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Abstract: The justification issues and the capacity selection of autotransformers in the main electrical 
grids, which require the accounting of the operation regimes of power units for the future of 10 or more 
years are considered. Appropriate methodological provisions for justification and choice in terms of gen-
eralized load schedules, load capacity of transformer equipment, as well as assessing the reliability of elec-
trical installations in the design and development of the energy systems are proposed. 

1 Introduction 
Autotransformers rated capacity (Srated) is selected with 
taking into account of kind of load characteristic, per-
missible normal cyclic loading and emergency loading. 
The first could have place systematically under uneven 
daily load-graph, the second – in emergency when 
maintenance of consumer power supply is needed re-
gardless of autotransformers overloading. 

Starting point of determination of load capability of 
autotransformer is its daily load-graph converted into 
equivalent two-stage load graph. Methods of conver-
sion and definition of load capability are specified in 
Russian literature [1-2 etc] and international literature 
[3]; they are well known and are not considered in this 
paper. Accepted practice of justification and selection 
autotransformer capacity does not bring methodical 
problems in the design of power-supply system of par-
ticular consumers. There is understanding of normal 
load graph shape for them. 

However, it is alternately for electrical installations 
in main electrical grids. Particularly for large system 
substations with autotransformers 220 – 750 kV related 
to Unified National Power Grid. Selection of their ca-
pacity is performed on 10 and more year’s long term in 
electrical energy system development scheme and main 
electrical grids development scheme, i. e. under condi-
tions of material uncertainties. In this case, substation 
load graphs are defined not by particular consumers, 
but interconnection operational states. On practice pro-
ject engineer operate not with load graphs, but with 
predicted values of main electrical grids power flows in 
the period of winter and summer maximal load. 

Moreover, scope of regulation [1] does not apply to 
lion's share of autotransformers installed in main elec-
trical grids – installations 220 kV and above with ca-
pacity from 125 to 800 MVA with OF cooling system. 
Therefore, project engineers do not have methodical 
base for making decision in the problem domain. 

Finally, consideration of virtually any possible rat-
ed condition in electrical energy system becomes a 
regular practice. 

2 Loading of autotransformers 
Modern software applications that calculate steady-
state regimes allow calculating and ranging fast thou-
sands of electrical energy system conditions.  
Exhaustive search of any possible regimes in electrical 
energy system not only with n-1 principle (failure of 
one network element), but also with failure of two con-
current network elements (n-2 principle) becomes 
compulsory in designing substations. Thus, for substa-
tions – failure of any overhead power transmission line 
(OHL) 110 kV and above in electrical energy system 
under planned outage of AT in considering electrical 
installation. A number of regimes can come to hun-
dreds. Regime with AT loading higher than in regime 
with N-1 principle always can be found. It is harder 
regime, but half-proven for capacity selection. 

As a result of all listed factors of main electrical 
grids a low load of expensive transformer installations 
reveals itself. By authors calculations in the real net-
work map 110 kV and above in the period of maximum 
load of 2015 year in n-1 regime about 90% of AT are 
not loaded higher than their rate capacity. In addition, 
their average loading in considering regime is equal 
about 60% Srated and it is independent of year of com-
missioning of equipment. 

As mentioned before, AT loading in main electrical 
grids is determined by interconnection operational 
states: balance power flows, flows connected with real-
ization of interconnection effect and system reliability, 
high-water period passage conditions, etc. 

Values of characteristic equivalent two-stage load 
graphs of substations 220-500 kV from different re-
gions of the country are given in the Table 1. There 
were processed real daily check measurements of 
check measurement days in 2015 year for more than 
500 substations according with their voltage type. De-
fined: 

– fmax factor, calculated as the winter peak load 
(Smax(w)) divided by the summer peak load (Smax(s)); 
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– load factor fload (the average load divided by the 
peak load); 

– load curve irregularity factor firreg (the minimum 
load divided by the peak load). 

The defined average value of fmax = 1,2. However, 
the summer peak of about 30% substations is higher 
than the winter peak, i.e. fmax < 1,0. These substations 
exist in all regions. It is harder design condition, be-

cause rated AT capacity conform to ambient tempera-
ture of 20°С, i.e. permissible loading is decreasing 
while growth of temperature and conversely. 

Average country values are fload=0,825 and 
firreg=0,627. Therefore, average pre-load K1 of equiva-
lent two-stage load graph is in comparably narrow 
range 0,627<K1<0,825 (arithmetical averages were 
taken nextly). 

Table 1. Characteristics of Equivalent two-stage load graph 

Prevalent type of load firreg, pu. fload, pu. К1, pu. К2, pu. h, h Tmax, h 
The first group – industrial (regions of Siberia) 0,920 0,834 0,877 1,0 8,4 7547 

The second group – zone of large industrial 
centers and cities (regions of Ural) 

0,844 0,659 0,751 1,0 9,0 6719 

The third group – mixed (Central regions) 0,820 0,611 0,716 1,0 8,8 6413 
The fourth group – mixed with developed agri-

cultural industry (South regions) 
0,762 0,497 0,630 1,0 8,6 6128 

Country average 0,825 0,627 0,726 1,0 8,7 6685 
 

Characteristics of daily load graph structured in the 
Table 1 by four formal groups from the perspective of 
type of substation load with subsequent calculation of 
average values. The first group – industrial, it is repre-
sentative of oil production regions enhanced by high 
share of hydro power plants in the mix of generating 
plants in some cases. The second group – zone of large 
industrial centers and cities. The third group – mixed 
type of load with measurable percent of domestic con-
sumer and service sector demand. And the fourth group 
– the same as the third group, but with developed agri-
cultural industry. 

Conversion of daily load graph into equivalent two-
stage load graph was realized the following manner. 
For fload and firreg from the Table 1 when K2=1 there 
was defined pre-load K1=(fload+ firreg)/2. We call dura-
tion of K1, as x. Therefore, duration of K2 is 24–x и 
24firreg=K1x+K2(24–х). Thus for country average 
values (Table 1) we have: 24∙0,825=0,726x+1,0(24–x). 
From which x≈15,3 h., and the duration of potential 
overload K2 h=8,7 h. 

It will be seen from the Table 1 the equivalent load 
graphs could be differ in values of K1. They’re varying 
in in the range of 0,63 to 0,88 with almost constant 
duration of overload h≈8–9 hours. 

In the basis of Russian and international methods of 
definition of loading capacity of (auto)transformers 
there’re thermal model of ageing of their insulation, 
top-oil and hot-spot temperature limitations and num-
ber of other boundary conditions [1, 2]. From the per-
spective of insulation ageing the known 6°С principle 
is used. However, permitted temperatures are different 
in [1, 2] (Table 2). The international standards are more 
sparing. Thus, maxi-mum permissible winding hot-spot 
temperature from [1] - 160°С, while in [2] – 140°С 
(Table 2). 

AT loading examples are given in Figure 1: solid 
lines – normal cyclic loading, dashed lines - emergency 
loading. Curves in Figure 1 are given for equivalent 
ambient temperature of +20°С, curves in Figure 1,a are 
given for equivalent ambient temperature of –10°С and 
for +20°С in Figure 1,b. It is typical for Moscow re-
gion for winter and summer periods thoroughly. Calcu-
lations were settled by the procedure [2]. Normal cyclic 
loadings were calculated with daily loss of life is less 
than 1. Numbers with daggers in Figure 1 - duration (h) 
of overloading K2. The current limitation from Table 
2, which is K2≤1,3, is disregarded in Figure 1. 

Table 2. Maximum permissible characteristics of autotransformers 

Characteristic (auto)transformers capacity, MV∙A 
 to 2,5 from 2,5 to 100 above 100 
Normal cyclic load:    
Current, pu. 1,5/1,5/1,5 1,5/1,5/1,5 **/1,3/1,3 
Winding hot-spot temperature, °С 140/140/120 140/140/120 **/120/120 
Top-oil temperature, °С 95/105/105 95/105/105 **/105/105 
Long-time emergency loading:    
Current, pu. 2,0/1,8/1,8 2,0/1,5/1,5 **/1,3/1,3 
Winding hot-spot temperature, °С 160/150/140 160*(140*)/140/140 **/130/140 
Top-oil temperature, °С 115/115/115 115/115/115 **/115/115 

Note: the first number – from GOST 14209 – 85; the second – from IEC 354 – 91, the third – from IEC 60076 – 7:2005; * 
the first number for transformers up to 110 kV, the second – above 110 kV ** – not rated 

 
From Figure 1 follows: AT loading for the real val-

ues K1≈0,6–0,9 and h≈8–9 hours (Table 1) is almost 
constant. Thus, for equivalent temperature of –10оС the 
normal cyclic loading K2≈1,2 and emergency loading – 
1,5 (Figure 1, a). For normal cyclic loading it’s  

 
explained by the limitation of defined (as above) daily 
loss of life while the winding hot-spot temperature is 
below permitted value – 120оС and for emergency 
loading – by the winding hot-spot temperature is below 
140оС. 
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– load factor fload (the average load divided by the 
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while growth of temperature and conversely. 

Average country values are fload=0,825 and 
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is used. However, permitted temperatures are different 
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temperature from [1] - 160°С, while in [2] – 140°С 
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From Figure 1 follows: AT loading for the real val-

ues K1≈0,6–0,9 and h≈8–9 hours (Table 1) is almost 
constant. Thus, for equivalent temperature of –10оС the 
normal cyclic loading K2≈1,2 and emergency loading – 
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explained by the limitation of defined (as above) daily 
loss of life while the winding hot-spot temperature is 
below permitted value – 120оС and for emergency 
loading – by the winding hot-spot temperature is below 
140оС. 

The regularity revealed in permitted loads of AT is 
essential in a context of uncertainty of initial data for 
making decisions on the period 10 years or above. 
From Figure 1 also follows that emergency loading is 

on 0,2–0,3 higher than normal cyclic loading with oth-
er factors being equal.  

The above-accepted limitation for daily loss of life 
can be reduced. Usually there are two autotransformers 
installed on substations. 

 

Fig. 1.a Loading of AT which rating over 100 MV∙A with 
OF cooling system for –10оС. 

 

Fig. 1.b Loading of AT which rating over 100 MV∙A with 
OF cooling system for +20оС.

Loading is divided proportional between them if 
possible in steady state regime. That’s why most of the 
time they’re underloaded and mid-annual duration of 
power system maintenance regime and postfault re-
gime, as a rule, doesn’t exceed 1/10 part of a year. In 
this case, normal cyclic loads can be limited not by 
daily loss of life, but the maximum permissible wind-
ing hot-spot temperature (120оС – Table 2). 

For this controlling case permissible cyclic loading 
of AT which rating over 100 MV∙A with OF cooling 
system is given in Table 3 for equivalent ambient tem-
perature +20оС (numerator) and corresponding daily 
loss of life (denominator). 

The comparison of data from Table 1 and Figure 
1,b shows: with removing constraints from daily loss of 
life under other factors being equal the permissible 
loading K2 is growing from 1,0 to 1,16. In this case 
daily loss of life for h=8 hours doesn’t exceeded 3,98. 
Thus, in calendar day insulation is really «outmoded» 
on 3,98 days. For example, if annual average outage 
doesn't exceed, assume, a month then insulation will be 
outmoded on 30∙3,98=120 days for this period.  

In a steady state regime when two AT are in service 
and the loading of each is (1,16/2)Srated, the daily loss 
of life is less than 0,01 (the winding hot-spot tempera-
ture is 57оС), so it can be neglected. This state is com-
mon to temperatures up to 80оС. Thus, determination 
of permissible cyclic loading based on winding hot-

spot temperature is proven design condition for in-
creasing of AT loading.  

As it was mentioned above, n-1 and n-2 regimes are 
taken into account for justification and selection auto-
transformer capacity. The last also is harder designing 
condition. It is interesting to estimate its real severity. 

There were calculated AT loadings Sn-1 and Sn-2 
on 73 functioning two-transformer substations 220–
500 kV in n–1 and n–2 in all regions of the country for 
peak loading scheme of 2015 year (Table 4). N-1 re-
gimes were modeled with failure of one AT on a sub-
station. In n-2 regimes all OHL 110 kV and above in a 
region were orderly and sequential failure in addition 
to n-1 regimes. For one particular substation, the num-
ber of design regimes was in the range of 100 to 400. 
Regimes were ranked depending on Sn-2/Sn-1 ratio (Ta-
ble 4). From Table 4 follows: 
– From 16073 design n–2 regimes about 30% 
(4919 regimes) lead to excess Sn-2>Sn-1; 
– From chosen 4919 regimes 4718 design conditions 
(95,9%) lead to excess of autotransformer loading less 
than 0,1 in comparison with the same in n–1 regime 
and 4718+115=4833 (98,3%) – less than 0,2; 
– The number of regimes, where Sn-2/Sn-1>1,1, decreas-
es rapidly with increasing of power surge; 
– Between 16073 design regimes there was found one 
extreme event with Sn-2/Sn-1=1,81.

Table 3. Cyclic loading and daily insulation loss of life for winding hot-spot temperature of 120оС 

Overload duration, h Permissible overload K2 for K1=0,4–1,2 
 0,4 0,6 0,8 1,0 1,2 

1,0 
1,43
0,60

 1,39
0,64

 1,33
0,77

 1,25
1,89

 
 

2,0 
1,27
0,61

 1,26
0,67

 1,23
0,78

 1,20
1,90

  

4,0 
1,19
1,05

 1,18
1,06

 1,18
1,35

 1,17
2,47

  

8,0 
1,16
2,44

 1,16
2,57

 1,16
2,85

 1,16
3,98

  

24,0 
1
1,16
1,10

 1,16
11,20

 1,16
11,46

 1,16
11,77
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As was shown before, emergency loading is on 0,2–
0,3 higher than normal cyclic loading with other factors 
being equal. Therefore, if AT capacity is selected ac-
cording to n-1 regime, then while verify it in n-2 re-
gime we can exclude 98,3% design conditions (Ta-
ble 4) from consideration, Sn-2/Sn-1<1,2. Next, we will 
do reliability evaluation of n-1 regimes for the real ex-
ample. 

In detailed analysis of all variety regimes, (Table 5) 
authors could not found even one for reliability meas-
urement. As a fact capacities of AT in main electrical 
grids in the most cases are exceed power flows through 
AT not only in n-1 regime, but also in n-2 regime. In 
other words, rated capacities of given installations due 
to various reasons turn out to be such uprated, that it’s 
impossible to estimate real limitations for doing relia-
bility evaluation. For example, let’s take into consider-
ation the substation № 6 from Table 5 with almost 
twice power surge in n-2 regime (Sn-2/Sn-1=1,81). It has 
two installed groups of single-phase autotransformers 
500/220 kV with capacity of 3∙167 MV∙A each group. 
In a steady state regime the peak loading of AT is 
0,16Srated, in the n-1 regime is 0,22Srated, and in the n-2 
regime is 0,39Srated. That is why regime reliability fac-
tor is analyzed from a perspective of hypothetical rea-
sonability of decreasing of installed AT loading. 

In this context the substation № 5, which is located 
at the interface of Ural and West-Siberian regions, is 
demonstrative example. 

It has two installed AT 220/110 kV with 
Srated=250 MV∙A. Real characteristics of equivalent 
two-stage load graph of the substation - K1=0,726, 
h=9,6 h; Smax(w)/Smax(s)=1,32; Tmax=6522 h. Maximal 
power flow in n-2 regime in the period of winter peak 
loading is 200 MV∙A (max(Sn-2/Sном)=0,8) and in n-1 
regime is 145 MV∙A (Sn-2/Sn-1=1,38). It is caused by 
emergency failure of OHL 500 kV with length 
l=113 km. The second estimated event – failure of 
another OHL 500 kV with length l=60 km (Sn-2/Sn-

1=1,32). The third – failure of OHL 110 kV with length 
l=101 km (Sn-2/Sn-1=1,21). Then a logical question 
appears: could we use autotransformers with rated 
capacity of 125 MV∙A instead of 250 MV∙A on the 
substation? 

AT loading in n-1 regime will be 145/125=1,16. 
Even for +20оС such cyclic loading is permitted (Ta-
ble 3). We can consider that emergency loading in n-2 
regime could be 0,2 higher than permitted cyclic load-
ing; total K2=1,16+0,2=1,36. Estimated event is harder 
with taking into account of current limitation 
125∙1,3≈163 MV∙A according with [2]. Therefore, the 
loading of substation in n-2 regime should be limited to 
200–163=37 MV∙A (ΔP≈37 MW). Limitations for the 
second and third estimated events are 28 and 12 MW. 
Other n-2 regimes from ranges of 0-10 and 10-20% 
from Table 4 are neglected, because they do not lead to 
exceeding of permissible emergency loading of AT.  

Table 4. AT loading on substations in n-2 regime 

№ 
Amount 

of re-
gimes, ea 

Among them regimes, ea, leading to Sn–2/Sn–1>1 within the ranges, % max 
(Sn-2/Srated) 
pu 0–10 10–20 20–30 30–40 40–50 50–60 60–70 70–80 80–90 0–90 

500 kV 
1 113 50 0 0 0 0 0 0 0 0 50 0,79 
2 140 58 1 0 0 1 0 0 0 0 60 0,70 
3 352 108 4 0 0 0 0 0 0 0 112 0,79 
4 176 81 2 3 1 0 0 0 0 0 87 0,67 
5 352 119 5 2 1 1 0 0 0 0 128 0,35 
6 352 23 2 0 0 1 0 0 0 1 27 0,39 
7 390 304 4 2 0 0 0 0 0 0 310 0,63 
8 390 138 0 0 1 2 0 0 0 0 141 1,11 
… … … … … … … … … … … …  
27 254 127 1 0 0 0 0 0 0 0 128 1,39 

1–27 6733 2467 56 15 5 5 1 0 0 1 2550  
220 kV 

28 132 32 0 0 0 0 0 0 0 0 32 0,56 

29 113 48 2 4 5 0 1 0 0 0 60 0,70 

30 140 54 4 1 0 0 1 0 0 0 60 0,31 
31 254 115 1 0 0 0 0 0 0 0 116 1,12 
32 113 30 2 0 0 1 1 1 0 0 35 0,60 
33 390 46 0 0 0 0 0 0 0 0 46 0,86 
34 230 152 2 6 0 0 0 0 0 0 160 0,50 
35 230 73 2 1 2 0 0 0 0 0 78 0,80 
… … … … … … … … … … … … … 
73 230 40 0 0 1 0 1 0 0 0 42 0,62 

28–73 9340 2251 59 35 14 3 6 1 0 0 2369  
220–500 kV 

1–73 16073 4718 115 50 19 8 7 1 0 1 4919  
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second and third estimated events are 28 and 12 MW. 
Other n-2 regimes from ranges of 0-10 and 10-20% 
from Table 4 are neglected, because they do not lead to 
exceeding of permissible emergency loading of AT.  

Table 4. AT loading on substations in n-2 regime 

№ 
Amount 

of re-
gimes, ea 

Among them regimes, ea, leading to Sn–2/Sn–1>1 within the ranges, % max 
(Sn-2/Srated) 
pu 0–10 10–20 20–30 30–40 40–50 50–60 60–70 70–80 80–90 0–90 

500 kV 
1 113 50 0 0 0 0 0 0 0 0 50 0,79 
2 140 58 1 0 0 1 0 0 0 0 60 0,70 
3 352 108 4 0 0 0 0 0 0 0 112 0,79 
4 176 81 2 3 1 0 0 0 0 0 87 0,67 
5 352 119 5 2 1 1 0 0 0 0 128 0,35 
6 352 23 2 0 0 1 0 0 0 1 27 0,39 
7 390 304 4 2 0 0 0 0 0 0 310 0,63 
8 390 138 0 0 1 2 0 0 0 0 141 1,11 
… … … … … … … … … … … …  
27 254 127 1 0 0 0 0 0 0 0 128 1,39 

1–27 6733 2467 56 15 5 5 1 0 0 1 2550  
220 kV 

28 132 32 0 0 0 0 0 0 0 0 32 0,56 

29 113 48 2 4 5 0 1 0 0 0 60 0,70 

30 140 54 4 1 0 0 1 0 0 0 60 0,31 
31 254 115 1 0 0 0 0 0 0 0 116 1,12 
32 113 30 2 0 0 1 1 1 0 0 35 0,60 
33 390 46 0 0 0 0 0 0 0 0 46 0,86 
34 230 152 2 6 0 0 0 0 0 0 160 0,50 
35 230 73 2 1 2 0 0 0 0 0 78 0,80 
… … … … … … … … … … … … … 
73 230 40 0 0 1 0 1 0 0 0 42 0,62 

28–73 9340 2251 59 35 14 3 6 1 0 0 2369  
220–500 kV 

1–73 16073 4718 115 50 19 8 7 1 0 1 4919  

Table 5. For n–2 regimes reliability estimation 

Index Estimated event 
l=113 km, ΔP=37 MW l=60 km, ΔP=28 MW l=101 km, ΔP=12 MW 

ɷ∑, 1/year 4,1∙10–3 2,3∙10–3 9,3∙10–3 
mt, hours 9,8 9,9 7,2 

1/ɷ∑, year 244 442 108 
fof, pu 4,6∙10–6 2,6∙10–6 7,7∙10–6 

ΔW, MW∙h 2,2 0,9 1,2 
Total ΔW=2,2+0,9+1,2≈4,0 MW∙h 

 
Reliability characteristics of n-2 regimes for con-

sidering substation are given in Table 5. Agreed nota-
tions in Table 5: ɷ∑ – resulting fault rate; mt – mean 
time to scheme repair; fof – scheme forced outage fac-
tor; ΔW – mathematical expectation of annual electrici-
ty sacrifice due to scheme unreliability. From Table 5 
follows, that rate of occurrence of n–2 regimes is one 
time in 100 – 500 years. 

Economic impact evaluation due to schemes unreli-
ability has always caused great uncertainty because of 
known reasons. Setting aside them, please note that in 
recent years results of the most large-scale research in 
the area of values of specific damage by electricity 
sacrifice were published in [3, 4]. Thus, when selecting 
a scheme of main electrical grids aggregated data of 
specific damage is recommended at a level of 18–
42 rub./(kW∙h) at 2000 values. Therewith, weighted 
average value of specific damage in countries of West-
ern Europe, the USA and Canada is 9,53 dol./(kW∙h). 
For liquidation of power flows limitations in n-2 re-
gimes it is possible to go towards a variant of increas-
ing AT capacity from 125 to 200 MV∙A. 

Discounted costs estimation for considering vari-
ants is trivial. For maximum recommended value of 
specific damage 240 rub./(kW∙h) the economic impact 
due to schemes unreliability for ΔW≈4,0 MW∙h is up 
by more than decade of expenses, connected with in-
creasing AT capacity. The same for taking the value of 
specific damage of countries of Western Europe, the 
USA and Canada. 

Then a logical question appears: when n-2 regimes 
should be taken into account for technical and econom-
ic assessment of optimum level of probability of elec-
trical installation? In analyzed substation scheme, it 
will be necessary, If power limitation is up by more 
than decade, i.e. not 37, but 370 MW, when Sn-2/Sn-

1=(170+370)/145=3,7. Taking into account of factual 
data from Table 4 such a regime is unlikely possible. 

3 Conclusion 
Therefore, for selection of AT capacity in main electri-
cal grids of electrical energy system one may recom-
mend the following rules: 

1. AT capacity is selected based on maximum pow-
er flow in n-1 regime with failure of one of AT on a 
substation. 

2. There should not be power flows limitations in n-
1 regime with taking into account a permissible cyclic 
loading of AT. 

3. Cyclic loading is estimated based on non-
exceedance of winding hot-spot temperature without 
AT insulation loss of life limitation.  

4. Upon that, n-2 regimes are not considered, but 
they are considered for Emergency Control Automatics 
requirements definition. 
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