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1. Introduction 

In the electrical network, the voltage regulation should be 
guaranteed to avoid malfunction of the connected equipment. Hence, 
the disturbance into the voltage profiles at any point in the electrical 
network can cause a decline for the power quality [1, 2].  The 
continuous increasing in the electrical energy and the integration of 
the distributed generation (DG) with the electrical grid can cause a 
disturbance into the voltage profile at the end user [3]. The transformer 
tap-changer (TC) is used to guarantee a convenient voltage level for 
the end consumer. Hence, TC is available with a variety of tapping 
positions to provide a variety of the output voltages, which guarantee a 
good power quality at all voltage levels [4]. TC may be no-load or on-
load. No-load TC also called as an off-circuit TC or de-energized TC. 
This type is used for not frequent changing of the voltage and will 
interrupt the service to change the tap. On-load TC is also called on-
circuit TC. This type is used for frequent controlling of the voltage 
without interrupting the power for changing the tap. This type may be 
mechanical TC, hybrid (mechanical/electronic) TC, or fully electronic 
TC. The tapping for distribution and small auxiliary transformers will be 
no-load TC with ±5% variation. But for the tapping of larger 
transformers will be on-load TC with ±10% variation [5]. In [6], different 
schemes are used to monitor the voltage profiles by using voltage 
sensors and control the voltages via using TC.  

The variation of the transformer TC leads to changing the winding 
resistance which varies the losses. The internal heat generation due to 
the losses will be transferred to the ambient. This heat will increase 
the winding hottest spot temperature (HST) and the top oil 

temperature (TOT). HST is the limit for the loading of the transformer 
which is 110ᵒC. As if HST increased more than 110ᵒC, the aging of the 
transformer will increase and the real life will be less than the normal 
life [7]. In this paper, the impact of TC positions on the aging and the 
loading of a 630 kVA, ±5% voltage tap at the low voltage (LV) winding, 
ONAN cooling type, oil – immersed transformer is demonstrated.  

2. Transformer tap changer 

The main objective of the transformer equipped with TC is to get 
back the voltage on the LV side to the desired value to ensure a good 
power quality. This denotes the TC needs to respond to the changes 
of the voltage on the LV and MV side of the transformer by moving the 
tap up or down [8]. The TC is more effectiveness and economical than 
the utility reinforcement to ensure a good power quality. On the other 
hand, TC motivated the researcher to maximize the size of the 
photovoltaic (PV) system. The voltage of most buses may come to the 
upper limit in the presence of PV. Hence, TC can get back the busses 
voltage to the nominal value and maximize the penetration of PV [9]. 
The selection of TC mainly relies on the voltage steps especially the 
maximum voltage step [10]. Due to the complexity of mechanical and 
electrical structures of TC, faults are often occurred [11].  

The adjusting of TC step adjusts the number of turns of the 
winding which reflect on increasing or decreasing of the transformer 
losses. Eq. (1) shows the length of LV winding is proportional to the 
number of the turns. Eq. (2) shows the resistance of LV winding is 
proportional to the length of LV winding. Eq. (3) shows the 
proportionality relation of LV winding losses with LV winding 
resistance and the square of loading [4].  

𝐶𝐿𝐿𝑉 = 𝑀𝑇𝐿𝑉𝑥𝑡𝑢𝑟𝑛𝑠𝐿𝑉                                                                          (1) 
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 Adequate voltage in the medium and low voltage electrical network is a mandatory issue. The transformers tap- 
changer (TC) is used to achieve this vital issue. The increasing of the power demand and the integration of the 
distributed generation with the electrical grid led to adjusting the TC of the transformer. Adjusting TC leads to 
adjusting the thermal parameters of the transformer, which affect directly the winding hottest spot temperature of 
the transformer. In addition, the winding hottest spot temperature is a function of the ambient temperature and the 
load profile. The transformer aging is a function of the winding hottest spot temperature. The cost-effectiveness of 
the transformer is based on the transformer total losses cost. Hence, TC plays a vital role in determining the 
loading capacity, the aging, and cost-effectiveness of the transformer. In this paper, a 630 kVA, ±5% voltage tap 
at the low voltage winding, ONAN cooling type, oil – immersed transformer is considered. The derivation of the 
impact of the TC position is based on the variation of the voltage at the medium voltage side. The winding hottest 
spot temperature, the aging, the energy losses, and the loading of the transformer with varying the TC positions 
are simulated in MATLAB programming language. The results show the TC position has a great impact on the 
aging, the cost-efficient, and the loading of the transformer. 
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𝑅𝐿𝑉 = 𝜌𝐿𝑉𝑥 𝐶𝐿𝐿𝑉
𝑎𝑟𝑒𝑎𝐿𝑉

                                                                                     (2) 

𝐿𝐿𝐿𝑉 α 𝑅𝐿𝑉 𝑥 𝐼𝐿𝑉2                                                                                     (3) 

Where:  
𝐶𝐿𝐿𝑉 LV winding length (m) 
𝑀𝑇𝐿𝑉 LV winding mean turn length (m) 
𝑡𝑢𝑟𝑛𝑠𝐿𝑉 number of turns of LV winding 
𝑅𝐿𝑉 LV winding resistance (Ω) 
𝜌𝐿𝑉 LV winding resistivity (Ω.m) 
𝑎𝑟𝑒𝑎𝐿𝑉 LV winding cross section area (𝑚2) 
𝐿𝐿𝐿𝑉 LV winding ohmic losses (watt) 
𝐼𝐿𝑉 LV winding current (A) 

 
There are two types of TC mounting. The first type is called in tank 

TC. This type is used for higher currents and voltage levels. The 
change-over and selector switches are mounted at the bottom of TC 
but at the top of TC the diverter switch is mounted in a segregated 
compartment. The second type is called separate compartment TC. In 
this type, the diverter, change-over, and selector switches are located 
in a compartment. This type is bolted to the side of the tank. Fig. 1 
shows the regulation types. Whereas S indicates the selector, R 
indicates reversing switch, and C indicates change-over switch. For 
linear type, the tapped turns are added to the main turns. Hence, the 
tap voltage will add to the main winding voltage. The tapped turns will 
be totally bypassed for minimum voltage. Change-over switch isn't 
required for this type. For reversing type, the tapped turns are 
connected with the main turns in reverse or additive polarity with the 
main turns. This type is giving larger tapping range with a 
disadvantage of higher copper losses at the minimum tap position. 
Coarse-fine type provides advantage of reversing type with lower 
copper losses. Bias winding is hassling to the coarse-fine but with 
number of turns is half the turns of one section of the tapped winding 
[12, 13]. 

 

 
Figure 1. Main regulation types of TC. 

In this paper, the response of TC at the LV side will be done as 
per the variation of the voltage on the medium voltage (MV) network. If 
the voltage at MV increased by 5% of the nominal voltage, TC at LV 
side tap down at -5% reducing the winding resistance, reducing the 
internal heat generation, reducing the transformer aging, and 
increasing the transformer loading capability vice versa.  

3. Transformer thermal model 

The transformer thermal model is used to simulate the winding 
HST and TOT. It can be used to monitor the loading of the transformer 
and study the capability to increase the loading or shed it. Hence, it is 
mandatory to be accurate [14]. The transformer internal heat 
generation is due to the transformer losses. The transformer losses 
are the ohmic losses, winding eddy current losses, other stray losses, 
and no-load losses. The ohmic losses are due to the flowing of the 
current through the resistance of the transformer winding. The winding 
eddy current losses are due to the linkage of the leakage flux and the 
winding. The other stray losses are due to the linkage of the leakage 
flux with the structural parts and the fittings of the transformer. The no-
load losses are due to the linkage of the flux with the transformer core 
causing hysteresis and eddy current losses. The ohmic losses can be 
reduced by increasing the conductor cross section area but this will 
lead to increasing the winding eddy current losses [15]. This model is 
based on the thermal-electrical analogy for applying the heat transfer 
approach. The thermal performance of the transformer responds to 
the loading and the ambient temperature instantaneous changes. The 
thermal modeling of the transformer is considered as two intertwined 
models. TOT model is the first model to simulate TOT changes with 
the loading and ambient temperature changes with the oil time 
constant. The second model is HST which is interrelated with TOT 
model. The output of TOT model is used as feed in for HST model. 

HST model is used to emulate the changes of the winding HST with 
the loading and TOT instantaneous variations considering the winding 
time constant [16]. Fig. 2 shows the profile of the ambient temperature 
changes through the whole day. Fig. 3 shows the profile of the 
transformer loading through the whole day. Table 1 shows the thermal 
parameters of a 630 kVA, 0% voltage tap at the low voltage winding, 
ONAN cooling type, and mineral oil-filled transformer. Table 2 shows 
the cooling exponents variation according to the cooling type. 

 

 
Figure 2. The profile of the ambient temperature changes through the whole day. 

 
Figure 3. The profile of the transformer loading through the whole day. 

Table 1. Thermal parameters of a 630 KVA, 0% voltage tap at the low voltage winding, 
oil-filled transformer 

Rated ohmic losses (𝑰𝟐𝑹) 9023 W 
Windings eddy current losses under rated conditions ( 𝑷𝑬𝑪−𝑹) 665 W 

Other stray losses in the structural parts under rated conditions 
(𝑷𝑶𝑺𝒍−𝑹) 

1350 W 

No Load losses 1195 W 
P.U eddy current losses at the hot spot location 0.72 

Ratio of load losses under rated conditions to no load losses 9.24 
Cooling constant n' 0.25 
Cooling constant n 0.25 

 
 
Table 2. Exponents used in temperature determination equations [7] 

Type of Cooling  n' n 
In case of No external cooling 0.25 0.25 

In case of external cooling 2 0.5 

3.1 Top Oil Temperature (TOT) Model 

The oil of the transformer is used as a cooling and an insulating 
medium. Hence for the transformer thermal model, the oil thermal 
properties such as the specific heat, thermal conductivity, dynamic 
viscosity, and density shall be considered [16]. Some of the total 
internal heat generated in the transformer will be transferred to the 
ambient temperature and some will be stored in the oil causing 
increasing or decreasing of TOT. The response of TOT with changing 
the loading and the ambient temperature is not instantaneously but 
with time constant which is called oil time constant. The time constant 
is a function of the total transformer losses which vary with the 
transformer TC position. The calculation of the top oil temperature can 
be as follows: [17] 

1+𝑅𝑥𝐾2

1+𝑅
𝑥µ𝑝𝑢𝑛 𝑥∆𝜃𝑜𝑖𝑙,𝑟𝑎𝑡𝑒𝑑 = µ𝑝𝑢𝑛 𝑥𝜏𝑜𝑖𝑙,𝑟𝑎𝑡𝑒𝑑𝑥

𝑑𝜃𝑜𝑖𝑙
𝑑𝑡

+ (𝜃𝑜𝑖𝑙−𝜃𝑎𝑚𝑏)1+𝑛

∆𝜃𝑜𝑖𝑙,𝑟𝑎𝑡𝑒𝑑
𝑛                   (4)                                                                       

𝜏𝑜𝑖𝑙,𝑟𝑎𝑡𝑒𝑑 = 𝐶𝑡ℎ−𝑜𝑖𝑙,𝑟𝑎𝑡𝑒𝑑
∆𝜃𝑜𝑖𝑙,𝑟𝑎𝑡𝑒𝑑
𝑞𝑡𝑜𝑡,𝑟𝑎𝑡𝑒𝑑

𝑥60                                                                    (5)  

Where:  
∆𝜃𝑜𝑖𝑙,𝑟𝑎𝑡𝑒𝑑 TOT over the ambient temperature under rated 

conditions (ᵒC) 
𝜃𝑎𝑚𝑏 ambient temperature of the whole day (ᵒC) 
𝜏𝑜𝑖𝑙,𝑟𝑎𝑡𝑒𝑑 rated of oil time constant (minutes) 
𝐾 the per unit of the transformer actual loading to the 

loading under rated conditions  
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𝑞𝑡𝑜𝑡,𝑟𝑎𝑡𝑒𝑑 total losses (load and no-load losses) of the 
transformer at rated condition (watt) 

𝑅 dividing of transformer load losses and no-load losses 
at rated condition 

µ𝑝𝑢 dynamic viscosity of the oil (per-unit)  
𝐶𝑡ℎ−𝑜𝑖𝑙,𝑟𝑎𝑡𝑒𝑑 thermal capacitance of the oil at rated condition (joules 

/ᵒC) 
𝑛 cooling constant in case of air moving fluid  
  

The thermal capacitance of the transformer oil in case of existing the 
external cooling can be formulized as follows: [16] 

𝐶𝑡ℎ−𝑜𝑖𝑙 =
𝑌𝑓𝑒𝑥 𝑚𝑓𝑒𝑥 𝑐𝑓𝑒 +   𝑌𝑤𝑑𝑛𝑥 𝑚𝑤𝑑𝑛𝑥 𝑐𝑤𝑑𝑛 +                  𝑂𝑜𝑖𝑙𝑥 𝑚𝑜𝑖𝑙𝑥 𝑐𝑜𝑖𝑙 +
𝑌𝑠𝑡𝑥 𝑚𝑚𝑝𝑥 𝑐𝑚𝑝                                            (6)    

Where:  

𝑌𝑓𝑒    core losses of the transformer ratio to the entire 
losses  

𝑌𝑤𝑑𝑛    winding losses ration to the entire losses  
𝑌𝑠𝑡    stray losses proportion to the entire losses  
𝑚𝑓𝑒 transformer core weighting (kilograms) 
𝑚𝑤𝑑𝑛 transformer winding weighting (kilograms) 
𝑚𝑚𝑝   transformer tank and fittings weighting (kilograms) 
𝑚𝑜𝑖𝑙    transformer oil weighting (kilograms) 
𝑐𝑓𝑒 transformer core specific heat  

(𝑐𝑓𝑒 = 0.13 𝑊ℎ/𝑘𝑔ᵒC ) 
𝑐𝑤𝑑𝑛   transformer winding specific heat  

(𝑐𝐶𝑢 = 0.11  𝑎𝑛𝑑 𝑐𝐴𝑙 = 0.25 𝑊ℎ/𝑘𝑔ᵒC ) 
𝑐𝑜𝑖𝑙 transformer oil specific heat   

(𝑐𝑜𝑖𝑙 = 0.51 𝑊ℎ/𝑘𝑔ᵒC ) 
𝑐𝑚𝑝 transformer tank and fittings specific heat (𝑐𝑚𝑝 =

0.13 𝑊ℎ/𝑘𝑔ᵒC ) 
𝑂𝑜𝑖𝑙 correction factor of the oil for the ONAF and OFAF 

cooling types 
(Ooil = 0.86 Wh/kgᵒC ) 

 
The thermal capacitance of the transformer oil in case of no external 
cooling can be expressed as follows: [18] 
 
𝐶𝑡ℎ−𝑜𝑖𝑙 =
 𝑚𝑓𝑒𝑥 𝑐𝑓𝑒 + 𝑚𝑤𝑑𝑛𝑥 𝑐𝑤𝑑𝑛 + 𝑚𝑜𝑖𝑙𝑥 𝑐𝑜𝑖𝑙 +𝑚𝑚𝑝𝑥 𝑐𝑚𝑝                                                                                                     
(7) 
 

MATLAB programming language is used to model (4) to simulate 
TOT through the whole day for the three scenarios of TC positions as 
shown in Fig. 4. The results show TOT for -5% tap is lower than that at 
0% tap by 1.1ᵒC at the instant of the peak load. But in case of +5% 
tap, TOT is higher than at 0% tap by 2.1ᵒC.                                              

 
Figure 4. TOT for the different TC positions. 

3.2 Winding Hot Spot Temperature (HST) Model 

Some of the heat generated due to the losses in the windings will 
be transferred to the surrounding medium which is the oil and some 
will be stored in the winding causing increasing or decreasing of the 
winding HST. This model is used to calculate the winding HST which 
doesn't vary instantly with TOT and the loading variation but with time 
constant. The transformer thermal limit which is the winding HST at 
110ᵒC governs the transformer loading capability. Hence, HST model 
is used to determine the unused capacity of the transformer [19]. The 
winding HST can be calculated as: [17]   

𝐾2𝑥 �𝐾𝜃 + 𝑃𝐸𝐶−𝑅 𝑝𝑢

𝐾𝜃
� 𝑥µ𝑝𝑢𝑛 𝑥∆𝜃ℎ𝑠,𝑟𝑎𝑡𝑒𝑑 = µ𝑝𝑢𝑛 𝑥𝜏𝑤𝑑𝑔,𝑟𝑎𝑡𝑒𝑑𝑥

𝑑𝜃ℎ𝑠
𝑑𝑡

+ (𝜃ℎ𝑠−𝜃𝑜𝑖𝑙)1+𝑛′

∆𝜃ℎ𝑠,𝑟𝑎𝑡𝑒𝑑
𝑛′       
(8)                     

  𝐾𝜃 = 𝜃𝐾+𝜃ℎ𝑠
𝜃𝐾+𝜃𝑎𝑣𝑔

                                                                                       (9) 

Where:  
𝜃ℎ𝑠 variation of winding HST (ᵒC) 
∆𝜃ℎ𝑠,𝑟𝑎𝑡𝑒𝑑 winding HST rise over TOT at rated condition (ᵒC) 
𝑃𝐸𝐶−𝑅 𝑝𝑢 eddy current losses of the winding as a per unit at 

hot spot location at rated conditions  
𝑛′ cooling exponent for moving fluid (oil)  
𝜏𝑤𝑑𝑔,𝑟𝑎𝑡𝑒𝑑 winding time constant at rated conditions (minutes) 
𝐾𝜃 correction of the resistance on account of  

temperature change 
𝜃𝐾 temperature factor for the loss correction 
𝜃𝑎𝑣𝑔 average temperature of the winding under rated 

conditions 
𝜃𝐾 = 225  for Aluminum 
𝜃𝐾 = 235  for Copper 

 

Eq. (8) is used for the calculation of the winding HST for the three 
scenarios of TC positions as shown in Fig. 5. Fig. 6 shows the winding 
HST for -5% tap is lower than that at 0% tap by 2.7ᵒC but for +5% tap 
is higher than that at 0% tap by 5.2ᵒC at the instant of peak load. This 
means that HST at -5% tap is lower than that at +5% tap by 7.9ᵒC. The 
results show -5% tap led to higher loading capacity than that at +5% 
tap. 

 
Figure 5. HST for the different TC positions. 

 
Figure 6. Maximum winding HST for the different TC positions. 

4. Aging model 

The loading of the transformer may exceed the rated loading with 
few amperes but without reducing the transformer life time. Because 
the surrounding average ambient temperature is lower than 30ᵒC. 
Hence, the winding HST at 110ᵒC represents the limit of the 
transformer aging. The winding HST represents the input for the 
transformer aging model. An allusion factor called aging acceleration 
factor (FAA) is used for modeling the transformer aging. If HST 
increased by 6.9 ᵒC, this factor will be doubled causing the real life to 
be half of the normal life. During period of time dt, the transformer loss 
of life (Lf) is expressed as in (12) [19].   

FAA = e�
15000
383 − 15000

θH+273
�                                                                            (10)                                                     

dL = FAAdt                                                                                        (11)                                                                     
𝐿𝑓 = 1

T ∫ FAA
𝑇
0 𝑑𝑡                                                                                 (12) 

𝐿𝑓% = Accumulative age (hours)∗100
180000

                                                          (13) 

Eq. (13) is used for the simulation of the loss of life percentage 
through the whole day for the three scenarios of TC positions as 
shown in Fig. 7. The results show the daily loss of life in case of -5% 

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440
Time Minutes

20

30

40

50

60

70

80

90

100

T
op

 O
il 

T
em

pe
ra

tu
re

 °C

0%
-5%
+5%

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440
Time Minutes

20

40

60

80

100
110
120

140

H
ot

 S
po

t T
em

pe
ra

tu
re

 °C 0 %
-5 %
+5 %

-5% 0% +5%

Tap Changer Positions

120

123.5
125

126.2

130
131.4

135

H
ot

 S
po

t T
em

pe
ra

tu
re

 °C



<Journal Name> 
 
 
 

 

4 

tap is the lowest one achieving 0.01434%, at 0% tap achieves 
0.01825%, and at +5% tap achieves 0.02908%. The results show the 
aging at +5% tap is higher than double of that at -5% tap. This 
reduction in the aging of the transformer is due to the lower winding 
resistance at -5% tap which led to the reduction of losses and the 
internal heat generation.   

 
Figure 7. Daily loss of life for the different TC positions. 

5. Transformer energy losses  

Due to modifying the TC positions, the resistance of the windings 
will vary causing variation of the transformer energy losses. If the 
winding resistance is increased due to increasing the number of 
winding turns, the transformer energy losses will be increased. Hence, 
the consumed energy from the utility will be increased causing 
increasing into the cost of energy consumption. The cost-effectiveness 
of the transformer relies on total energy losses cost and the bid price 
of the transformer. In this paper, the transformer bid price is constant 
as the same transformer is considered. Hence, the TC positions play 
an important role to determine the cost effectiveness of the 
transformer based on the cost of the total energy losses.  The 
transformer energy losses can be calculated by determining the area 
under the curve of the transformer energy losses through the whole 
day. The cost of them will be obtained by multiplied the energy losses 
by the energy tarrif which is 1.05 LE/kWh.  

 
As shown in Fig. 8, the transformer monthly energy losses in case 

of -5% tap is lower than that at 0% tap by 465 kWh. But in case of 
+5% tap is higher than that at 0% tap by 615 kWh. This means the 
transformer monthly energy losses in case of -5% tap is lower than 
that at +5% tap by 1080 kWh. The results show -5% tap caused the 
transformer is more cost effective than that at 0% tap or +5% tap.  

 

 
Figure 8. Monthly energy losses of the transformer for the different TC positions. 

6. Transformer loading capability 

The results of the winding HST model show -5% tap led to the 
lowest HST and +5% tap led to the highest HST. Hence it is 
mandatory to show to what extent the tap changer positions affect the 
transformer loading. The transformer loading is based on the winding 
HST which will be affected by the transformer total losses, ambient 
temperature, and the thermal characteristics of the oil. Hence, it's 
recommended to use materials for the core, conductors, and the 
structural parts of the transformer with minimum losses. 

Eq. (4, 8) are used to simulate the winding HST under ambient 
temperature of 30ᵒC with varying the transformer loading starting from 
0.1 P.U to 1.1 P.U as shown in Table 3. The results show the 
transformer loading capability under -5% tap shall not exceed 98.4%, 
under 0% tap shall not exceed 96.12%, and under +5% tap shall not 
exceed 91.9% to avoid exceeding HST of 110ᵒC as shown in Fig. 9.  

 

  
 

Table 3. Winding HST (ᵒC) versus the transformer loading 
 

Loading(P.U) 

Winding HST ᵒ𝐂 under different positions of TC 

-5% tap 0% tap +5% tap 

0.1 40.9 40.9 41.08 

0.2 44.67 44.86 45.33 

0.3 50.14 50.48 51.36 

0.4 56.79 57.41 58.77 

0.5 64.42 65.34 67.24 

0.6 72.86 74.06 76.52 

0.7 81.89 83.41 86.45 

0.8 91.4 93.26 96.91 

0.9 101.4 103.5 107.8 

1 111.6 114.1 119.1 

1.1 122.1 125.1 130.6 

 

 
Figure 9. The transformer loading capability considering the tap changer positions. 

7. Conclusion 

This paper shows the impact of the TC positions on the aging and 
the cost-effectiveness of the oil-immersed transformer. A 630 kVA, 
ONAN cooling type, ±5% voltage tap at the low voltage winding 
transformer is considered. The results show the winding HST at -5% 
tap is lower than that at +5% tap by 7.9ᵒC and this will lead to more 
transformer loading capacity. Also the aging at +5% tap is higher than 
double of that at -5% tap. The transformer monthly energy losses in 
case of -5% tap is lower than that at +5% tap by 1080 kWh. Hence, 
the transformer at -5% tap is more cost-effectiveness than that at +5% 
tap. The transformer loading capability under -5% tap is higher than 
that under +5% tap with 6.5%. Hence, the impact of the tap position of 
the transformer should be considered in the planning stage of the 
electrical network.  
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