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Within the context of "Surge protection device (SPD) development for low-voltage 

circuits of digital substations" R&D (2017 – 2019), the theoretical and experimental survey of 

pulse surges in a lighting network of a 110 kV substation, have been performed PS 110 kv.  The 

said R&D is a part of a Program on increasing lightning performance and reliability of 

 6-750 kV power lines and substations external insulation implemented by PJSC ROSSETI . The 

customer and the supervisor of the activities is Yantarenergo JSC who pioneered the introduction 

of innovative digital technologies in power facilities of Kaliningrad region. 

The design of digital substations – in fact, two digital substations, 110 kV Selma and 110 

kV Pravdinsk electrical substations are to be constructed at present within power network of 

Kaliningrad region, – requires special attention to the issue of EMC requirements assurance, 

particularly in what concerns overvoltage limiting in auxiliary power and operating DC voltage 

system networks due to larger amount of microprocessor equipment and remote analogue-optical 

converters in such facilities. 

The authors of this paper wish to thank the personnel of PJSC Lenenergohe Training 

Complex located in the village of Tervolovo, Gatchina District, Leningrad region, for the 

opportunity to perform natural measurements in the course of activities. 

 

Facilities characteristics 

In 110 kV substations, surges induced by lightning current are the most significant factor 

in ensuring electromagnetic compatibility (EMC) requirements. Other sources of interference, 

including high-voltage line, have much less energy. 

Due to the relatively small size of facilities (against those of higher voltage class), small 

wiring cable lines (CL) are located close to lightning protection elements. On the other hand, 110 

kV substations are no longer compact facilities as compared to lower voltage switchyards or 

other infrastructural constructions, e.g., stations of  cellular communication, etc. Such conditions 

provide no possibility to the CLs to run within the shielded volume (according to IEC zone 

concept terminology [1] – within the same zone). 



The most surge-vulnerable system is lighting network the equipment of which is located 

directly on structures equipped with lightning rods. This system is most interesting for 

consideration, since the position of surge source relative to it is clearly defined. Placing of other 

equipment on the same construction with lightning rod is less common, and topology of power 

supply to such equipment is more complicated. 

The key issue in SPD application is the assessment of current distribution between 

different communications. At a lightning stroke to a floodlight tower the lightning current will 

flow to the grounding device, foundation, PE-conductor of a feeding CL, along the metal tube 

for laying a CL. The SPD action or insulation flashover involves the cores of the CL.  

It should be noted that the number of power CLs going from the tower, rarely exceeds 

two. The length of the CL is several tens or hundreds of meters, meaning that line grounding 

resistance may affect the current distribution. 

As a rule, the CL connects the floodlight tower with the lightning control panel or 

auxiliaries board installed in substation control house (for small substations). PE-conductor is 

connected to the floodlight body, to a cabinet located at the bottom of the tower or independently 

at a cable facility, to PE-busbar or auxiliaries board connected with bonding system of the 

substation control house. N-cable is often grounded in auxiliaries board. 

The grounding device of 110 kV and higher voltage substation in a normal state 

possesses small cell spacing of a horizontal grounding electrode (5 – 15 m), the total length of 

which is at least 2 km. In most cases, the straight line distance to the substation control 

house and its bonding system from the tower is smaller than that along the CL cores. In general, 

the substation grounding device is much more complex than, for example, in communication or 

oil and gas infrastructures for which the lightning protection issues are also critical. 

Traditional for Russia is the use of unshielded CLs for auxiliaries; even introduction of 

PJSC FGC UES organizational standard [2] and its recognition by other companies could not 

radically change the situation. Calculations production requires to be guided by the use of 

shielded cables as well as a more reliable solution. Subject to the provision of 

Electrical Installations Code (EIC), CLs to the floodlight towers are laid in grounded metal tubes 

from cable facility exit to floodlights. 

 

Situation with SPD parameters justification 

In preparing this article, the authors studied more than 35 lighting systems installed at 

switchyards of electric power facilities featuring different voltage classes (110 kV – 8 units, 220 

kV – 17 units, 330 kV – 6 units, 500 kV – 5 units, 750 kV – 1 unit.) It can be said for sure that 

no difference is available in terms of SPD selection depending on voltage class despite the 



significant difference between the length of floodlights supplying CLs and the horizontal 

grounding electrode grid spacing. 

The pulse current of SPDs applied in the projects, varied from 12 to 50 kA, with the large 

majority being 25 kA and, more seldom, 50 kA. The estimation SPD parameters with the design 

diagram description was made only in two of the studied projects, i.e., the applied SPD 

parameters can be said not substantiated, as a rule. 

"Assessed calculations" of lightning current distribution between communications, 

similar to those contained in articles [3], are often represented as a substantiation of SPD 

parameters. These methods have been quired by the authors in advance as they do lack any 

connection with the real facility and consideration of its specificity. Simple questions on the 

share of lightning current flowing to the grounding device for different facilities remain 

unanswered. Indeed, it is not a scientific or a technical method. 

Inadequacy of the approach is also that SPD parameters calculation in the large majority 

was made by designers for lightning currents with a maximum of 200 kA amplitude, whereas the 

pulse interference calculation, as per Electromagnetic compatibility design documents, must be 

made for the current of 100 kA [3]. This can be explained by the influence of SPD 

manufacturers, actively operating in their presentations and at meetings with potential clients 

with maximum lightning currents. 

Projects also comply different SPD connection circuits: both L-PE and N-PE. 

It is obvious therefore that issues of SPDs application to protect the substation lighting 

system remain unclear for many designers and require detailed consideration. 

 

Mathematical model based assessment of surges and currents levels  

The assessment of surges and currents levels in power CLs was made for 110 kV 

substation for 10/350 μs lightning current pulse with 100 kA amplitude. Lightning strokes to 2 

floodlight towers were considered: at a distance of 220 m from lightning control panel and 50 m 

along CL.  

Different kinds of cable ductwork were considered:  shielded CL in metal tube (tube 

along tube on the body of the tower and in the ground before entering the cable construction), 

unshielded CL in a metal tube (most often, auxiliary network cables are unshielded), unshielded 

CL without tube (frequent breach of EIC requirements). 

The cable in calculations was accepted as single-phase. PE-conductor is connected to the 

cabinet at the bottom of the tower, to the floodlight at the platform, and to the board from shield 

from the substation control house side. The projector driver capacity is accepted as 100 nF. The 



cable from the building side is disconnected, the phase conductor is broken, the zero conductor is 

grounded. 

The results of surge calculation for the lighting network of the floodlight tower located at 

50 m distance from lightning control panel along the CL, are shown in Table 1. As seen, the 

overvoltage level is mainly determined by the cable ductwork which corresponds to theoretical 

representations, as both the tube and the shield, due to capacitive and inductive link with CL 

conductors, reduce dramatically the overvoltage level.  

 

Table 1 – Surges assessment in the lighting network (10/350 μs pulse) 

Laying 

conditions 
ρ, Ωm 

z, 

Ω 
U, kV 

Floodlight Cabinet on the tower  

Substation 

control 

house  

L-РЕ N-РЕ L-N L-РЕ N-РЕ L-N L-РЕ 

sh
ie

ld
ed

 t
u
b
e 100 5.4 3.63 3.77 0.16 3.30 3.44 0.15  

 

<0,2 

 

 

250 6.5 4.09 4.26 0.17 3.74 3.91 0.17 

500 7.8 4.37 4.52 0.18 4.02 4.19 0.18 

750 8.8 4.53 4.65 0.18 4.18 4.33 0.19 

1000 9.6 4.63 4.73 0.18 4.30 4.44 0.19 

sh
ie

ld
-f

re
e 

tu
b
e 

100 5.4 7.56 7.84 0.28 6.99 7.27 0.32 1.01 

250 6.5 10.55 10.96 0.42 10.01 10.32 0.52 1.69 

500 7.8 12.57 13.08 0.51 12.13 12.40 0.64 2.14 

750 8.8 13.53 14.08 0.55 13.16 13.40 0.69 2.37 

1000 9.6 14.14 14.70 0.57 13.79 14.01 0.72 2.51 

n
o
 s

h
ie

ld
 a

n
d
 

tu
b
e 

100 5.6 64.32 64.50 0.31 56.45 56.90 1.35 7.37 

250 6.8 85.93 86.07 0.32 76.79 77.36 1.48 10.18 

500 8.1 99.62 99.71 0.33 89.61 90.24 1.55 12.15 

750 9.1 105.91 105.90 0.97 95.38 96.08 1.54 12.98 

1000 9.9 109.41 109.34 0.41 989.85 99.47 1.51 13.42 

 

In case the shielded CLs are used and EIC requirements are met in terms of metal tube 

application for cable laying, the surge level is close to the assumed 4-6 kV at the average and 

poor soil conductivity.  However, with impact front reduction to 1.2 μs, the surge level increases 

(Figure 1). On the whole, based on equipment insulation reserves, such network can be said well 

protected from overvoltage at a small specific soil resistance. 

 

 



  

Figure 1. Overvoltage level when using shielded cable and tube at current pulses impact with different front 

 

Other cases which, based on experience, are met most frequently, require the use of 

SPDs. Besides, due to the fact that overvoltages develop at current flow in the grounding device, 

SPDs must be connected according to L-RE, N-RE circuit (Figure 2).  

 

Figure 2. Protection diagram of TN-S three-phase AC circuit with the help of SPD 

It should be noted that in case of a short CL, the interference transmission factor (the ratio 

of surge amplitude at the floodlight tower to indoor surges) is less than minimum value of 10 

specified in organizational standard, i.e., according to calculations the impulse fades slower. 

With increase of CL length, surges from the floodlight tower also increase due to neutral wire 

grounding point removal from the tower grounding area. 



Therefore, the need to SPD application in substation lightning network is justified.  

The most critical when choosing the SPD type is the issue of current assessment in CL 

conductors. Table 2 and Figure 3 show the results of such assessment. When making 

calculations, all cores of the CL at floodlight platform, tower cabinet, as well as on the substation 

control house side, were grounded, i.e., the SPD resistance was not considered; nor CL shield 

was taken into account, as estimates under such conditions have the highest values. 

Results of currents calculation in CL cores are given both for a tower segment (from 

floodlight platform to the cabinet at the bottom), and for the area from the tower to the substation 

control house. Calculations are made for a different length of the CL. The impact front influence 

was assessed for a short CL.  As the worst, the case of using an unshielded CL without a metal 

tube is considered which provides "the rating from above" to currents flowing through the surge. 

 

Table 2 – Currents assessment in CL of lighting network  

ρ, Ωm 

 

I, А 

50 metres 220 meters 

10/350 μs  1, 2/50 μs  10/350 μs  

Shield-free tube 

No shield and 

tube 

No shield and 

tube 

No shield and 

tube 

Along 

the 

tower 

From 

the 

tower 

Along 

the 

tower 

From 

the 

tower 

Along 

the 

tower 

From 

the 

tower 

Along 

the 

tower 

From 

the 

tower 

100 190 956 1153 4500 1278 3528 971 1083 

250 200 1045 1184 4739 1335 4613 982 1196 

500 210 1089 1198 5191 1383 5156 991 1322 

750 214 1100 1203 5225 1406 5415 994 1373 

1000 214 1091 1227 5300 1418 5589 997 1402 

 

 

 



Figure 3. Current in CL cores 

 

The obtained values of currents in CL cores are much smaller than nominal pulsed 

currents of SPD types widely applied in substations. This fact can be explained by the following: 

1. Application of unreasonable techniques in selecting SPD parameters or absence of any 

techniques in presence of biased recommendations of SPD manufacturers. 

2. Failure to address the extended, against any other facilities, grounding system of the 

substation leading a significant part of lightning current to the soil.  

3. Failure to consider the influence CL length and the type of cable ductwork.  

 

Results of natural measurements 

The current distribution between grounding electrode and CL was measured at Lenenergo 

training facility representing a ground with 110, 35, 10 kV switchyards as well as grounds with 

package transformer substation and 6–35 kV poles of various construction.  The facility is of 

training purpose, and all high-voltage network is voltage-free. Such unique conditions provide a 

simple opportunity to decommission the equipment and make experiments. 

The purpose of measurements was to show that the portion of current flowing from the 

floodlight tower along the CL should be less than 50%. 

Unfortunately, there are some differences between the training facility illumination 

network and substation conditions. First, the floodlight towers are removed from switchyard, and 

the horizontal grounding electrode grid in the tower area being the main object of the study, has 

a very large spacing (up to 20 m). Second, the lightning control panel is located at the 

guardhouse (as illumination is actually of a security purpose).  CLs traditionally are unshielded 

and besides, are not tube-laid (since the facility is not actually a substation, such approach does 

not violate the EIC requirements). It can be said therefore that the fraction of current flowing to 

the CLs cores should demonstrate higher values at measurement than that at substation. 

The floodlight towers are powered with a stub, i.e., 2 three-phase CLs go from the tower. 

Therefore, the number of cores in CL is 10. The CL length towards the tower is 160 m, to the 

opposite direction – 200 m (data are taken from the design documentation; in reality the 

distances should be smaller than specified).    

For the moment of measurement, the soil was frozen and the made ground had a specific 

resistivity of about 1200 Ωm. 

As per Table 2, for 220 m CL the current from the tower at a specific resistivity of soil of 

1000 Ωm is 1402 A therefore, the assumed lightning current fraction at the 10/350 μs pulse 

within testing site environment can be very approximately estimated with the expression: 



𝛿 =
𝐼𝐶𝐿

𝐼𝑟𝑒𝑔
=

1

𝐼𝑟𝑒𝑔
∑ (

𝑁∙𝑙𝑐𝑎𝑙𝑐∙𝐼𝑐𝑎𝑙𝑐

𝑙𝑚𝑒𝑎𝑠
)𝑛

𝑖=1 , 

where n is the number of CLs, N is the cores number in one CL, lcalc is the length of the CL from 

calculation, lmeas is the length of the CL at testing site, Ireg is the regulation value of the lightning 

current pulse amplitude used in calculations (100 kA), Icalc is the current in the core of a CL with 

a length of lcalc as per calculation results (1402 A). 

The calculation gives the 17.5% result. At the same time, the impact of the testing site 

grounding device construction which should be significant and lead to increase of lightning 

current fraction in CL, remained beyond consideration.  It should be emphasized that in 

calculations the floodlight tower represented a lattice structure with the 8-pile foundation, 

whereas in the testing site the tower represents a multifaceted tower on a single foundation that 

should also increase the faction of current flowing to the CL.  Once again, in conditions of a 

testing site, the current fraction in a CL is expected to be higher as compared to conventional 

substation. For more accurate estimations it is necessary to draw the executive diagram of the 

testing site grounding device, but in winter time these works are not reasonable and have been 

scheduled for a warm season. 

As measurements were taken, the aperiodic current pulse of 1.2/50 and 8/20 μs was sent 

to the floodlight tower and zero conductors were grounded on both sides of the two CLs going 

from the tower: in the lightning control panel located at the guardhouse, and on the next 

floodlight tower. The second generator output was grounded at a tower foundation, not 

connected with the grounding device of the facility. Voltage measurements were taken in shunts 

of the generator circuit and cablelines. The measurement diagram is shown in Figure 4. 

 

Figure 4 – Measurement diagram 

 

Figure 5 shows waveforms of the voltage in shunts of the generator circuit and CLs. The 

voltage amplitude of the voltage pulse in CL shunt makes approximately 33% of the voltage 

amplitude in shunt between generator and the tower. If the lightning current pulse had an 

amplitude of 100 kA, each of the cores would have a current pulse with an amplitude of about 



3.5 kA. In view of real network parameters and in SPD presence, the current pulse amplitude in 

PE and N conductors would be a bit higher. 

As a result, we can say that even in the worst-case scenario, the use of SPD with a pulse 

current of above 10 kA at 110 kV substation is not feasible. At a higher voltage substation the 

grounding grid can have a bigger spacing but the lengths of the CL of illumination network 

considerably increase as well. Thus, the conclusion is also relevant for a higher voltage 

substation.  

 

Figure 5 – Voltage waveforms in shunts of the generator circuit and CLs. 

 

Conclusions 

1. To protect substation illumination network, SPDs must be applied. 

2. A substation has a number of features, e.g., a developed grounding network, which determine 

the choice of SPD parameters. The practice of SPD application in low-voltage substations 

may be disseminated only through adapting techniques and approaches. 

3. The method of selecting SPD parameters for protecting substations secondary networks, 

based on "estimation calculations" of a current fraction in CL cores has no ground, and its 

application results in unjustified consumer costs.  

4. To protect auxiliary system of 110 kV substation, it is expedient to use SPDs with the pulse 

current of 10 kA and less. 
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