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 VOLTAGES AND CURRENTS APPLIED IN THE EQUIPMENT OF A NEW SUBSTATION 

This and other articles and posts prepared by Sergio Feitoza intends to make available technical material of good 
quality to be used by teachers, students and engineers of the electrical engineering area. The CV of Sergio may be 
found in the link in the end of this text. A good part of the material come the video-lessons that may be found in the 
link http://www.cognitor.com.br/ChaptersResumePrices2019.html These video-lessons are a resume of the 
presential trainings Sergio was used to apply all over the World. A recommended text for the subject of this article is 
the Brochure Cigrè 740.- Contemporary design of low-cost substations in developing countries. Sergio is co-author of 
this Brochure. 

 

When a power utility or electrical system operator will set the values of a future substation the premise is meeting a 
need for energy or energy traffic in a certain region. Several studies will be done. The main studies carried out to define 
the values of the substation are (a) load flow studies, (b) short circuit studies and (c) system stability studies. This 
article gives an overview about them. 
 
In daily life of the electrical equipment of a substation, in addition to "normal" steady situations we have "abnormal" 
situations such as short circuits and overvoltages. In normal situations, the currents and voltages are not significantly 
higher than the rated nominal values of the equipment.  
 
A device properly designed, if used within the nominal values, will have a normal aging and lifetime. An example is 
when the temperature rises of metal parts, fittings and insulation do not exceed the limits specified in technical 
standards for temperature rise tests. On the contrary, if the voltages values exceed certain limits, the insulation is 
subjected to accelerated aging. 
 
The common abnormal situations are: 

• Short time overcurrents caused by short circuits (durations of the order of up to 3 s); 

• Long duration overcurrents caused by overloading (dozens of seconds or minutes); 

• Long duration overvoltages caused by disturbances in the electric system or by intentional operation to supply 
lower voltage levels in the end parts of the system (seconds or dozens of seconds)  

• Very short duration overvoltages (4 to 6 Un peak with durations of S) as impulse voltages  
 
Because of these events, electrical or mechanical effects may occur leading to faults. These events are totally 
predictable, have not changed much in the last 100 years and are not guilty for blackouts and other abnormalities. 
Lack of planning or human failures caused by lack of training are usually the responsible for these bad situations. The 
first expenses subject to cuts, in times of difficulties, especially in developing countries, are education and training.  

 Long duration overcurrents (overloads) 

They are caused by overloads of tens of seconds to a few minutes. The temperature of the equipment parts may 
become higher than the supportability of insulating and conducting materials. This is characterized by the limits 
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specified in technical standards for temperature rise tests. These are limits for the temperature rise of contacts, 
terminals, connections, welds and insulators. The temperatures are influenced by different loading cycles. 
 
In IEC standards, the parameter measured during tests is the temperature rise above external air. The values of 

permissible temperature follow the principle that the external ambient temperature does not exceed 40C and its 

average value in 24-hour period does not exceed 35C. If the temperature of the environment where the equipment 
is installed is higher than 40 ° C a derating may be necessary. 
 
For example, if the limit specified in the standard for the maximum temperature rise of a connection is 75 K and the 
equipment is installed in a location where the maximum ambient air temperature is 50 ° C the limit not to exceed 
during the test temperature rise should be 75-10 = 65K instead of 75K. A great document to better understand these 
concepts is IEC - TR 60943: Guidance Concerning the permissible temperature rise for parts of electrical equipment, in 
particular for terminals (Table 1).  
 
If these limits are exceeded, in the daily use of the equipment, as in overloads rush hour, the equipment will have an 
accelerated aging which can be calculated. Suppose an overload is applied and the temperature of the fluid involving 

a contact or terminal evolves from Te1 to Te2 and the temperature rise of that part passes from  T1 to T2. According 
to IEC 60943 the lifetime of the component is multiplied by a factor of aging K expressed by 
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T1 and T2 are the component temperature rises under normal and overload conditions. Te1 and Te2 are the 
temperatures of the fluid around the component under the same conditions. Based on this expression, a copper 

contact which has a maximum temperature rise allowed T = 35K and is used regularly with a temperature rise Ti2 = 
35K + 6.5 = 41.5 K will have its lifetime reduced by the order of 50%. 
 
The maximum temperature rise limits written in the technical standards consider two groups of values. The first 
corresponds to parts of components whose temperatures should not exceed a certain value which would cause very 
rapid or immediate destruction. This is the situation of insulating materials, tinned contacts and springs. The second 
group concerns components susceptible to gradual aging but whose temperature for fast damage is high. An example 
is the temperature rise of bare copper contacts limited to 35K. More information may be seen in these video trainings 
https://www.youtube.com/watch?v=pVuue3ga0aM       and      https://www.youtube.com/channel/UCyQtdE7dQTvsZPHBw3ostMg 
 
 

Table 1 – Some temperature rise limits specified in IEC 
standards 

 

Figure 1 - Temperature rise under short circuit 

 

 Short duration overcurrents  

 

They are caused by short circuits and two effects are relevant 

• Adiabatic temperature overheating that can anneal copper parts or even melt components. Figure 1 shows 
the base calculation equation. 
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• The electrodynamic effects of short-circuit currents, which may imply very high mechanical forces and stresses 
on insulators and metal parts (Figures 2 and 3) 

 
The high short-circuit currents produce high mechanical stress at the initial moments of the current circulation. In the 
IEC 61117: Method for assessing the short-circuit withstand strength of partially type-tested assemblies (PTTA) are 
shown calculation methods. Detailed examples are presented in the document "Validation of the Simulation of High 
Power Tests" http://www.cognitor.com.br/TR_071_ENG_ValidationSwitchgear.pdf   .  
 
Due to the large number of variables involved, even for relatively simple systems it is necessary to use specific 
software. In the design of busbars systems and cubicles it is an indispensable calculation. 
 
 
 
 
 

Figure 2:  Electrodynamic forces 

 

Figure 3:  Forces along short circuit duration  

 

 
Other aspect associated with short circuits are the power arcs. The typical case of internal arc is what occurs in medium 
and low voltage cubicles when such equipment is energized and someone has forgotten a tool inside. The other case 
is that of power arcs in chains of insulators that occur in transmission towers. These can melt down important 
mechanical parts even making the cable to fall. 
Another type of internal arc is that which occurs in transformer failures. The brochure Cigrè 602 "Tools for the 
simulation of the effects of internal arc in transmission and distribution switchgear" is a good document on this theme. 
Sergio Feitoza, is one of the co-authors. 

 Long duration overvoltages 

These overvoltages occur when in three-phase circuits, one of the phases is opened during a fault while the others 
remain closed. They are of the order of up to 150% of rated voltage and at or near the grid frequency. Associated with 
this there are the industrial frequency applied voltage tests. (Figure 4) 
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Figure 4 – Overvoltages X Tests 

 
 

 Short duration overvoltages  

The main occurrences, in the electrical networks, are due to the atmospheric discharges and switching operations. The 
switching overvoltages arise due to the opening and closing of the circuit breakers and disconnectors. They are 

simulated in the laboratory by voltage pulses with a waveform of 250 x 2500  s, the first value being the forward and 
the second time associated with the tail time. The atmospheric discharges cause high overvoltages which, in the 

laboratory, are represented by 1,2 / 50 s. voltage pulses. 
 

 SPECIFICATION OF THE VALUES OF VOLTAGES AND CURRENTS IN A NEW SUBSTATION  

 
When a power utility or electrical system operator will set the values of a future substation the premise is meeting a 
need for energy or energy traffic in a certain region. The existence of the substation can be a motivating factor for the 
future increase of the load and development in that region. For this reason, the studies carried out seek to visualize a 
horizon of about 15 to 20 years. In the initial years, the equipment will work with low load and with lower levels of 
short circuit. The passing of time will cause these values to grow. For example, when you acquire a 31.5 kA - 145 kV 
circuit breaker for a new substation, in the early years it may need to open currents of only 30 or 60 percent of its 
rated capacity. This is one of the reasons why breaking tests are specified in standards like IEC 62271-100 for 100%, 
60%, 30% and 10% of full interruption capacity. 
 
The main studies carried out to define the values of the substation are (a) load flow studies, (b) short circuit studies 
and (c) system stability studies. 

 Power flow studies  

These studies provide information and will define the parameters of the operation of the system and the substation 
in a steady state from light load hours to peak hours. A substation equipment, over a one-day period, may be used 
with currents ranging from some 30% to 130% of nominal values 
 
In these studies, it will be defined, in function of the other substations neighboring, values such as (a) loading of lines, 
generators and transformers (b) transmission losses (c) The active and reactive powers in the transmission lines 
 
From the possible configurations, based on previous experience and practices it is calculated which are the largest 
permanent currents that will circulate in the bars, disconnectors, circuit breakers and other equipment. This is done 
based on the type of arrangement, eg circuit breaker and half, double bus, etc. ... (See Figure 5) 
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Figure 5: Load flow studies 
 

 
 

 

 

 
After calculating the maximum values that can occur in the various sectors of the substation it is defined what the 
actual values will be by selecting one of the immediately higher values shown in the technical standard, for example 
1250 A and 1600 A. After this selection, sometimes the power utility decides to standardize all the equipment by the 
maximum value, avoiding having two different values in the same substation. This is decided on a case-by-case basis 
and in accordance with the practices of whom is implementing or will operate the substation. Avoiding big safety 
factors in specifications increases the efficiency of the company without loss of quality. 

 Short circuit studies  

In these studies, the values of the short time short circuit currents (rms and crest values) are obtained as well as the 
maximum durations. For circuit breakers and fuses, the values of X / R, transient recovery voltage (TRV) and AC and 
DC components are also obtained at the time of separation of the circuit breaker contacts. Based on the studies it is 
possible, for example, to define that a disconnector will be used rated 40 kA rms for 1 second with a first crest value 
equal to 2.6 x 40 = 104 kAcr 
 
The procedure is like the load flow studies already described. However, calculation programs such as ATP / EMTP - 
ATPDRAW, among others, are used. From the alternatives of configurations based on previous experience and 
practices in the company it is calculated which are the largest short circuit currents that will circulate in the busbars, 
disconnectors, circuit breakers and other equipment. This is done based on the type of arrangement, eg circuit breaker 
and half, double bus, etc.… (Figure 6) 
 

Figure 6 -: Short circuit studies 
 

 
  

 Mechanical stability studies, voltage fluctuation and their impacts in the system  
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For a new substation to be connected to the grid, requirements established by the National System Operator (Network 
Procedures) must be met. There are several procedure texts that must be followed like the ones which establishes the 
minimum technical requirements for the connection to the basic network. 
 
In these studies, the types of loads to be used and the impacts that can be caused to the system by the substation 
operations should be listed. Depending on the situation, protection studies, voltage fluctuation, harmonic penetration, 
and electromechanical stability are required, where aspects such as short-term voltage variations occurring during 
short circuits are verified. People working in high power testing labs connected to the grid know well what this is.  
 
If in a point of the system occurs a switching operation or a short circuit that produces a voltage drop of 5% in nearby 
substations this event will probably have no impact or be perceived. If a voltage drop occurs, say 12% for 0.2s, typical 
of a short circuit in the network or a high-power test in the laboratory, for an attentive observer, waiting for the event, 
this can be perceived as a small blinking in the light not enough to operate under voltage relays in the substations. If 
these voltage drops are more than 20% and particularly if there are recloses this may cause computers and other 
electronic appliances to be damaged or even important system loads to be disconnected. 
 

 Studies for Magnetic and Electric fields  

Once the substation has been defined, additional studies are required. These range from calculations to define ground 
meshes, step potentials, induced voltages, electrical safety measures and the study of electromagnetic fields. For the 
studies of electric and magnetic fields some aspects of the magnetic fields should be mentioned. 
 
Circulation of electric currents produces magnetic fields which, if exceeded, can be harmful to people (health) and to 
installations (induction heating). Magnetic fields are proportional to the intensity of electric current. They decrease 
with the distance to the conductor and increase if the currents are higher. The magnetic induction (B) at a distance (r) 
from a conductor passing a current (I) can be calculated by the expression B = ( μ    *  I  ) / (2 . π . r)  where B is in Tesla, 
I is the current in Amperes and r the distance in meters. Suppose we have two wires, for example the two secondary 
phases of a 225 kVA - 13,8/220V distribution transformer where 600 A circulate as in Figure 7. Using the expression 
above we would have at 1 meter of distance a magnetic field of the order of magnitude of 240 microTesla. 
 
The magnetic fields produced near the substation cannot exceed the limits imposed by legislation for the exposure of 
persons. Information in this regard is found in several international regulations. Example these values are as in Table 
2. There is a lot of information about this in the (free) Technical Report Cognitor 076/2016 - Magnetic & electric fields 
in substations and their equipment : Mapping for health legislation and to solve EMC problems.  
Download in the link http://www.cognitor.com.br/TR076ENGElectroMagFields.pdf 
 

Figure 7 – Magnetic field near two conductors 
 

 
 

Table 2 – Reference levels for Electric and magnetic fields 
(60Hz) 
 

 Electric field 
(KV/m) 

Magnetic field 
µT 

Public in general 4,17 200,00 

Occupational 
population 

8,33 1000,00 

 
 

The rules for high voltage substations are clear. However, the rules for medium voltage networks with facilities close 
to buildings in cities are not well defined. See in these two pictures the distances between the transformers and the 
fuse keys in the apartment window. Is it hard to imagine what would happen if a child stretched a broomstick to touch 
the strings? If this is not permissible in a developed country why is it so common in the developing ones? 
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-------------------------------------------------------   END OF THE ARTICLE  -------------------------------------------------------- 
 
The author of this article is Mr. Sergio Feitoza Costa. Sergio is an electrical engineer, M.Sc in Power Systems and 
director of COGNITOR. Sergio has 25 years of experience in design, operation and management of high power, high 
voltage and other testing laboratories. After activities in testing labs Sergio acquired 16 years of experience in the use 
of testing simulations, giving support and consultancy to manufacturers and certification companies.  
 
Sergio is the author of the simulation software SwitchgearDesign. It enables simulations to predict the results of high 
power and high voltage tests. The reader may find Information in free training movies in the following link in YouTube  
(Item 1, Item 3 Item 7 in English . Others in Spanish and Portuguese. 
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