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3b Tesla Coil 

• testing electrical apparatus for switching surges, high frequency high voltage damped 

oscillations are needed which need high voltage high frequency  transformers.  

The advantages of these high frequency transformers are: 

• the absence of iron core in transformers and hence saving in cost and size,  

• pure sine wave output, 

• slow build-up of voltage over a few cycles and hence no damage due to switching surges, and 

• uniform distribution of voltage across the winding coils due to subdivision of coil stack into a 

number of units. 

• The commonly used high frequency resonant transformer is the Tesla coil 

• Doubly tuned resonant circuit  

• The primary voltage rating is 10 kV 

• The secondary may be rated to as high as 500 to 1000 kV.  

• The primary is fed from a d.c. or a.c. supply through the condenser Ci.  

• A spark gap G connected across the primary is triggered at the desired voltage V1 which induces 

a high self-excitation in the secondary.  

• The primary and the secondary windings (L1)and (L2) are wound on an insulated former with no 

core (air-cored) and are immersed in oil.  

• The windings are tuned to a frequency of 10 to 100 kHz by means of the condensers C1 and C2  

•  

• output voltage V2 is a function of  L1, L2, C1, C2, M.  

•  winding resistances will be small , contribute only for damping of the oscillations.  

•  neglecting the winding resistances.  



• Let the condenser C1 be charged to a voltage V1 when the spark gap is triggered.  

• Let a current i1 flow through the primary winding L1 and produce a current i2 through L2 and C2 

•  

• Laplace Transform 

•  

•  

•  

•  

•  

• γ2
 

•  



•  

 

 Simplified analysis of Tesla coli from energy consideration  

 

 

For high value of K and winding resistance the waveform may become unidirectional  
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• A trigatron gap consists of a high voltage spherical electrode of suitable size, an earthed main 

electrode of spherical shape, and a trigger electrode through the main electrode.  

• The trigger electrode is a metal rod with an annular clearance of about 1 mm fitted into the 

main electrode through a bushing.  

• The trigatron is connected to a pulse circuit as shown in Fig. 6.24b.  

• Tripping of the impulse generator is affected by a trip pulse which produces a spark between the 

trigger electrode and the earthed sphere. 

•  Due to space charge effects and distortion of the field in the main gap, sparkover of the main 

gap occurs.  

• The trigatron gap is polarity sensitive and a proper polarity pulse should be applied for correct 

operation  

•  

•  
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• According to the Simpson's theory (Fig. 8.2) there are three essential regions in the cloud to be 

considered for charge formation.  

• Below region A, air currents travel above 800 cm/s, and no raindrops fall through.  

In region A, air velocity is high enough to break the falling raindrops causing a positive charge spray in 

the cloud and negative charge in the air.  

The spray is blown upwards, but as the velocity of air decreases, the positively charged water drops 

recombine with the larger drops and fall again.  

Thus region A, eventually becomes predominantly positively charged, while region B above it, becomes 

negatively charged by air currents.  

In the upper regions in the cloud, the temperature is low (below freezing point) and only ice crystals 

exist  

The impact of air on these crystals makes them negatively charged, thus the distribution of the charge 

within the cloud becomes as shown in Fig. 8.2. 

• Reynolds and Mason proposed modification, according to  which the thunder clouds are 

developed at heights 1 to 2 km above the ground level and may extend up to 12 to 14 km above 

the ground.  

• For thunder clouds and charge formation air currents, moisture and specific temperature range 

are required. 

• The air currents controlled by the temperature gradient move upwards carrying 

moisture and water droplets.  

• The temperature is O0C at about 4 km from the ground and may reach - 5O0C at about 12 km 

height.  

• But water droplets do not freeze as soon as the temperature is O0C. They freeze below - 4O0C 

only as solid particles on which crystalline ice patterns develop and grow.  

• The larger the number of solid sites or nuclei present, the higher is the temperature (> -4O0C) at 

which the ice crystals grow. 

• Thus in clouds, the effective freezing temperature range is around - 330C to - 4O0C. 

The water droplets in the thunder cloud are blown up by air currents and get super 

cooled over a range of heights and temperatures.  

When such freezing occurs, the crystals grow into large masses and due to their weight and gravitational 

force start moving downwards.  



Thus, a thunder cloud consists of supercooled water droplets moving upwards and large hail  stones 

moving downwards.  

When the upward moving super cooled water droplets act on cooler hail stone, it 

freezes partially, i.e. the outer layer of the water droplets freezes forming a shell with 

water inside.  

When the process of cooling extends to inside warmer water in the core,  it expands, thereby splintering 

and spraying the frozen ice shell. The splinters being fine in size are moved up by the air currents and 

carry a net positive charge to the upper region of the cloud.  

The hail stones that travel downwards carry an equivalent negative charge to the lower regions of the 

cloud and thus negative charge builds up in the bottom side of the cloud  

• According to Mason, the ice splinters should carry only positive charge upwards. 

• Water being ionic in nature has concentration of H+ and OH- ions.  

• The ion density depends on the temperature.  

• Thus, in an ice slab with upper and lower surfaces at temperatures T1and T2 (T1 < T2), there will 

be a higher concentration of ions in the lower region. 

•  However, since H+ ions are much lighter, they diffuse much faster all over the volume.  

• Therefore, the lower portion which is warmer will have a net negative charge density, and hence 

the upper portion, i.e. cooler region will have a net positive charge density.  

• Hence, it must be appreciated, that the outer shells of the freezed water droplets coming into 

contact with hail stones will be relatively cooler (than their inner core—warmer water) and 

therefore acquire a net positive charge. 

• When the shell splinters, the charge carried by them in the upward direction is positive.  
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Expulsion gaps 

Expulsion gap is a device which consists of a spark gap together with an arc quenching 

device which extinguishes the current arc when the gaps breakover due to overvoltages. 



A typical such arrangement is shown in Fig.  

 This essentially consists of a rod gap in air in series with a second gap enclosed within a fibre tube. 

 In the event of an overvoltage, both the spark gaps breakdown simultaneously.  

The current due to the overvoltage is limited only by the tower footing resistance and the surge 

impedance of the ground wires.  

The internal arc in the fibre tube due to lightning current vapourizes a small portion of the fibre 

material.  

The gas thus produced, being a mixture of water vapour and the decomposed fibre product, drive away 

the arc products and ionized air.  

When the follow-on power frequency current passes through zero value, the arc is extinguished and the 

path becomes open circuited.  

Meanwhile the insulation recovers its dielectric strength, and the normal conditions are established. 

The lightning and follow-up power frequency currents together can last for 2 

to 3 half cycles only. Therefore, generally no disturbance in the network is produced. 

For 132 or 220 kV lines, the maximum current rating may be about 7,500 A.  

 

 



) Protector tubes 

A protector tube is similar to the expulsion gap in, construction and principle.  

It also consists of a rod or spark gap in air formed by the line conductor and its high voltage terminal.  

It is mounted underneath the line conductor on a tower.  

The arrangement is shown in Fig. 8.2Ob.  

The hollow gap in the expulsion tube is replaced by a nonlinear element which offers a very high 

impedance at low currents but has low impedance for high or lightning currents. When an overvoltage 

occurs and the spark gap breaksdown, the current is limited both by its own resistance and the tower 

footing resistance. 

The overvoltage on the line is reduced to the voltage drop across the protector tube. 

 After the surge current is diverted and discharged to the ground, the follow-on normal power frequency 

current will be limited by its high resistance.  

After the  current zero of power frequency, the spark gap recovers the insulation strength quickly.  

Usually, the flashover voltage of the protector tube is less than that of the line 

insulation, and hence it can discharge the lightning overvoltage effectively.  
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These are non-linear resistors in series with spark gaps which act as fast switches. A 

typical surge diverter or lightning arrester is shown in Fig. 8.23 and its   characteristics are given in Fig. 

8.24. A number of non-linear resistor elements made of silicon carbide are stacked one over the other 

into two or three sections. They are usually separated by spark gaps (see Fig. 8.23). the entire assembly 

is housed in a porcelain water-tight housing. The volt-ampere characteristic of a resistance element is of 

the form  



 

where, I= discharge current, 

V = applied voltage across the element, and 

k and a are constants depending on the material and dimensions of the element. 

 

The lighter designs operate for smaller duration of currents, while the heavy duty 

surge diverters with assisted or active gaps are designed for high currents and long 

duration surges.  

The lighter design arresters can interrupt 100 to 300 A of power frequency follow-on current and about 

5000 A of surge currents.  

If the current is to be more and has to be exceeded, the number of series elements has to be increased 

or some other method to limit the current has to be used. In heavy duty arresters, the gaps are so 

arranged that the arc burns in the magnetic field of the coils excited by power 

frequency follow-on currents.  

During lightning discharges, a high voltage is induced in the coil by the steep front of the surge, and 

sparking occurs in an auxiliary gap.  

For power frequency follow-on currents, the auxiliary gap is extinguished, as sufficient 

voltage will not be present across the auxiliary gap to maintain an arc.  



The main gap arcs occur in the magnetic field of the coils.  

The magnetic field, aided by the born shaped main gap electrodes, elongates the arc and quenches it 

rapidly.  
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Rod gaps 

A much simpler and effective protective device is a rod-gap  

However, it does not meet the complete requirement.  

The sparkover voltage of a rod gap depends on the atmospheric conditions.  

A typical volt-time characteristic of a 67 cm-rod gap is shown in Fig.  with its protective margin.  

There is no current limiting device provided so as to limit the current after sparkover, and hence a series 

resistance is often used.  

Without a series resistance, the sparking current may be very high and the applied impulse voltage 

suddenly collapses to zero thus creating a steep step voltage, which sometimes proves to be very 

dangerous to the apparatus to be protected, such as transformer or the machine windings. 

Nevertheless, rod gaps do provide efficient protection where thunderstorm activity is less and the lines 

are protected by ground wires.  
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Lightning Protection Using Shielded Wires or Ground Wires 

Ground wire is a conductor run parallel to the main conductor of the transmission line 



supported on the same tower and earthed at every equally and regularly spaced towers. It is run above 

the main conductor of the line. The ground wire shields the transmission line conductor from induced 

charges, from clouds as well as from a lightning 

discharge. The arrangements of ground wires over the line conductor is shown in Fig. 8.19. 

The mechanism by which the line is protected may be explained as follows. If a positively charged cloud 

is assumed to be above the line, it induces a negative charge on the portion below it, of the transmission 

line. With the ground wire present, both the ground wire and the line conductor get the induced charge. 

But the ground wire is earthed at regular intervals, and as such the induced charge is drained to the 

earth potential only; the potential difference between the ground wire and the cloud and that between 

the ground wire and the transmission line wire will be in the inverse ratio of  their respective 

capacitances [assuming the cloud to be a perfect conductor and the atmospheric medium (air) a 

dielectric]. As the ground wire is nearer to the line wire, the induced charge on it will be much less and 

hence the potential rise will be quite small. The effective protection or shielding given by the ground 

wire depends on the height of the ground wire above the ground (H) and the protection or shielding 

angle 85 (usually 30°) as shown in Fig. 8.19. The shielding angle 65 « 30° was considered adequate for 

tower heights of 30 m or less. The shielding wires may be one or more depending on the type of the 

towers used. But for EHV lines, the tower heights may be up to 50 m, and the lightning strokes 

sometimes occur directly to the line wires as shown in Fig. 8.19. The present trend in fixing the tower 

heights and shielding angles is by considering the "flashover rates" and failure probabilities. 
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• Discharge Detection Using Straight Detectors  
• The circuit arrangement shown in Fig. 9.21 gives a simplified circuit for detecting  "partial 

discharges".  
• The high voltage transformer shown is free from internal discharges.  
• A resonant filter is used to prevent any pulses starting from the capacitance of the windings and 

bushings of the transformer.  
• Cx is the test object, Cc is the coupling capacitor, and Zm is a detection impedance.  
• The signal developed across the impedance Zm is passed through a band pass filter and 

amplifier and displayed on a CRO or counted by a pulse counter multi -channel analyzer unit. 

 

 

• the discharge pattern displayed on the CRO screen of a partial discharge detector with an 
elliptical display is shown.  

• The sinusoidal voltage and the corresponding ellipse pattern of the discharge are shown in Fig. 
9.22a and a single corona pulse in a point-plane spark gap geometry is shown in Figs. 9.22b and 
c.  

• When the voltage applied is greater than that of the critical inception voltage, multiple pulses 
appear (see Fig. 9.22c), and all the pulses are of equal  magnitude.  

• A typical discharge pattern in cavities inside the insulation is shown in Fig. 9.22d.  



• This pattern of discharge appears on the quadrants of the ellipse which correspond to the test 
voltage rising from zero to the maximum, either positively or negatively.  
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Schering Bridge  

• In the power frequency range (25 to 100 Hz) Schering bridge is a very versatile and  sensitive 
bridge and is readily suitable for high voltage measurements.  

• The stress dependence of K' or εr and tanδ  can be readily obtained with this bridge. 
• The schematic diagram of the bridge is shown in Fig.  
• The lossy capacitor or capacitor with the dielectric between electrodes is represented as an 

imperfect capacitor of capacitance Cx together with a resistance rx.  
The standard capacitor is shown as Cs which will usually have a capacitance of 50 to 500 µF.  

The variable arms are R4     and C3 /R3.  

Balance is obtained when 

 

      ===  

  



• The normal method of balancing is by fixing the value of  R3 and adjusting C3 and   R4.  
•  C3 giving a direct reading of tan δ.  
• R4 will be a decade box with 5 to 6 decade dials.  
• The maximum value of R4 is limited to 104Ὠ and the lowest value will not be less than 0.01 Ὠ  

This range adequately takes care of the errors due to contact resistances as well as the stray capacitance 

effects across R4 which are usually very small. 

 It is important to see that the resistances are pure and not reactive and the standard capacitor has 

negligible tan δ  (air or gas Filled capacitor is used). 

• The arrangement shown in Fig. is suitable when the test specimen is not grounded.  
• The standard condenser Cs is usually a three terminal condenser.  
• The low voltage arms of the bridge (R4 and R3 C3) and the detector are enclosed in grounded   

shielded boxes to avoid stray capacitances during the measurements.  
• The detector is either a vibration galvanometer or in modern bridges a tuned electronic null 

detector of high sensitivity.  
• The protective gaps G are so arranged that the low voltage arms are protected from high 

voltages in case the test objects fail.  
• The impedances of the low voltage arms are such that the voltage drop across EB or FB does not 

exceed 10 to 20 V.  
The arms will be usually rated for a maximum instantaneous  voltage of 100 V. 

•   SOURCES OF ERROR:  
• For a very accurate measurement of the dissipation factor at power frequency, the stray and 

grounded capacitances should be eliminated and the indirect capacitive and inductive coupling 
of the arms are to be minimized to a level lower than the accuracy of the bridge arms.  

In this bridge the main source of error is the ground capacitance of the low voltage terminals of high 

voltage arms, i.e. the stray capacitances from E and F to ground. These are eliminated by shielding the 

low voltage arms using doubly  shielded cables for connections and using the  “Wagner earthing 

device".  

Compensation  for the stray capacitances is given by providing a parallel R-L circuit  across R4.  
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TESTING OF TRANSFORMERS 

Transformers are very important and costly apparatus in power systems. Great care has to be exercised 

to see that the transformers are not damaged due to transient overvoltages of either lightning or power 

frequency. Hence, overvoltage tests become very important in the testing of transformers. Here, only 

the overvoltage tests are discussed, and other routine tests like the temperature rise tests, short circuit 

tests, etc. 3re not included and can be found in the relevent specifications. 

(a) Induced Overvoltage Test 

Transformers are tested for overvoltages by exciting the secondary of the transformer from a high 

frequency a.c. source (100 to 400 Hz) to about twice the rated voltage. This reduces the core saturation 

and also limits the charging current necessary in large power transformers. The insulation withstand 

strength can also be checked. 

(b) Partial Discharge Tests 

Partial discharge tests on the windings are done to assess the discharge magnitudes and the radio 

interference levels (see also Sec. 10.6). The transformer is connected in a manner similar to any other 

equipment (see Sec. 9.4) and the discharge measurements are made. The location of the fault or void is 

sometimes done by using the travelling wave technique similar to that for cables. So far, no method has 

been standardized as to where the discharge is to be measured. Multi-terminal partial discharge 

measurements are recommended. Under the application of power frequency voltage, the discharge 

magnitudes greater than 104 pico coulomb are considered to be severe, and the transformer insulation 

should be such that the discharge magnitude will be far below this value. 

Impulse Testing of Transformers 

The purpose of the impulse tests is to determine the ability of the insulation of the  transformers to 

withstand the transient voltages due to lightning, etc. Since the transients are impulses of short rise 

time, the voltage distribution along the transformer winding will not be uniform. The equivalent circuit 

of a transfomer winding for impulses is shown in Fig. 10.11. If an impulse wave is applied to such a 

network (shown in Fig. 10.11) the voltage distribution along the element will be  uneven, and oscillations 

will be set in producing voltages much higher than the applied voltage. Impulse testing of transformers 

is done using both the full wave and the chopped wave of the standard impulse, produced by a rod gap 

with a chopping time of 3 to 6 μs. To prevent large overvoltages being induced in the windings not 

under test, they are short circuited and connected to ground. But the short circuiting reduces the 

impedance of the transformer and hence poses problems in adjusting the standard waveshape of the 

impulse generators. It also reduces the sensitivity of detection. 
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Short Circuit Tests 

The most important tests carried out on circuit breakers arc short circuit tests, since these tests assess 

the primary performance of these devices, i.e. their ability to safely interrupt the fault currents. These 

tests consists of determining the making and breaking capacities at various load currents and rated 

voltages. In the case of isolators, the short circuit tests are conducted only with the limited purpose to 

determine their  capacity to carry the rated short circuit current for a given duration; and no breaking or 

making current test is done. The different methods of conducting short circuit tests are 

(I) Direct Tests 

(a) using a short circuit generator as the source (b) using the power utility system or network as the 

source. 

(II) Synthetic Tests 

(a) Direct Testing in the Networks or in the Fields Circuit breakers are sometimes tested for their ability 

to make or break the circuit under normal load conditions or under short circuit conditions in the 

network itself. This is done during period of limited energy consumption or when the electrical energy is 

diverted to other sections of the network which are not connected to the circuit under test. The  

advantages of field tests are: 

 The circuit breaker is tested under actual conditions like those that occur in a given network.  

 Special occasions like breaking of charging currents of long lines, very short line faults, interruption of 

small inductive currents, etc. can be tested by direct testing only.  

 to assess the thermal and dynamics effects of short circuit currents, to study applications of safety 

devices, and to revise the performance test procedures, etc. 

The disadvantages are: 

 The circuit breaker can be tested at only a given rated voltage and network capacity.  

 The necessity to interrupt the normal services and to test only at light load conditions. 

 Extra inconvenience and expenses in installation of controlling and measuring equipment in the Held. 

Direct Testing in Short Circuit Test Laboratories In order to test the circuit breakers at different voltages 

and at different short circuit currents, short circuit laboratories are provided. The schematic layout of a 

short circuit testing laboratory is given in Fig. 10.3. It consists of a short circuit generator in association 

with a master circuit breaker, resistors, reactors and measuring devices. A make switch initiates the 

short circuit and the master circuit breaker isolates the test device from the source at the end of a 

predetermined time set on a test sequence controller. Also, the master circuit breaker can be tripped if 



the test device fails to operate properly. Short circuit generators with induction motors as prime movers 

are also available. 

 


