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Optimal performance for Tesla transformers
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The previous work related to finding improved performance for Tesla transformers is shortly
reviewed. The possibilities to reach the optimal working point by modifying the main components
are discussed from a practical standpoint. A methodology for maximizing the secondary voltage by
regulating the tuning ratid and the coupling coefficient is examined in particular. It is shown that

its results are valid only if primary and secondary inductor values remain unchanged, and the
secondary capacitor value is decreased. All in all, the best improvement from the typical condition
of T=1 increases the secondary voltage of only 18% and requires tide coupling. This, in turn,
imposes severe engineering problems to avoid dielectric breakdown between the primary and
secondary coils, and makes the practical utility of this result someway questionable. In a real Tesla
transformer, the most practical mean to perform tuning is to move the tap feeding the primary coil,
rather than rewinding the secondary coil or redesigning the secondary top terminal. The resonant
circuits are not undamped and it is crucial to reach the maximum voltage at the secondary in the
shortest time, to minimize losses. It is shown that, in order to achieve optimal performance, a better
strategy is to tune the primary coil to achiee1 and then to increase the coupling coefficient as
much as possible, aiming at one of the values selected from a given tabl200® American
Institute of Physics.[DOI: 10.1063/1.1498905

I. INTRODUCTION Targeting the maximum output voltage, Rééts ob-
served that an 18% increase can be obtained by using a tun-

B et cf1d 120 165 han Uy and ol st of couping,
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that is discharged through a switching devieeg., a spark His work has been generalized by Phtstgal,” providing a

into a low-induct | Th d vt simpl set of equations in order to calculate all tuning ratio and
gap into a ow-inductance corl. The secondary circul Slmloycoupling coefficient pairs that achieve (Bcal) maximum
features an air-wound coil with one side grounded and th utput
othgr side connectgd o a termu‘(ajsually a sphere or a Following an alternative track, Finkelstéitas identi-
toroid). If the two coils are magnetically coupled, every dis-

fied the general conditions required for a complete energy

charge of the primary capacitor generates a magnified VOItfransfer from the primary to the secondary circuits: in all
age on the secondary caoil.

The workin int of the Tesla transformer is influen dcases, a unitary tuning ratio is required. The Drude’s condi-
€ working point ot the fesia transiormer 1S INTUeNncedy,, o o chieve complete energy transfer in the least time, but
by the values of capacitance and inductance of primary an

o . . ther values of coupling coefficient can be used as well,
secondary circuits, together with the amount of coupling be- Ping

w h Aft tina t imize its effici ' i while the transfer completion is simply moved to a later time
een them. Attempling to maximize 1ts efliciency 1S Not &;,qiant  Finkelstein’s work was continued and extended to

trivial task, as these parameters all have a nonlinear effect op .. coupled resonance circuits by Bienidsakd eventu-

the transformer tuning and its magnification. . ally generalized to any number of circuits by de Queftéz.
The purpose of this article is to provide a short review of

the previous work related to the optimization of Tesla trans-

formers, showing that different threads converge to consis-

tent results even if there is not a consensus on the definitioll- AIR-COUPLED RESONANT CIRCUITS
of the targeted optimum. More, the possibilities to reach the Operation of the Tesla transformer can be regarded as
desired working point are discussed from a practical point OEhat

. . . . . of two inductively air-coupled, damped resonant circuits
view, together with the magnitude of the obtainable |mprove—(Fig. 1). The primary circuit is formed when the spark gap
ment.

conducts and connects in series the primary capa€itaqr
the primary coilL;, and its equivalent resistané® . The
secondary circuit is formed by the series of the secondary
coil L, with its equivalent resistancBR, and with the top
Conditions required to achieve the maximum voltage atoroid C,. The loop is closed through ground, as the second-
the secondary circuit of a Tesla transformer were first pointeéry coil base is grounded and the top toroid exhibits a
out by Drudé and consisted of a unitary tuning ratio and alumped capacity with respect to ground also. The primary
coupling coefficient of 0.6. From that point, the search for anand secondary coils are inductively coupled with each other
optimal working point has evolved along two axes. with mutual inductancév.

II. PREVIOUS WORK
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PRIMARY CIRCUIT

SECONDARY CIRCUIT

FIG. 1. Inductively coupled primary and secondary circuits in a Tesla
transformer.

According to the first Kirchoff law, the sum of the volt-
ages around a closed circuit is zero, therefote,
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Solutions in a closed form for voltage, developed on
capacitorC, can be found only for the ideal case of no
damping R;=R,=0) as
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Herek is the coupling coefficient (€k<1), while w;

and w, are, respectively, the angular resonance frequencies

of the uncoupled primary and secondary circiétso called
open-circuit resonancgs

The tuning ratio, indicated by, is defined as the square
of the ratio of the uncoupled resonance frequencies, While
is the initial voltage acros€,. More, w; andw, are the
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FIG. 2. G/G_ gain vs tuning ratior for differentm values.

Equation(3) shows that the secondary voltage is a high
frequency oscillation\,+w;)/2 which is amplitude modu-
lated by another low frequency oscillatiow{—w,)/2.

IV. CONDITIONS FOR MAXIMUM VOLTAGE GAIN

An obvious way to optimize a Tesla transformer design
is to aim for developing the maximum achievable secondary
voltage. From Eq(3), the maximum voltage gain is

_Uz(t)‘ 2k

Vil (I-T)2+4K2T
where
L,
GL—\/L—l. (9)

The gainG from Eq.(8) can be achieved only if both the
sine terms in Eq(3) are equal ta-1 simultaneously, that is,
only if

W2+W1 ' W2_W1 v
t==+mw and —+nm,

2 2 2 2
wheren and m are positive or negative integers. Without
losing generalityn can be set to zero, therefore, changing the
requirement to

t

(10

w, 1+m
—=— (12
Wy m
Substituting Eq(7) into Eq.(11) gives
a®(1+T)°—(1-T)?
- \/ i , (12
where
B 1+2m
T I 2my2m? (13
k can now be eliminated from E@8) giving®
t 2(1+T)*—(1-T)?
_ua(t) :\/a(2> A-Te W
Vi a“T(1+T)

angular resonance frequencies of the primary and secondary The above result has been previously investigated
circuits when coupled. The physical constraints on the valuestriving for maximizing theG/G, ratio and pointing out that

of k andT ensure thatv; andw, are always real. Note that
w,>Ww, is also assumed.

a value higher than 1 can be obtained for tuning ratios dif-
ferent than unity. As Fig. 2 shows, this ratio has its maximum
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12 T T T ' T T T T value is now reached with= 1, regardless of the value of

1 (anyway,m has to be an integer as seen befohe practice,
on a real Tesla transformer, the secondary coil cannot be

08 easily modified but the primary coil tap can be moved with
x 06 no problem. In light of the above considerations, when tun-
0.4 ing by moving the primary coil tap, the best performance can
02 be achieved with a tuning ratido=1.
0 B. Optimizing C,
02 04 06 08 1 12 14 16 18 2
T When evaluating the benefits of optimizations involving
the change o€, it is fair to use the same amount of energy
FIG. 3. K, gain vs tuning ratidl for differentm values. E, to accumulate the initial chargg on it. Recalling thav/,
is the initial voltage acros€,
for T<1 depending on'the value chosen farFor mstanc.é, Eo= %ClVi- (21)
if m=1 then the maximum value achievable fG/G, is o )
1.18, whenT =0.541 andk=0.546. From Egs.(15) and(21), eliminatingV,; we obtain
This analysis results in a maximized(t) peak value 2E, L,
supposing that the values @f, (i.e.,L; andL,) and ofV, Vy= \/C—GT \E (22
remain constant. As the tuning rafl[d Eq. (6)] can be varied ! !
by operating orC,, C,, L, orL,, itis of practical interest Substituting Eq.(6) and eliminatingC; the maximum
to examine each of these cases separately in terms of tis@condary voltage is
overall voltage gain achieved at the secondary. From €js. LT L
and(14), the maximum secondary voltage is Vo= 1/2E \ /EGT \/L:l (23
2 2 2
Vo=0,(t) | ma= V1G=V; \/a (1+2T) (12 D G, AsL,, L,, C,, andE, are constanty, is now propor-
a"T(1+T) tional to K, defined as
~=V,G; \/?, (15) VK= TGr. (29)
1 This means that the same results obtained in the previous
where chapter forK; (see Fig. 3 can also be applied in this case.

Therefore, when tuning by changing the primary capacitor
] (16)  value, the best performance can be achieved with a tuning
a’T(1+T)? ratio T=1.
It has to be noted that choosing a valuerigrcalculating
a from Eq. (13), picking a value forT, and calculatingk . Optimizing C,
using Eq.(12), Eq. (11) is satisfied and the sine terms prod-
uct is maximum(*1).

G a?(1+T)?—(1-T)?
GT:G_L=

Equation(15) is influenced by the value @, only in its
G+ term; therefore, the results presented in Fig. 2 apply with-
out any correction when the Tesla transformer optimization

A. Optimizing L, or L, is performed by varying the secondafiye., top terminal
From Egs.(9) and(6), the tuning ratio is capacity.
ol G0 (17 V- CONDITIONS FOR COMPLETE ENERGY
L,C, 'C;° TRANSFER
OptimizingL, or L, C; andC, are constant, therefore, A slightly different approach is to define the Tesla trans-
o former optimal functional mode as one where all of the en-
G .= —lTxﬁ, (18 ergy initially present onC; gets eventually transferred to
Co C,, possibly in the shortest amount of time.
Also asV, is constant, from Eqq15) and(18) we obtain Intuitively,* a complete transfer of the energy present on
NG C, to C, implies the developed voltagé, to be maximum.
VoxGryT. (19 Asseen previously, this requires E@0) to be satisfied. That
This means that when varyirgby changingL, orL,,  can be rearranged as
the original graph family from Fig. 2 has to be corrected by a+t2b—1
a factor ofT. Therefore, the variablg ; can be defined as VTZZ B — a,b=1,23,.... (25
1
VoK =Gr\T. (20

It can be showhthat a further condition required for the
From Fig. 3 it can be easily seen that the maximugn  whole energy present o@; to move toC, is
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TABLE I. Some of the values ok that ensure complete energy transfer if
T=1.

a c k Beat Cycles iv‘_
-
1 2 0.600 1 1.0 . i
2 3 0.385 1 1.5 0 20 40 60 80
3 4 0.280 1 2.0 Time (5)
4 5 0.220 1 25
5 6 0.180 1 3.0 100 , , . ®
6 7 0.153 1 35 ;
7 8 0.133 1 4.0 Z 0 ]
8 9 0.117 1 45 =
9 10 0.105 1 5.0 ] L
10 11 0.095 1 55 - 100 2 © P 80
11 12 0.087 1 6.0 Time (s)
12 13 0.080 1 6.5
1 4 0.882 2 2.0
2 5 0.724 2 25
4 7 0.508 2 35
5 8 0.438 2 4.0
7 10 0.342 2 5.0 |
8 1 0.308 2 55 - 400 ' ’ '
10 13 0.257 2 6.5 0 » Tin‘:g (us) ® »
11 14 0.237 2 7.0
13 16 0.205 2 8.0 @
14 17 0.192 2 85 4 ‘
16 19 0.170 2 9.5
17 20 0.161 2 10.0
-4 L 1 !
0 20 40 60 80
01— 0. (26) Time (ps)

FIG. 4. \oltage and current in a Tesla transformer simulated \@th

That is, the tuning ratio value must Be= 1. Substituting  _ ;o = | —100uH, R,=0, C,=10 pF, L,=100 mH, R,=0, and k
- ’ 1~ ’ 1= Y 27 ) 2= ’ 2 Y

in Eq. (7) we obtain =0.161, and an initial voltage of 10 kV ofi;. All the energy initially on
C, is transferred taC, after 10 primary cycles, at 58s; (a) primary volt-
W= wq age,(b) primary current,c) secondary voltage, and) secondary current.
TS
(27)  Which the transfer is complete. Note how this number of
g cycles is simplyc/2, while the beat number is given Hy

11—k [Eqg. (30)]. The time instant when all the initial charge has

been transferred from the primary to the secondarisée
From Eqgs.(25 and (27), the valués) of k needed to Fig. 4)

ensure complete energy transfer can be found as

W2_a+2b_l_ V1i+k (28) vl=0, UZZVZ, i1:0, i2:0. (31)
wy a 1k Under the conditioT=1, Eq.(3) gives
that is, 3
/ Wo+ W Wy—W
c’—a? Uz(t)|T:1:V1 _ZSin 2 lt) i ( 2 1t)
= (29 L, 2 2
c’+a®’ (32)

where Supposing lossless circuits affie- 1, varyingk does not
influence the maximum value af, achievable, as long as
=a+2b—1. : -
c=at2b-1 (30 Eq. (29 is satisfied.
Summarizing, a tuning rati@d=1 and a value ok as
given by Eq.(29) are sufficient to ensure both a maximum ACKNOWLEDGMENT
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