which is a function of the time constant of the circuit and the magnitude of the supply voltage.  In the same time interval the secondary circuit oscillates with its Eigen-frequency f2 until the time t3, at which time it is again given an impulse and the foregoing process is repeated.


The equivalent circuit diagram that corresponds to Fig.2 is shown in Fig. 4.  With respect to its effect on the processes that take place in the primary and secondary circuit of the Tesla transformer the equivalent elements LE, CE and RE of the energizing circuit that is connected in parallel to the primary capacitor, can generally be disregarded.  The system that is valid for the inductively coupled circuit number 1 and 2 is then expressed by the following differential equations:
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 EMBED Equation.2  [image: image3.wmf]    
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The ohmic resistances R1 and R2, which are to be considered as series equivalent resistances for all losses in circuits 1 and 2, should be disregarded in the continued treatment of the equation system (1) because it is an unnecessary task.  The question concerning damping will be treated in the next chapter.


With abbreviations
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the characteristic equation of this system according to equation (1) gives under the assumption that the resonant frequencies of both circuits are in agreement and are equal (1 = (2 = (0  the two frequencies
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for the oscillations in coupled circuits.  Depending on the magnitude of the coupling factor k, oscillations with the frequencies (I and (II are superimposed on the primary and secondary circuits.  The frequency of the resulting oscillation amounts to ( = ((I + (II)/2.  The coupling factors 0.1 and 0.3 which are standard in practice, develop surges with a beat frequency (S = (I - (II assuming that the primary circuit remains closed.  For the theoretically possible threshold value for k, that is k = 0 and k = 1, only one individual frequency occurs, namely ( = (0 and ( = (0/(2.  In this case surges cannot occur.  They are also absent with normal values for k when a spark gap is used in the primary circuit instead of a circuit component, because the electric arc generally opens in one of the zero current transitions of the first surge minimum.  This is certainly true when the starting spark gap, as is generally the case, is cooled with an intensive stream of air (Fig. 3).

[image: image9.emf]
Fig. 2. Circuit of a Tesla Transformer with energizing equipment.

[image: image10.emf]
Fig. 3.  Basic time slope of voltage uC1 and u2 in a Tesla transformer in which the capacitor C1 is charged with alternating current. 

t1, t3 – circuit spark gap ignited

t2, t4 – circuit spark gap quenched

1 – no-load voltage of the distribution transformer

2 – charging time for C1
3 – primary and secondary circuits oscillate with f = (fI + fII)/2

4 – secondary circuit oscillates only with f2 = f0.
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[image: image11.emf]
Fig. 4.  Equivalent circuit diagram of a Tesla transformer with energizing equipment.
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Fig. 5.  The time slope for coupled circuits uI and uII, as well as the resulting secondary voltage u2 in the case in which the coupling factor is k = 0.6.

If we designate the time slope of the primary voltage as u1 and the secondary voltage as u2, and U0 as the trigger voltage of the starting spark gap F (Fig. 2) or the voltage of the capacitor C1, by which another circuit element closes the primary circuit, then with the aid of the following expressions
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and the limiting conditions u1 = U0 and u2 = 0 for the time t = 0 the constants of predominant interest are


[image: image14.wmf]2

2

1

1

2

4

2

)

2

2

1

1

(

0

1

2

2

C

L

C

L

k

C

L

C

L

U

MC

B

A

+

-

=

-

=

                                    (5)                 

This means that the amplitudes of the oscillations that are superimposed on the secondary side with the frequencies (I and (II are of the same magnitude.  By introducing the relationship
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equation (5) can be transformed as
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From this it is obvious that the maximum value for A2 and B2 is attained only when x = 1, i.e., when (1 = (2 = (0.  Then 
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is independent on the degree of coupling.


Without taking into consideration the influence of attenuation, the secondary voltage in the case of resonance is
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Because (1  = (2  = (0 in this equation the factor (C1 /C2 can be replaced by (L2 /L1.  The theoretically possible voltage maximum is then
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For the theoretical case of the loss free transformer u2max  is  given when the sum of the time functions according to equation (8) to time tmax attain the highest possible value of 2.  


Actually, the attainable voltage will, however, only more or less approach this value u2max, depending on the degree of the resulting damping.  In order to keep the influence of damping on the voltage maximum as low as possible, it will be necessary to keep time tmax low.  Since tmax, if generally it is also only approximate, can be set to a half period, which originates from the oscillations in the coupled circuits, then
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and because (I and (II are dependent,  according to equation (2),  on the coupling factor k = M/(L1/L2,  then it can very easily be seen that tmax becomes smaller with increasing k.  Additional considerations show that it is advantageous to give the coupling factor k a very specific value if what has just been said is to be realized.


The first possibility to attain maximum secondary voltage is, obviously, based on time tmax = TII/2, i.e., according to the half period of the slower oscillation in the coupled circuit uII and, thus, when TI =TII/2 (Fig.5).  In this case, therefore, (I must be equal to 2(II or k must be equal to 0.6 as calculated from
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As can easily be seen we will also obtain for whole numbered multiples of the ratios (I /(II = 2 the value u2max for time tmax = TII/2.  But according to equation (11) correspondingly larger coupling factors will be necessary.  No one will however want to spend more money than is necessary to attain a specific goal based on the fact that already coupling factors of 0.6 can hardly be attained for high voltage Tesla transformers.  We can therefore designate the value k = 0.6 as the logical limit for the coupling factor.

As has been pointed out the lower limit for time tmax in which u2max can be obtained, is tmax = TII/2.  Additional possibilities are now available for whole numbered multiples of this type, i.e., for tmax = n/2 TII.

Under the assumption that the frequency ratio (I /(II and by this the degree of coupling k is only selected so that the amplitudes of the oscillations in the coupled circuit are in agreement to time tmax with regard to magnitude and sign then the equation
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can be applied.  From this with equation (2) we obtain the following for the coupling factor
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In this case, as we have already mentioned, n is a whole number.  We can easily prove that for n = 1, i.e., tmax = TII/2, the coupling factor k = 0.6.  From equation (13) can be calculated those values of k, that can be used with the consideration that the sum of the time functions by equation (8), even in the case of very large damping, only approaches the value 2. In table 1 are listed those values that should be aspired for k and (I/(II for small values of n.



Table 1.  Values of the coupling factor k to strive for.
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Next shall be pointed to a fact that is very important for calculations pertaining to Tesla transformers and is treated insufficiently in the relevant literature.  Because of the large geometric dimensions, which are characteristic for these transformers for high and super high voltages, first for reason of insulation and second with regard to a large transformation ratio, the length of wire of the secondary coil is of the order of the wavelength of voltage oscillations. The secondary coil should therefor be considered as short and, because the earth capacitance decreases in the direction to the hot end,  as an inhomogeneous line, on which it is possible that standing waves arise. In order for the maximum voltage u2max to appear at the upper end of the winding and for there to be no other voltage maxima, and with respect to an optimal utilization of the insulation along the line, the length of wire of the secondary coil should be equal to (/4, where ( is the wavelength at the resonant frequency. To calculate ( assume, for the propagation velocity of the oscillation along the winding with only one layer, a value of 300000 km/s.

If the condition l = (/4 is fulfilled, the distribution of the voltage along the line against earth can be approximated by the function  
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where x is the distance between a point on the winding and earth and h is the total height of the coil . This distribution has been proven experimentally (Fig. 6).

[image: image26.emf]
Fig. 6.  The Voltage flow amplitude toward the ground along the secondary coil of a Tesla transformer for the case where the wire length l = ( / 4.

In order to consider the condition l = ( / 4 from the beginning, one has to begin with the calculation of the secondary circuit while adjusting the geometry of the Tesla transformer. Hereby h denotes the height of the winding in cm, D the average winding diameter in cm, and N the number of turns.

The winding height h of the Tesla transformer is chosen so that the highest secondary voltage anticipated will not exceed the total insulation between the wires. So too the maximum number of turns Nmax is fixed, providing that the largest winding density is used with respect to the previously mentioned constraints of wire cross-section and insulation.  The length l of the winding therefore depends only on the average winding diameter which can be written as l = N*(*D. That is, the lowest possible frequency f is fixed by the condition l=(/4.  The choice of a specific value for D constrains h and Nmax by previously stated conditions. Considering for the purpose of calculation the propagation velocity of the secondary oscillation to be approximately v = 300000 km/s, then for the lowest possible resonant frequency the following tailored dimensional equation results
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If we have decided on values for h, N, and D then the value for the required resonance frequency is obtained automatically along with inductance L2 and the necessary capacitance C2 of the secondary circuit.  For the amount of inductance L2 of the secondary coil which is generally of a one winding design, the following equation results with good approximation in accordance to [8]:
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The correction factor kL, is dependent on the ratio D/h and may be found from Fig. 7.

[image: image29.emf]
Fig. 7.  Correction factor kL as a function of the ratio D / h of a single layer wire cylindrical coil to calculate the inductance according to the formula  (16).


Capacitance C2 which is made up of the natural capacitance C2’ of the secondary coil with high voltage electrode and load capacitance CB must have the value
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in order that the resonance conditions can be fulfilled taking into consideration the requirement that l = ( / 4.  In the first approximation the capacitance of the high voltage electrode, that is required to eliminate predischarging, can be replaced with a surge of from 30% to 50% for C2’.  This value must obviously be smaller than was calculated according to equation (17) in order to amount to CB = C2 - C2’.  If the secondary high voltage electrode has the shape of a disk with a diameter of d and thickness a ( d / 5, the capacitance with respect to ground as a function of h and the disk diameter d can be determined by Fig. 8.

[image: image31.emf]
Fig. 8.  Standard value for the capacitance with respect to ground C = f (d) of round disks with a diameter of d and a distance h from the ground.  The disk has a ratio of diameter d to thickness a of approximately 5.


From Fig. 9 we can see that the lowest possible frequency f of a Tesla transformer with reasonable geometric dimensions depends a great deal on the voltage for which it is designed, that is, its height is suitably proportioned.  The shaded area in Fig. 9 is obtained when the following conditions are met:

1. The necessary winding height h is 100 cm per 400 kV secondary voltage peak.

2. The greatest winding density is 2.5 turns per cm.

3. The ratio of winding height h to winding diameter D is in the range between 1 and 5.

In Fig. 9 we see that fmin increases with decreasing rated voltage.

[image: image32.emf]
Fig. 9.  The lowest operating frequency fmin of Tesla transformers as a function of their rated voltage Ur
 and height h in the region. 1 ( h/D ( 5.


The attainable upper frequency fmax is essentially determined by the natural capacitance C2’ of the secondary coil and the magnitude of the auxiliary chosen load capacitance CB.  Care must be taken, however, that due to l = ( / 4 the reduction in the wire length l that becomes necessary, in general, means that there is a reduction in inductance of L2 and thus the transformation ratio.

On the Attenuation of Tesla transformers


In general, an attempt is made to have the lowest possible attenuation in order to approach the theoretical transformation ratio of the transformer.  As was shown in the previous chapter, the voltage is made up of two individual oscillations with the frequency (I and (II or fI and fII.  If we designate the logarithmic decrements of the primary and secondary circuits of the transformer as (1 and (2 respectively then
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and the decrements of the oscillations in the coupled circuits are
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wherein the oscillation in the coupled circuit with the highest frequency will be dampened the most.  The decrement of the primary and secondary side has, according to equation (18), the same influence on the damping of the resulting oscillation.


In order to be able to take into consideration the influence of damping in the calculation of the Tesla transformer in a suitable manner it is necessary to estimate the magnitude of the resistive losses R1 and R2.  The resistances are to be considered as supplementary magnitudes from all loss sources, which are effective in both circuits.  Supplementary resistance R1of the primary circuit is composed as follows

1. Supplementary resistance R1’ which amounts to 
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 from the dielectric losses of the primary capacitor C1,

2. The Ohmic resistance R” of the primary coil and the connecting lines between L1 and C1 taking into consideration the displacement current and

3. The equivalent resistance R’’’ which is determined by the losses in the circuit components and that are due to the switching operation.  If, for example, a spark gap is used then resistance R’’’ is identical to the arc resistance which is a function of the current density, the electrode spacing, the electrode material, and other influences.  It can be in the range of from approximately 0.01 to 1 (.

The equivalent resistance R2 in a normal case is given with sufficient accuracy by the Ohmic resistance of the secondary coil and also by watching the increase in resistance with frequency shown by the dampening.  Conduction losses in the secondary winding can generally be omitted when the wire is highly insulated with today’s modern materials such as PVC and polyethylene and the dimensions of the secondary coil are such as to prevent corona discharges. The latter condition can be considered as fulfilled if the secondary voltage, related to a height of 100 cm of the secondary coil, does not exceed 400 kV and if the terminal, on the highest point of voltage against ground, is built corresponding to this fact.


The designs up to now have allowed us to estimate the magnitude of all the dampening influencing elements with satisfactory certainty.  A greater uncertainty exists only when taking into consideration the arc resistance of the primary switching spark gap.  As has already been mentioned this can be in the approximate region between 0.01 and 1 (, depending of course on how the above mentioned limiting quantities are made up.  For this reason it will be necessary to conduct prepared measurements for each individual case in order to obtain accurate information on the resistance of the electric arc. In connection with currents of approximately 1000 A and electrode spacing of approximately 2 cm with a transonic air blast for quenching, resistances of several hundred milliOhms have been measured.


In conclusion, the frequency dependence of the loss factor tan ( of capacitors with different dielectrics is shown in Fig.10.  The factor tan ( is, however, a direct indication of the equivalent resistance R1’ that has a determining influence on the damping.  In Fig. 10. it can be seen that capacitors with ceramic dielectrics are better suited for Tesla transformers, which operate at frequencies in excess of 10 kHz.

[image: image38.emf]

Fig. 10.  Loss factors of capacitor dielectrics as a function of frequency.

1.   Capacitor with Clophene paper dielectric.

2, 3.  Capacitors with various ceramic dielectrics.

4.      Capacitor with styroflex dielectric.

A Tesla transformer for a secondary voltage of 1.5 MV


In Fig. 11. is seen a Tesla transformer that is designed for a maximum voltage of approximately 1.5 MV.  The form for the primary and secondary coil is a hard paper cylinder with an outside diameter of 1.6 m and 1.5 m and a height of 4 meters.  The high voltage end of the secondary is terminated with an aluminum disk with a radial slot to prevent it from acting as a shorted turn.  In Fig. 12. the other circuit elements that are necessary for the operation of the Tesla transformer may be seen such as the distribution transformer, primary capacitor, and ignition spark gap.  These elements, for reasons of safety and the savings of space, are housed in a pit that is lined with concrete and covered with wooden boards.  The electrical connection between the distribution transformer and the three phase generator that supplies the power and between the primary capacitor and the primary winding of the Tesla transformer are made up of cables.  The circuit diagram is shown in Fig. 2.  The primary capacitor C1 is charged by a 200 kVA, 30 kV distribution transformer.  The transformer is powered by a 300 kVA, 500 V, two-phase AC generator.  The spark gap in the primary circuit consists of two adjustable cylindrical electrodes with flat tips.  A strong blast of compressed air is blown diagonally across the axis of the arc.  By means of this blast of air the number of breaks per unit time are increased.  With the greatest possible electrode spacing approximately 3 to 4 breaks can be counted upon during a 50 Hz cycle.  When the electrode spacing is smaller and the distribution transformer output voltage is maximized approximately 10 to 12 breaks per cycle can be obtained.

[image: image39.emf]

Fig. 11. The Tesla transformer for 1.5 MV.

[image: image40.emf]
Fig. 12.  Circuit diagram of the primary and secondary windings of the Tesla transformer shown in Fig. 11.

1. Cable lead from the AC generator.  

2. Distribution transformer.  

3. Primary capacitor.  

4. Compressed air blown across spark gap.  

5.  Cable terminal for connecting cable between spark gap and primary winding.


In Fig. 13. we see the Tesla transformer in operation with maximum power input.  The length of the streamers that leave the high voltage electrode is in the range of from 7 to 9 meters.  The picture was obtained by means of several one-second exposures.  The real characteristic magnitude of both coupled oscillating circuits of the 1.5 MV transformer are shown in table 2. The numerical value for entries 4 to 7 holds true only for the unloaded transformer secondary.

[image: image41.emf]

Fig. 13.  Tesla transformer with 1.5 MV output at maximum input power. 


Table 2.  Characteristic magnitudes of the 1.5 MV Tesla transformer.

No.
Parameters
primary
circuit

1
Capacitance
C1=0,6*10-10 F
C2=1,35*10-10 F

2
Inductance
L1=103*10-10 H
L2=0,45 H

3
Resistance
R1=23*10-3 
R2=18,5 

4
Resonant frequency
f1  =20,3 kHz
f2  =20,3 kHz

5
Coupling factor






6
Coupled frequency











7
Resultant frequency






 EMBED Equation.2  


 14 to 18 show the results of various investigations on the Tesla transformer.  They give us an idea as to how the Tesla transformer behaves with various external loads from components under test or from streamers into the air off of the high voltage terminal.  

[image: image42.emf]
Fig. 14.  The function of the relative voltage transmission ratio ü/üth on the size of the primary capacitor C1 relative to various values for the secondary capacitance CB.  

1. CB = 8 pF.     2. CB = 35 pF.     3. CB = 85 pF.     4. CB = 200 pF.

The voltage transmission ratios ü that are measured relative to various load capacities are shown

in curves 1 to 4 in Fig. 14. These are based upon the maximum theoretically possible voltage transmission ratio üth as a function of the size of the primary capacitor C1.  As we can see, of course, C1 can be adjusted to maximize the voltage transmission ratio.  As the load capacitance gets bigger the voltage transmission ratio maximum becomes smaller in amplitude.  There are various causes for this drop.  One reason is that the resonant frequency of the coupled system becomes smaller as C1 and the load capacitance C2 are increased.  Another reason is that the wire length of the secondary winding becomes less equal to ¼ of the wavelength.  

Considering the data found in Fig. 14, two curves are shown in Fig. 15, which represent the function of the relative transmission ratio on load capacitance.  Curve 1 represents the new adjustment to resonance from changing C1, curve 2 for constant primary capacitance C1 = 0.6 uF, i. e., for the transformer that is balanced only for no load and then capacitively loaded.  Curves 1 and 2 show that the influence of a renewed adjustment increases with increasing capacitance CB.  

The function of the transmission ratio, for the special case in which the transformer is adjusted to resonance during power off, and then loaded to the values of resistance and capacitance, as shown in Fig. 16, is dependent on the magnitude of the load resistance RB or the ratio of RB to (L2 put in parallel to the secondary winding.  The capacitive load that is affected by the ground capacitance of the connecting line to the load resistance RB and to the measuring equipment remains unchanged.  The first results indicate that the transformer, for example, is in a position with a voltage of 106 V to give off a current with a peak value of approximately 50 mA without any significant voltage drop.  This corresponds to a load resistance of 20 MegOhms.

[image: image43.emf]
Fig. 15. The function of the relative voltage transmission ratio ü/ü on the size of the secondary load capacitor CB.  

1. Transformer for any load case, resonance adjusted by increasing the size of C1.

2. Transformer adjusted to resonance with no load, C1 = 0.6 uF.
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Fig. 16.  The function of the relative voltage transmission ratio ü/üth on the magnitude of the secondary load resistance RB or on the ratio 
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when adjusted to no load resonance, C1 = 0.6 uF.

1.  Threshold value for C1 = 0.6 uF and CB = 65 pF.
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Fig. 17.  Time slope of the primary voltage U1 = f(t) and the secondary voltage U2 = f(t) of a Tesla transformer for the case in which a mechanical switch is used for the switching element.

The time slope of the primary voltage U1 and the secondary voltage U2, of the afore mentioned Tesla transformer, in which a mechanical switch is used for closing the primary circuit, is shown in Fig. 17.  We can see that the voltage oscillations have a beat like pattern on the primary as well as on the secondary side. The time slope of the secondary voltage U2 for the case in which the spark gap is used as a switching element on the primary side may be seen in Fig. 18.  A beat cannot develop here because the arc between the electrodes of the switch spark gaps quenches at a half beat period, i. e., after attaining the maximum value of the secondary voltage.  The secondary circuit thus, oscillates from this point by itself.
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Fig 18.  Time slope of the secondary voltage U2 = f(t) of a Tesla transformer for the case in which a spark gap onto which air is blown acts as the switching element.  The voltage pattern can only be seen about ¼ of the period from attaining the greatest peak value of U2.


Again, it should be pointed out, the great influence that the loss factor of the primary capacitors, under certain circumstances, has upon the dampening and thus the attainable transmission ratio.  In measurements that were conducted on the 1.5 MV Tesla transformer that was available, the use of capacitors with ceramic dielectrics or with a dielectric that is made up of a plastic foil (styroflex) were found to be very satisfactory with regard to the transmission ratio.  This will become clear when we compare the loss factors of capacitors with this dielectric and with that of Clophene paper capacitors.  A comparison such as this was made in Fig. 10.  We can see from this that the ratio of the tan ( of Clophene paper capacitors to the tan ( of ceramic or styroflex capacitors, amounts to approximately 10:1 at a frequency of 20 kHz.  For the series equivalent resistance R1’ of the primary capacitor C1 = 0.6 * 10-6 F with a tan ( = 10 * 10-3 at 20 kHz, a value of 133 * 10-3 ( is obtained.  A comparison with the direct current resistance of 23 * 10-3 ( that is given for the primary side in table 2 with that of this equivalent resistance shows the overwhelming influence of the high tan ( value.  This also holds true when we take into consideration the fact that the ohmic resistance of the primary winding can increase as a result of the current dampening at 20 kHz to approximately the two fold value of the alternating current resistance.


In practice, the use of high frequency capacitors, of comparatively high capacitance values and for operating voltages of the order of 10 to 30 kV, is limited for economic reasons.     Therefore, in the construction of Tesla coil insulators generally the cost of maximal attainable transmission ratios must be set aside with cheap Clophene or oil paper capacitors.

SUMMARY


Following a general discussion of Tesla transformers a detailed study of their theory is made.  In this connection, among others, it is pointed out that the selection of a coupling factor k has a considerable influence upon the maximum attainable transmission ratio.  In addition, the relationship between the rated voltage and frequency of transformers of this type shows that the correct design is important.  Dampening is treated in a special chapter.  The magnitudes of the various influences are shown from which it is pointed out, in particular, that the electric arc resistance generally plays a greater part when a spark gap is used as a switching element on the primary side. In conclusion, a Tesla transformer is described for a maximum no load voltage of 1.5 MV and test results are given which deal primarily with the influence if the transmission ratio in connection with various loads.

BIBLIOGRAPHY

[1]  Drude, P.: Uber induktive Erregung zweier elektrischer Schwingungskreise mit                 

Anwendung auf Perioden und Dampfungsmessung, Tesla transformatoren und drahtlose Telegraphie.  Ann. Phys., Bd. 13 (1904) S, 512-561.

[2]  Drude, P.:  Rationelle Konstruktion von Teslatransformatoren.  Ann. Phys.  Bd. 16 

       (1905) S. 116-133.

[3]  Zenneck, J.: Die Abnahme der Amplitude bei Kondensatorkreisen mit 

       Funkenstrecke, Ann. Phys. Bd. 13 (1904) S. 822-826.

[4]  Kiebitz, F.:  Die vollstandige Losung der Differentialgleichungen zweier magnetisch 

       gekoppelter, konstant gedampfter elektrischer Schwingungskreise, Ann. Phys. Bd. 40   

       (1913) S. 138-156.

[5]  Bouwers, A.: Elektrische Hochstspannungen. Verlag Julius Springer, Berlin 1939.

[6]  Hochhausler, P.:  Der Teslatransformator als Hochfrequenzprufgenerator und seine 

       Untersuchung  mit dem Kathodenoszillographen, Arch. Elektrotechn. Bd. 26 (1932)           

       S. 518-534.


[7]  Rint, C.:  Handbuch fur Hochfrequenz und Elektro-Techniker, Verlag fur Radio-

       Foto-Kinotechnik, Berlin 1953.


[8]  Heise, W.:  Tesla-Transformatoren fur hohe Spannungen, AEG-Mitt. Bd. 52 (1962) 

    

       S. 354-361.

_971357609.unknown

_972034751.unknown

_976201634.unknown

_978761130.unknown

_980857543.unknown

_980857982.unknown

_982774837.unknown

_980857586.unknown

_980857981.unknown

_980857400.unknown

_976352793.unknown

_976353393.unknown

_976354926.unknown

_978692553.unknown

_976353278.unknown

_976352613.unknown

_976198608.unknown

_976199636.unknown

_976190616.unknown

_972025748.unknown

_972028985.unknown

_972034516.unknown

_972027248.unknown

_971358861.unknown

_972024678.unknown

_971357876.unknown

_969010460.unknown

_971355316.unknown

_971356550.unknown

_969010590.unknown

_969009486.unknown

_969009753.unknown

_969008184.unknown

