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Introduction 

 

 These methodological instructions are a guide to laboratory work for students 

studying in specialties 5B071800 - Power Engineering, «Technics of High Voltage» 

and "Isolation of Electrical Equipment and High Voltage Electrical Installations" 

courses. Laboratory work introduces the laws of a particular process, test methods 

and measurements at high voltages. Laboratory works are delivered at real high 

voltage installations. 

Since the laboratory works are conducted at high voltage, it is important to 

explain the industrial safety to students when working on electrical installations in a 

high voltage laboratory. Students are allowed to perform laboratory work after 

having been instructed in safety precautions, passed the test and made a note in a 

special briefing book. In case of violation of the safety instructions, the student will 

be removed from the laboratory and to the next lesson will be allowed only after the 

permission of the dean of the faculty or the head of the department. 

 In the process of performing laboratory work, the student should be guided by 

the material of these methodological instructions and the direct instructions of the 

teacher. For the next lesson, each member of the team compiles a report on the work 

done. The report must be completed accurately and technically competent. 

Negligently compiled reports will not be accepted by teacher. The report should 

contain: 

- number and title of the work; 

- purpose of the work; 

- the scheme of the installation with the designation of the main equipment; 

- tables of experimental and calculated data; 

- graphs of obtained dependencies and calculated formulas; 

- a brief description of the obtained regularities, as well as, if necessary, an 

opinion on the compliance of the standards defined in the calculation of quantities 

with the requirements of standards and technical conditions. 

 Students who have not submitted a report on the work performed, are not 

allowed to the next lesson. For protect the work, students should be prepared in 

accordance with control questions and recommended literature. 
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 1 Laboratory work №1. Voltage distribution by elements of a garland of 

insulators 

 

 Aim of the work: study the distribution of voltage across the elements of a 

garland of insulators, familiarize with the methods of equalizing the voltage by a 

garland of insulators. 

 

1.1 Description of the laboratory stand 

 

The electrical diagram of the laboratory stand is shown in figure 1.1. The 

installation consists of a voltage regulator, a high-voltage transformer, a kenotron 

attachment, a measuring ball discharger, a capacitive voltage divider, an 

oscilloscope, a protective resistor, a MUT-7 measuring instrument (voltage meter) 

and test objects. Installation is equipped with a lock, a grounding crossbar and 

means of protection against electric shock. 

 
Figure 1.1 – Electrical circuit 

 

The voltage is applied to the laboratory installation from the control panel 

located in the audience B-117. 

At the closed door lock is activated (B), and green signal lights - light. 

Switching on the installation for voltage is carried out by circuit breaker (CB), while 

a red light comes on. The voltage regulator (VR) serves to regulate the voltage of 

the primary circuit of the high-voltage transformer (HVT).  

The voltmeter (V) is designed to record the actual value of the primary 

voltage. A high-voltage transformer serves to obtain a high-voltage industrial 

frequency. High voltage rectification is carried out with the aid of a kenotron 

attachment consisting of a kenotron (K) transformer of the glow (TG). The 

protective resistance consists of wire resistances with bifilar winding (500 kOm) and 

designed to limit short-circuit currents.  
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The capacitive voltage divider serves to register high voltage with an 

oscilloscope C1-19Б and a measuring instrument MUT-7. Ball measuring 

discharger is designed for proximate measurement of high voltage. 

At measuring high voltage in MUT-7, it is necessary to use the calibration 

curve shown in figure 1.2. 

 
 

Figure 1.2 – Calibration curve 

 

Determination of the maximum value of high voltage at measuring by a 

spherical measuring discharger (D = 25 cm) is carried out according to table 1.1. 

 

T a b l e 1.1 – Table values of voltage at normal conditions (Р0=760 mm, 

Т0=293 K) 

S, cm 1 1,2 1,5 1,6 2,0 2,4 2,8 3,0 4,0 5,0 6,0 

U, kV 31,7 37,4 45,5 48,1 59,0 70,0 81,0 86,0 112 137 161 

 

When determining the voltage value, it is necessary to use the interpolation 

formulas: 
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                             (1.1) 

 

where li – measured distance between balls; 

 Ui+1; Ui-1; li+1; li-1 – table values of the distance between the balls and 

their corresponding voltages before and after the measured value of li. 

The reduction of the table value of the voltage to the true values is carried out 

by the formula: 

 

                                              ,UU st.w                                                        (1.2) 
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where 
 

Сt273

col.mer.mmР
386,0

0
  - the relative density of the air. 

If the measured value of the distance between the balls is less than 1 cm, the 

corresponding voltages are determined as 

 

                                               .l4,6l5,24U                                          (1.3) 

 

In addition, the installation is equipped with samples of dielectric materials 

with different hygroscopicity, a model simulating a supporting and bushing, a set of 

rods and planes simulating the insulation gaps "wire-ground", "wire-wire", a barrier 

of a dielectric material, a Rogovsky condenser (D=20 сm). 

The order of how to turn on and off installation. 

1.1.1 Open the entry to the electrical installation and apply a temporary 

grounding to the high-voltage output of the transformer. 

1.1.2 Make the necessary electrical connections: 

a) for AC voltage, high voltage output of the transformer is connected to the 

test object; 

b) for DC, high voltage output of the transformer is connected to the cathode 

of kenotron, which is powered by the glow transformer TG with reinforced 

insulation and anode of kenotron is connected to the test object; 

b) make necessary switching on the test field; 

d) remove the temporary grounding; 

e) make sure that the voltage regulator knob is in the extreme left position; 

f) apply voltage from the control panel to the stand; 

g) turn on the circuit breaker; 

h) supply the required voltage to the test object by using a voltage regulator; 

i) after producing the experiments, bring the voltage regulator to the extreme 

left position (when performing this operation, the controller is not output to the 

extreme left position); 

j) disconnect the stand with the help of a circuit breaker; 

k) if it is necessary to perform the work on the test field, open the input to the 

installation and apply a temporary grounding on the output of high-voltage 

transformer with the help of a grounding crossbar; 

l) at imposing temporary grounding and production work on the test box is 

necessary to use dielectric gloves and bots; 

m) after finishing the work, disconnect the stand from the control panel.  

 

 1.2 Preparation for work 

 

1.2.1 Students are allowed to work after acquaintance with the description of 

the stand, study the safety instructions, receive instruction in the workplace and 

signed in SI journal. 

1.2.2 The value of the applied voltage and the number of elements in the 

garland are set by the teacher. 
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1.2.3 To make the necessary electrical connections, providing for the supply 

of insulators with AC voltage of industrial frequency. 

1.2.4 Measurement of high voltage is carried out with the help of the device 

MUT-7 or measuring ball discharger. 

1.2.5 Calculation of the voltage on the element from the wire is made by the 

formula: 
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 where U0 – voltage applied to the garland; 

                C1 – parasitic capacitances on the ground (5 pF); 

                C2 – parasitic capacitances on the wire (0,5 pF); 

                K – own capacitance of insulator (40 pF); 

                n – number of elements in a garland. 

The relative value of the voltage on the k element is defined as: 

 

                                              %.100
U

U
U

0

k
k                                             (1.5) 

 

The coefficient of non-uniformity is equal 

 

                                                ,
U

U
K

av

max

n                                                (1.6) 

 

where Umax – maximally loaded element of garland; 

Uav=U0/n – average voltage drop on the garland element. 

 

1.2.6 After processing experimental data, to give a physical interpretation of 

the obtained results. 

 

 

 

1.3 Performance of work 

 

1.3.1 Familiarize with the description of the laboratory stand. 

1.3.2 Determine the distribution of voltage by the garland of insulators. 

1.3.3 Determine the distribution of voltage by the elements of a garland with 

an equalizing screen. 

1.3.4 Determine the relative voltage distribution by the garland of insulators 

and the coefficient of uneven distribution. 

1.3.5 Determine the dependence of the coefficient of uneven distribution on 

the number of elements in the garland. 
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1.3.6 Construct the dependencies of the relative voltage distribution on the 

elements of the garland and compare it with the calculated data. 

1.3.7 Construct the dependence of the coefficient of uneven distribution on 

the number of elements in the garland.  

  

Conclusion. 

The conclusion should contain a brief analysis of the work done and the 

results obtained, as well as the possibility of using the results obtained in practice, 

in production conditions and in research work. 

 

1.4 Test questions 

 

1.4.1 Give a complete replacement scheme for the garland of insulators. 

1.4.2 Explain the effect of capacitances C1 and C2 on the distribution of 

voltage across the elements of the garland. 

1.4.3 What methods of voltage equalization do you know? 

1.4.4 Explain the devices of suspension and rod insulators. 

1.4.5 Explain the devices of linear insulators of disk type. 

1.4.6 Explain the mechanism of breakdown on the contaminated and 

moistened surface of insulators.  

1.4.7 How can we increase the discharge voltage of insulators? 

1.4.8 How the high voltage is measured by using ball dischargers? 

 

2. Laboratory work №2. Electric discharges in the air 

 

 Aim of the work: to study the electrical strength of air gaps created by 

electrodes of various shapes at constant voltage and alternating voltage of the 

industrial frequency. 

 

2.1 Theoretical information 

 

Electric strength is the main characteristic of air as an insulating medium, 

therefore special attention is paid to its study in the technique of high voltages. The 

electrical strength of the air gap is understood to mean the minimum value of the 

electric field strength at which the air gap breaks down, i.e. loss of insulation 

properties. The cause of the breakdown is the electric discharge.  

The main reason for the occurrence of an electric discharge in a gas is impact 

ionization, which occurs under the action of electrons accelerated by an electric 

field. In electropositive gases in which the formation of negative ions is impossible, 

the intensity of this process is characterized by the impact ionization coefficient ,  

which determines the number of ionization acts performed by an electron along a 1 

cm path along the lines of force of the electric field. In electronegative gases, in 

addition to increasing the number of electrons in impact ionization, there is also a 

loss of electrons due to "sticking" to neutral particles with the formation of negative 
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ions. This process is characterized by a sticking coefficient , therefore in 

electronegative gases, the intensity of the process of increasing the number of 

electrons is determined by the effective coefficient of impact ionization ef= - .    

  The coefficient ef (or ) depends on the electric field strength E, the pressure 

р and the absolute temperature Т. For air at a pressure and temperature close to 

normal, this dependence can be represented as: 

 

                                             .е
Е

257,0
/Е

29700

3




















                                              (2.1) 

 

 If the secondary ionization processes-photoionization in the gas volume, the 

photoelectric effect from the cathode, knocking out electrons from the cathode by 

positive ions would not be considered, the condition of the discharge independence 

in the gas can be represented as ef .  

 Assuming for a homogeneous field ,
S

U
E   we obtain the mathematical 

expression of the Paschen’s law 
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                                                    (2.2) 

 

Paschen's law argues: if the temperature is constant, the breakdown voltage of 

the gas in a homogeneous field is a function of the product of the pressure over the 

distance between the electrodes. 

Under conditions close to normal, the breakdown voltage of air in a 

homogeneous field will be: 

 

,S4.6S5,24Ubr                                            (2.3) 

 

 where S – distance between electrodes, cm; 

=0,3655p/T – correction for the relative density of air.  

 In an inhomogeneous field, the fulfillment of the discharge independence 

condition does not necessarily mean a complete breakdown of the gap, in contrast to 

a homogeneous or weakly inhomogeneous field. If the degree of inhomogeneity is  

very high, the ionization processes are concentrated near the electrode with the 

smallest radius, as a result of which a special kind of independent discharge can 

form, in this case, the appearance of a corona discharge, and the corresponding 

voltage should be significantly increased. 

For weakly inhomogeneous fields, the initial voltage can be determined by 

the formula: 
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                                             (2.4) 

 

where r0 – radius of curvature of the electrode with greater curvature; 

Кi – coefficient of inhomogeneity of the electric field; 

С – coefficient, depending on the kind of gas and the shape of the electric 

field. 

  

 In the intervals with sharply inhomogeneous fields, the polarity strongly 

affects not only on the initial, but also on the breakdown voltages. It means with 

positive polarity of the electrode with a smaller radius, new electrons can be formed 

only in the volume of the gas due to photoionization. With negative polarity of the 

same electron, new electrons can appear in the gas volume and be released from the 

surface of the electrode due to the photoelectric effect and when bombarded with 

positive ions. In addition, the presence of space charges that appear after the 

passage of the primary avalanche leads to a sharp decrease in the ionization zone of 

the negative electrode with the smallest radius, and with a positive charge of the 

same electrode, to the germination of a high-tension zone into the interelectrode 

space. 

 

2.2 Description of the laboratory stand 

 

The electrical diagram of the installation is shown in Figure 2.1. The 

installation consists of a step-up high-voltage transformer (THV), a kenotron 

installation (K) and additional equipment designed to isolate electrical circuits and 

protect personnel from electric shock. 
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Figure 2.1 – Installation scheme  

 

When installation is turned on under the voltage, the green and red lights turn 

on. In case that the bulbs do not light up, the door is not closed properly and the 

block contactor BC is open. 

The voltage of the industrial frequency is removed from the voltage regulator 

VR 380/0-380 V for smooth voltage regulation during the tests. Further, through an 

AT 380/570 V transformer, the voltage is applied to the low-voltage winding of the 

step-up transformer THV 430/80000 V. The high voltage is removed from the 

secondary winding of the THV and, when tested at alternating voltage, through the 

protective resistance, Rp is supplied to the electrode system. When tested at constant 

voltage, the secondary winding of the THV, through the protective resistance, is 

connected to the cathode of the kenotron K (KR-110), the filament of which is fed 

from the rotary transformer RT, which has reinforced insulation. The rectified 

voltage is removed from the anode of the kenotron and fed to the electrode system. 

The voltage control of the THV excitation is carried out by means of a voltmeter V, 

having three measurement limits of 150-300-600 V. 

 

2.3 Preparation to work 

 

Before starting work, read the installation diagram and the arrangement of its 

elements. 

2.3.1 Ground using a grounding rod a high-voltage terminal of the testing 

transformer, make connections that ensure the supply to the electrodes of the 

voltage (direct or alternating) required by the test program. 

2.3.2 Lock electrodes in the holder, reduce them before contact, set the 

distance indicator to "zero", check the alignment of the electrodes at the centers, 

divide by a specified distance. 

2.3.3 Remove the grounding from the high-voltage terminal, close the fence 

door, check the position of the voltage adjustment knob. 

2.3.4 Press the "on" button to turn on the machine. 

2.3.5 Smoothly raise the voltage before the breakdown, to measure the initial 

and breakdown voltage. 
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2.3.6 For each point of the measuring characteristics, it should be measured 

three times and the voltage is defined as the arithmetic mean. 

2.3.7 Reduce the voltage to zero and turn off the device by pressing the 

button. 

2.3.8 Replacement of electrodes should be performed with the power of the 

device completely disconnected and only after applying a temporary grounding to 

the high-voltage terminal. 

2.3.9 For DC voltage tests, connect from high side a kenotron attachment to 

the transformer and apply power to the kenotron heating circuit. 

 

         2.4 Performance of work 

 

2.4.1 Perform the certification of equipment, calculate the transformation 

ratio of a high-voltage transformer. 

2.4.2 Determine the initial and breakdown voltages for the following 

intervals: 

 - on alternating voltage – «sphere-sphere»; «rod-rod»; «plane-plane»; 

 - on direct voltage – «sphere-sphere»; positive «rod-plane»; negative «rod-

plane».  

 Record the results in table 2.1. 

2.4.3 When measuring the discharge voltage, the distance between the 

electrodes of all types change from experiment to experiment by 0.5 cm. 

2.4.4 Test to hold up to a distance of 3 cm for the sphere-sphere gap; 5 cm for 

the remaining intervals. 

2.4.5 Based on the test results, plot the curves for these intervals. 

  

Table 2.1 

Type         

of intervals  

S, сm The magnitude of the initial and breakdown voltage 

1 experiment 2 experiment 3 experiment Un.avg Ubr.avg 

Un1 Ubr1 Un2 Ubr2 Un3 Ubr3 

          

 

          Conclusions. 

The conclusions should contain a brief analysis of the done work and the 

obtained results, as well as the possibility of using the obtained results in practice, 

in production conditions and in research work. 

 

2.5 Test questions 

 

2.5.1 What are the electrical discharges? Types of discharges. 

2.5.2 What are the differences between the non-independent and independent 

discharges? What is the physical meaning of the equation of discharge 

independence? 
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2.5.3 What is the difference between a homogeneous, weakly heterogeneous 

and strongly heterogeneous electric field? 

2.5.4 How does the polarity of the voltage affect the initial and breakdown 

voltage of the intervals with homogeneous, weakly heterogeneous and sharp 

heterogeneous electric fields? 

2.5.5 How to explain the influence of the barrier on the electrical strength of 

the needle-plane interval? 

 

3 Laboratory work № 3. Electric discharge along the surface of a solid 

dielectric 
 

Aim of the work:  studying of the nature of the discharge along the border of 

a solid dielectric – air, its features in comparison with breakdown; studying the 

features of the overlapping of the bushing in comparison with the reference one. 

 

3.1 Basic concepts and quantitative characteristics 

Overlapping is called a discharge along the border between two dielectrics in 

an insulating structure. The main feature of overlapping – smaller discharge voltage 

comparing to the breakdown of a homogeneous dielectric (in particular, air), 

although the main features of the discharge in a homogeneous dielectric (the 

differences in the processes in a homogeneous and sharp heterogeneous field, the 

singularity of the discharge in the field of sharp heterogeneous fields) remain the 

same. 

 
Figure 3.1 – Design of electric field 

 

 In a design with a homogeneous electric field (figure 3.1,a), the overlap 

voltage is 1.5 times lower than the breakdown voltage of a purely air interval. It is 

believed that the main reasons for reducing the discharge voltage is, firstly, the 

presence of micro-gaps between the dielectric and the electrode, leading to an 

increase the strength in electric field; secondly, the accumulation of charged 

particles on the surface of a solid dielectric with increasing field strength near them; 

thirdly, the presence of micro droplets of moisture on the surface of a solid 

dielectric that facilitates discharge. 
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In the design of the support insulator (figure 3.1, b), the field is 

heterogeneously with the predominant tangential component to the surface of 

insulator. And here the discharge voltage is less than in a purely air interval with the 

same electrodes.  

Figure 3.1, c corresponds to the design of the bushing insulator. The 

unfavorable arrangement of electrodes of this design leads to the fact that near the 

grounded flange the intensity of the electric field is especially high. In addition, in 

this case the developing streamer from the flange is one of the plates of the 

capacitor, the second plate of which is the inner core. The capacitive current closes 

along the channel of the streamer, further warming it up and making it more stable, 

which means that the discharge can develop at a lower voltage than the reference 

insulator. The overlap voltage in this design is the least of all three options. At 

overlapping in such field, emits three stages of discharge: 

- corona discharge, which starts at the flange, where the electric field intensity 

is higher;  

- sliding discharges, at which individual sparks are seen, enlarged in size, 

developing for a considerable length, but not yet capturing the entire interval;  

 - Overlap, in which the sliding discharge covers the entire interval and goes 

into an arc. 

 The overlap voltage is one of the main characteristics of insulators; it is 

determined for the dry state (dry discharge voltage) and when wetting the surface of 

the insulator with a rain intensity of 3 mm / min, falling at an angle of 45 ° to the 

vertical (wet discharge voltage). 

 

3.2 Description of the laboratory installation 

In laboratory work the test installation of an alternating voltage WPT-4.4/100 

is used, with a description which should be found in the text of laboratory work № 

2.  

Surface discharge research is performed on the following designs (figure 3.2): 

- model of supporting insulator (figure 3.2, a with metal rings 1 and 2 and 

insulation pipe 3);  

- supporting insulator;  

- model of passing insulator (figure 3.2, a with the addition of an inner rod 4 

connected to the ring 2);  

- passing insulator.  

Figure 3.2a shows a model simulating the supporting and passing insulators. 

The support insulator is simulated by applying voltage to the metal rings 1 and 2, 

mounted on the insulating pipe 3, and the passing model is obtained by adding an 

inner rod 4, connected to the ring 2. 
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Figure 3.2 - Design for surface discharge research 

 

The effect of an unfavorable design with a very close arrangement of the 

differnet potential electrodes in the work is studied in the model shown in figure 

3.2, b. On the insulator 1 there is a metal sheet 2 and several sheets of glass 3, above 

which located a high-voltage electrode 4. By changing the number of sheets of 

glass, it is possible to vary the distance between the electrodes and the capacity of 

the system of streamer – metal sheet, while the length of the overlapping path 

changes very little, but the conditions for the development of the discharge 

changing noticeably. The change in the electrical strength of the system with a 

change in the number of glass sheets will then significantly differ from the usual 

picture of the decrease in electrical strength with increasing distance between the 

electrodes. 
 

3.3 Task for measurements 

 3.3.1 Using the model of the supporting insulator, measure the voltages of the 

beginning of the crown U
cor 

and overlap voltage U
over 

at different distances l 

between electrodes. Change the distance from 3 to 8 cm by 1 cm. Record the results 

in table 3.1. Calculate the electrical strength E
over

=U
over

/l.  

 

Table 3.1 

Designation of 

structure 

l, cm Ucor, kV Uover, kV Eover, kV/cm 

     

 

 3.3.2 Measurements of paragraph 3.1 (except for changing the distance) shall 

be made for the proposed support insulator. Do not raise the voltage of the test 

installation above 90 kV! 
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 3.3.3 Repeat the measurements of paragraph 3.1 for the model of the passing 

insulator. Perform measurements also for the proposed passing insulator. 

 3.3.4 Based on the results of the experiments, plot the dependences of the 

overlap voltage and electric strength on the distance between the electrodes. Place 

graphs on two coordinate planes: on one - all the voltages, on the other - the 

electrical strength. 

 3.3.5 Using the device shown in figure 3.2, b, measure the quantities U
cor

(l), 

U
sl
(l) (voltage appearance of sliding discharges), U

over
(l), E

over
(l) at changing the 

number of sheets of glass from one to four. Plot graphs of the listed dependencies 

on the total thickness of the glass. 

 3.3.6 Analyze the results and draw conclusions from the results. 

 

3.4 Test questions  

 3.4.1 What is the reason for the distortion of the electric field when the 

dielectric is placed in a uniform field? 

 3.4.2 What effect does the loose adherence of electrodes on the discharge 

voltage along the dielectric surface?  

 3.4.3 Which insulating structures are characterized by an electric field with a 

predominant tangential component, for which structures with a normal? 

 3.4.4 What should be done in real operating conditions of electric power 

systems to increase the discharge voltages along the surface of insulators? 

 3.4.5 Why at introducing of a solid dielectric into a homogeneous field the 

discharge voltage reduces? 

 3.4.6 Explain the effect of the hygroscopicity of the material and the loose 

adherence of the samples on the discharge characteristics. 

 3.4.7 Explain the mechanism of the development of a discharge over the 

surface of a solid dielectric with a larger normal component of the electric field 

strength. 

  

4 Laboratory work №4. Protection from direct lightning strikes 

 

The purpose of the work: acquaintance with the theory of the protective effect 

of single rod lightning arresters and finding the protection zone of a single lightning 

rod, two lightning arresters, cable lightning arresters; with the principle of operation 

of the six-stage PVG (Pulse voltage generator) and determination of its utilization 

factor. 
   

 4.1 Theoretical information 

 

One of the most effective ways of protecting industrial and electric devices 

from direct lightning strikes is lightning arresters (rod or rope) that perceive 

lightning strikes. The lightning arrester consists of a lightning collector that towers 

above the object to be protected, a grounding conductor and current-carrying slopes 
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connecting the lightning collector to the grounding conductor. The protective effect 

of lightning arresters is based on the fact that the discharges accumulated on its top 

in the leader stage of the lightning discharge create the greatest field on the path 

between the leader's head and the top of the lightning arrester, where the discharge 

is directed. The height above the surface of the earth, at which the leader discharge 

is finally oriented to one of the objects, is called the "height of the orientation of the 

lightning," which primarily depends on the height of the lightning rod. The height 

of the orientation of the lightning for a lightning arrester not higher than 30 m (ℎ𝑚 

= 30 m) is assumed to be H = 300 m, i.e. 
𝐻

ℎ𝑚
= 10.  

For lightning arresters from 30 to 100 m high, a constant height of orientation 

H - 600 m ( 
𝐻

ℎ𝑚
= 6) can be assumed. 

The space near the lightning arrester, protected from direct lightning strikes, 

is called a protection zone. The protection zone of the lightning rod depends 

significantly on the relationship between the height of orientation H, the height of 

the lightning arresters h and the height of the object hx. The protection zone of a 

single rod lightning arrester in figure 4.1 is a space limited by a surface of rotation 

of cone-forming, which can be found by the formula: 

 

𝑟𝑥 =
1.6

1+
ℎ𝑥
ℎ

∙ (ℎ − ℎ𝑥)𝑃,                                         (4.1) 

 

where h — height of lightning arrester; 

ℎ𝑥— height of protected object. 

 

where ℎ𝑎=h-ℎ𝑥 – active height of lighting arrester, 

at h <30   Р= 1, and at h > 30 m P equals: 

 

                                                  𝑃 =
5.5

√ℎ
                                                                 (4.2) 

 
Figure 4.1 – Protection zone of rod lighting arrester  
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To be protected from direct lightning strikes (DLS), the object must be 

completely inside the cone-shaped space, which represents the protection zone of 

lighting arrester (LA). 

The protection zone between the two rod lighting arresters is much larger 

than the sum of the protection zones of two single lighting arresters. The protection 

zone of two rod LA is shown in figure 4.2. 

The protective radius rx is found by the formula (4.1.), and the width of the 

protective zone is found along the curves (figure 4.3). For given values of ha, hx, S 

we find ,h/
ax

  then bx is found. The value of P is taken the same as for a single 

rod moment. The width of the protective zone bx = 0 at height ha at S = 7haP. The 

lowest point of the protective zone is located at a height h = S / 7P. 

 

 
Figure 4.2 – Protection zone of two rod lighting arresters 

 
 

Figure 4.3 – Calculation curves for determining the width of the protection 

zone of two rod lightning rods  
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The protective actions of the cables are characterized by a protective angle , 

formed by a straight line connecting the wire with the cable and the vertical passing 

through the wire or cable (figure 4.4). 

The ropes thus secure the wire more reliably, the smaller the angle . 

The probability of lightning through a cable protection is determined by the 

formula: 

𝑙𝑜𝑔10 𝑃𝑎 =
𝛼∙√ℎ𝑐

90
− 4,                                          (4.3) 

 

where hc – height of cable above the ground, from where probability P 

increases with increasing of angle  and height of support hx. 

In any case angle shouldn’t be more than 30
0
, that corresponds to tg=0,6;  

tg=rх/ hа. 

The protective angle , is shown in Figure 4.4, refers to the protection of 

external wires. The middle wire between the two cables is in better protection 

conditions, due to the mutual shielding of the cables. This effect is used to increase 

the reliability of lightning protection. 

Usually take the ratio 
𝑆

∆ℎ
 ≤ 4 under the condition 20 ° < <30 °, where Δh is 

the vertical distance between the cable and the wire; S  is the distance between the 

cables.  

 

 
Figure 4.4 – Protection angle  и and protection zone of cable lightning arresters 

 

4.2 Description of the laboratory stand 

 

The source of lightning stress for this work is the PVG. The electrical circuit 

is shown in figure 4.5. 
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1 - installation supply from the network 220 V; 2 - 2-way circuit breaker at 500 V; 

3 - laboratory autotransformer at 220 / 0 250 V; 9А; 4 - raising single-phase oil 

transformer at 250/50000 V; 5- voltage voltmeter, graded at 70 kV; 

6 - kenotron KL lamp for operation in oil at U - 100 kV; 7 - glow transformer at U - 

127/ 12 V; 8 - protective water resistance; 9 - single-phase oil capacitors type of IM-

60-0,03 (60.kV, 0,03 µF) - 6  pcs; 10 - ball arresters 32 mm,  = 25 mm - 4 pcs; 

11 - charging water resistances R= 300 Ohm - 10 pcs; 12 - dividing ball arrester  

150 mm, S=50 mm; 13 - discharging water resistance R = 300 kOhm; 

14 - time relay and launching PVG, type of  RV - 1 pc; 15 - circuit breaker at circuit 

of RV; 16 - ball discharger  of balls 32 mm; 17 - rode of lightning; 

18 - ground surface; 19 - lightning arrester; 20 - protected objects; 21 - test ball,  

15 cm potential; 22 - test ball, movable, grounded; 23 - pointer of ball distances. 

Figure 4.5 – Scheme of installation 

 

The PVG energy can be fed to a rod simulating the orientation of the 

lightning above the surface of the ground, which is simulated by a metal table. On 

the table, the protected objects are placed to determine the protection zones. 

In the charging mode, the rectifier (position 1 - 8) supplies the rectified 

current to the PVG capacitors (9) in an amount of 6 pieces. 

All of them are charged in parallel, the other plates C are grounded. In the 

discharge mode, ball dischargers (10) break through and capacitors C discharge in 

series along the path: Ground C - (16) and with C - (10) with (12). The zigzag path 
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of the PVG discharge is provided by the resistance (11) is resistance between the 

ball dischargers (10). 

Ball dischargers (16, 10, 12) have gaps S > U charging. 

In the discharge category, the PVG is triggered by a circuit breaker (15), 

which feeds U = 220 V on the time relay (14), which mechanically closes the ball 

discharger (16). In this case, on the ball dischargers (10,12), the voltage increases to 

2 Ugap and all ball dischargers are closed in series. Capacitors C are switched on and 

discharged in series. At the output of the pulse voltage generator (PVG), a pulse 

voltage is created equal to: 

 

𝑈𝑝𝑢𝑙 = 𝑈𝑐ℎ ∙ ℎ ∙ 𝛽,                                             (4.4) 

 

where h - number of capacitors in PVG; 

Uch - voltage, charging capacitors, which shouldn’t be more than 60kV 

(working voltage of capacitors of PVG); 

 - utilization coefficient of PVG, value  < 1. 

In the case, if object of experiment won’t be broke through, energy of PVG 

will discharge. 

 

4.3 Performance of work 

 

4.3.1 At the process of performing laboratory work, it is necessary to find the 

protection zone of a single lightning rod (LR). 

The zone of protection of the lightning rod is the space around the LR, which 

has the form of a rotation body (cone), in which lightning does not penetrate. 

Theoretically, the generator of the protection zone is defined by the formula: 

 

U(x,o)=𝑈𝑜𝑒
𝑎𝑛
𝑁 .     (4.5) 

 

This formula is determined by the condition that the height of the orientation 

of the lightning H on the lightning rod in the period is 10-20 h. 

 

Н=(10÷20)h. 

 

In the laboratory, such a ratio can not be created, so the protection zone of a 

single LR is determined in the first approximation by two values of H and h - are set 

by teachers. The value of H is usually not more than 20 cm, h from 11.5 cm and 

less. The stem (17) simulates a lightning rod (19) of a given h. 

On the table, the projection of the point H is marked with a pencil on a pre-

marked spot (figure 4.6). At some distance from the projected point, the LR is set 

up, the PVG is launched and 50% of the lightning discharge is reached at the point 

on the table and on the lightning rod. 
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Figure 4.6 - Lightning protection zone 

 

 
Figure 4.7 - The specified object 

 

In this case, the maximum radius of the protection zone is obtained. We take 

a measurement between the projection point and the LR axis. Using the given object 

in the form of a parallelepiped having 3 dimensions (hх -the height of the object in 

figure 4.7), we make measurements. 

The shape of the curve is determined by connecting points 0 and LR in figure 

4.6. For this object (figure 4.7), it is set on the length rx in three positions (figure 

4.8). 
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Figure 4.8 - Location of the specified object 

 

After that, 50% of the defeat of points 0 and X, or LR and X, or 30% defeat 

of points 0, X, MO are achieved. On the found 5 points, a single defense zone's 

defense zone is built. 

The protection zone of the 2 lightning rods is not detected on the installation 

in the laboratory due to the low voltage generated by the lightning source-PVG. 

Handling and Safety Advice: after each switching on and switching off, 

before moving LR and protected objects, it is necessary to remove the residual 

charge from the exit of the kenotron and the lightning rod by the grounding rod (6 

and 17 figure 4.5) 

4.3.2 Determination of the PVG utilization factor. 

With consecutive discharge of the PVG capacitor, the discharge voltage is 

determined by the relation: 

 

 𝑈𝑑𝑖𝑠𝑐ℎ = 𝑈𝑐ℎ𝑎𝑟 ∙ ℎ ∙ 𝛽.                                            (4.6) 

 

Where  <1 is the utilization factor of the PVG; 

Uchar - the charging voltage is determined by the voltmeter (6) figure 4.5; 

N is the number of capacitors in the PVG; 

Udisch - is determined by the sphere gap (21) and (22) figure 4.5. 

The discharge voltage Udisch is a function of the quantities D and S. 

 

Table 4.1 

L  

U  

 

Where D is the diameter of the measuring balls (cm); 
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S - air gap between the balls (cm); 

Udisch is a tabular discharge voltage corresponding to normal conditions p = 

760 mm Hg, t = 200 ° C and breakdown gap. 

By setting various gaps between the measuring balls, we raise the voltage 

Uchar (by voltmeter) to 50% of the discharge voltage (50% discharge between the 

balls, 50% discharge to the discharge resistance) and, taking into account the 

weather conditions at the time of the experiment Pf mm Hg and Тф=tфС
0
+273. We 

determine the relative density of air: 

 

                                               𝛿 = 0.386
𝑃ф

𝑇ф
                                               (4.7) 

 

and find the genuine discharge: 

 

 𝑈𝑑𝑖𝑠𝑐ℎ = 𝑈𝑑𝑖𝑠𝑐ℎ ∙ 𝛿. 
Where from 

 

𝛽 =
𝑈𝑑𝑖𝑠𝑐ℎ

𝑈𝑐ℎ𝑎𝑟∙ℎ
.                                               (4.8) 

 

Handling and Safety Advice: After each connection and before installing the 

gap between the measuring balls and shutting down the installation, be sure to 

remove the residual charge from the exit of the kenotron and the test ball (6) and 

(21) (figure 4.5) by the grounding rod. 

 

Conclusion. 

Conclusion should contain a brief analysis of the work done and obtained 

results, the possibility of using the results obtained in practice; in production 

conditions and research work. 

 

4.4 Test questions 

 

4.4.1. Construction of a protection zone for a single lightning rod. 

4.4.2 Determination of the PVG utilization factor. 

4.4.3 Direct lightning strike in a power line with a cable. 

4.4.4 Direct lightning strike in a power line without a cable. 

4.4.5 Operation of the circuit. 

4.4.6 Breakdown of long air gaps. 

4.4.7 Danger of lightning damage to industrial facilities and electrical 

installations. 
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