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Abstract — The paper is presenting theoretical 

analytical model and computer simulation of 

electromagnetic transient process in a transformer. 

Transformer parameters in a selected transitional 

process have been analyzed. Theoretical model refers to 

an energetic transformer with concentrated parameters 

with consideration of parameters of mutual inductance 

M. Simulation was performed on a personal computer 

using the software program MATLAB SIMULINK. The 

computer simulation confirmed the possibility of 

transitional process analysis in transformer’s windings 

with concentrated parameters. 

 

Index Terms— Computer, Simulation, Transient 

Process, Model, Transformer, Concentrated Parameters 

  

I. Introduction 

Transformer’s load causes a change in voltage. This 

change is usually manifested as a decrease (down) of 

voltage relative to the idle. The transformer should be 

designed to withstand the possible tension throughout 

its life. This paper describes changes in the transformer 

during load changes through computer simulations that 

indicate a failure or defect. 

Computer simulation today presents one of the 

leading methods for solving, describing, understanding 

and analysis of complex dynamic systems in the fields 

of technical sciences.  

The MATLAB software is designed for solving 

various mathematical and engineering problems Which 

were modeled by the application of linear algebra and a 

master computer where this simulation has been 

performed, and that is why the simulation was 

performed precisely in this software package.  

Mathematical model of power transformer is 

completely derived from the literature [1], and is based 

on the model derived in the software package 

MATLAB and Simulink[7]. The simulation’s goal of the 

set theoretical models is to obtain relevant information 

about the behavior of the power transformer in the 

transition processes. 

In the first example of a transformer of high power 

and a second example of a transformer of low power it 

has been shown that such a computer simulation in a 

qualitative way can describe the transient processes and 

by doing so a better analysis of their behavior can be 

performed. 

The remainder of this paper is organized as follows:  

Section 2 gives a theoretical model of the transition 

process in the ideal and the real transformer with linear 

magnetic characteristics. Section 3 describes dynamic 

changes in real power transformer in MATLAB 

Simulink. It describes two simulations: Simulation 1- 

Simulates idling of transformer. Secondary current is 

equal to zero. Simulation was performed for the real 

three-phase power transformer SIEMENS - ONAF / 

ONAN.  

Simulation 2- Simulates a short circuit and controls a 

secondary current set to the rated current for the real 

three-phase power transformer SIEMENS - ONAF. 

Graphs fluxes, current magnetization and voltages on 

the primary and the secondary are given at the end of 

the simulation process. Conclusion and future work are 

presented in the final section.  

 

II. Theoretical Model of Transient Process in 

Transformer  

The transformer consists of ferromagnetic circuit and 

operates as electromagnetic connection of two electric 

windings: 1. primary is connected to the source of 

alternating current and 2. the secondary winding to 

which electric loading is connected. The task of the 

magnetic circuits is to create spatial distribution of 
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magnetic excitation forces and magnetic fluxes which 

produce currents in winding at a circuit or strange 

magnetic fields[6]. The processes in a three-phase 

transformer are equivalent to processes in single-phase 

one if the influences of the other two phases are 

considered according to assumptions as in the model of 

an ideal and symmetric three-phase transformer, where 

according to figure 1:  

 

 

Fig. 1: a) 

 

Fig. 1: b) 

Fig. 1: a) Three separated magnetic circuits and  b) equivalent scheme 
of transformer with concentrated parameters 

 

1. Conductance of magnetic circuits for all three phases 

are equal:   cba   

2. Sum of magnetic excitation forces of three phases 

equals to zero 0 cba MMM 


 

3. According to IV Maxwell equation 0Bdiv


, 

0 cba    

Currents and voltages in windings can oscillate 

propagation through coils if the winding includes; The 

theory of wave spreading through coil’s threads covers 

parameters of capacitance towards mass, winding 

inductance, capacitances between adjacent coils, mutual 

inductivity of one thread to another, reaction of primary 

coil on secondary and vice versa, turbulent currents in 

magnetic core , losses caused by hysteresis.  

In the model, values of primary and secondary 

winding are ][1  RRp
, ][2  RRs

 and values of 

inductance are ][1 HLLp  , ][2 HLLs    

 

 

Fig. 2: a) One equivalent scheme of three-phase transformer, with 

Hysteresis curve 

 

Nonlinear characteristic of magnet biasing, figure 2 is 

dependence )( FeHfB   which has an hysteresis 

form of a distorted rectangle and high values of 

magnetic penetrability dH/dB . 

High values of magnetic penetrability dH/dB  

help to minimize influences of air gaps and magnetic 

contours on which magnetic fluxes close. 

Magnetic induction and strength of the fields B , H  

have different values in different points of cross section 

of the core. Values are variable due to three reasons:  

a) due to the value change of cross section  

b) due to the heterogeneity of magnetic domains 

(ferromagnetic, gap filled with air, etc), and  

c) due to the dissipation of magnetic fluxes between 

adjacent coils. 
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Magnetic characteristics of magnetic circuits of 

devices such are transformer, dependence )(HfBsr  , 

differs from magnetic characteristics of material 

)(HfB   due to following reasons [1]:  

 Lengths of contours where magnetic fluxes close are 

not equal, and there are also fluxes of dissipation. 

Influence of unequal lengths of contours can be 

lessened only by assumption that a magnetic circuit is 

composed of elementary parts with the same 

magnetic characteristics which are packed in order in 

the direction of a planned contour. 

 Inequalities of cross sections along contours of fluxes. 

In calculations that influence, this can be lessened 

with the usage of the smallest value of a cross section 

mS  along contours of the magnetic circuit. 

 Influence of connections, cracks and presence of 

magnetic gaps in the circuit filled with air along 

contours of flux closures. According to the second of 

Kirchhoff’s laws on magnetic circuits [2]: 

0

( )

j j Fe

j

B
H l h l

MPS H l








  

  


,                                 (1) 

Feh  is the intensity of the field which acts as the 

magnetic core, BbB  - is the inductance value if 

there is no dissipation in the gap on the cross section, 

H - mean value or real value of field intensity which 

acts on the cross section , pH - value of field intensity 

which would exist on the cross section if gaps would 

not exist.  

pFeFe Hh
B

l
h

l

F

l
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,        (2) 

where HBe 0   is the relative value of magnetic 

conductivity of a magnetic circuit, H/B  is the 

absolute value of magnetic penetrability of material, 

pm
l



is the magnetic penetrability in the form of a 

magnetic pm
l



 circuit.  

For magnetic circuits where 1 pm
l


, l  

applies 1
11

111










e

e

. 

This procedure leads to the expression for differential 

magnetic penetrability: 

B

H

de 






1
, 

pdde m

111



,                               (3) 

Differences in the process of magnetic biasing, which 

occur on hysteresis curve.  

Magnetic parameters must be determined on a 

finished magnetic circuit which has its own geometric 

shape and winding position.  

According to the Faraday law, the electro motor force 

of primary and secondary winding, 1u  and 2u  are 

consequences of changes of fluxes: 

 

tt

p

p

dtu
N

dtu
N

0

1

10

11
, (4)  
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11
,                            (5) 

 

2.1 Theoretical Model Of A Transitional Process in 

an Ideal Transformer with Linear 

Magnetization Characteristic 

 

)sin(..   tUu mizpiz                                    
(6)

 

Voltage equations are: 

0. 
dt

di
M

dt

di
Lu sp

ppiz ,                               (7) 

dt

di

L

M

dt

di

dt

di
M

dt

di
L

p

s

sps
s  0                      (8) 

Connection coefficient 

sp

c
LL

M
k 2

 
has the value 

1

sp

c
LL

M
k

 
if the fluxes include the winding of 

the primary and secondary are equal in value. In 

approximate calculations, the following expressions 

apply: 

V
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V
l

NN
LLM rsp 2

21
0

 ,                       
(10) 

where
m

H7
0 104  

, r  is the magnetic 

penetrability of the air and core, 
1N

, 2N are the  

numbers of the primary and secondary coils and 
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V volume as the part of the space where the windings 

are placed, figure 3. In the primary transformer circuit 

active losses presented with resistance exist pR
 
and in 

the secondary circuit with resistance sR ,
 
if the power 

transformer is directly connected to voltage source:  

,. pp

sp

ppiz iR
dt

di
M

dt

di
Lu                        (11) 

,/0
t

iR
dt

di
M

dt

di
L ss

ps

s



                          (12) 

0
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2
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dt

id
L

dt

id
M

dt

di
R s

s

ps

s                          (13) 

In the secondary circuit of single-phase transformer, 

three typical regimes can occur.
 

a) Idle operation:  

dt

di
MuiR

p
sss  0  

b) Short circuit: 

1

200
N

N

M

L

i

i

dt

di
M

dt

di
LR s

p

sss
ss   

c) Loading on secondary is small value but is not 

equal to zero loadss Ziu 
, 

0 loads ZR
: 

s
s

sp

s

s
p

s
ss i

L

R

dt

di

L

M

dt

di
i

M

L
iR  0  

Substituting the values for derivative )/( dtdis  in (6) 

of the system of (9), the following is obtained: 

psp

p

sp

pp iR
N

N
R

dt

di

LL

M
Lu 


 ])([)1( 2

2

1
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(14) 

From the first equation of the system of (6) is also: 

)(
1

.
dt

di
LiRu

Mdt

di p

ppppiz
s                         (15) 

When the primary transformer is connected to 

external electric circuit with a voltage source 

   tsinUu m.izp.iz  and the parameters of the 

circuit are izR , izL  and the secondary transformer 

winding is connected, loading with the parameters 

loadR , loadL  in the primary transformer are: total 

active resistance izpp RRR  , total inductance 

izpp LLL  , and in the secondary transformer the 

active resistance is loadss RRR  , and the total 

inductance loadss LLL   while time constants gain 

other values: 

;
p p iz

p

p p iz

s s load
s

s p load

R R R

L L L

R R R

L L L

















 




 



,                                     (16) 

 

 

 

Fig. 3: Electromagnetic connection of transformer winding with concentrated parameters 

 

With strongly paired magnetic circuits, as in the 

transformer here, the following applies: spc LLkM 22  . 

With these substitutions which refer to a new 

connection coefficient ck , effective inductance of the 

primary p.efL  and the mutual inductance M  and the 

introduction of time constants to the primary circuit  

p  and the secondary circuit s  is: 
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M
k

2
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,  pcpef LkL )1( 2

. ,               (17) 

For which an homogenous part according to 

convolution theorem  pjt/    applies to the 

equation: 

01)()1( 22
  ppk spcsp  , (18) 

Roots of characteristic equation, when 

decrement 0D , are: 

 2

22

2,1
12

)1(4)()(

csp

cspspsp

k

k
p













,(19) 

and the decrement of the equation is greater than zero, 

the roots are multiple and different: 

01)()1( 22
  ppk spcsp  , (20) 

The current of the primary is the sum of a free 

component psli  and a forced component ppri  of the 

primary current: 

ppr
tptp

pprpslp ieAeAiii  2
2

1
1 ,           (21) 

The forced component is created by the voltage of the 

resource    tsinUu mp.iz  as well as the 

harmonic function: 

  ppmppr tsinIi   , (22) 

If the expression for the forced component ppri  

substitutes in (19) values for pmI , then p shall be 

determined: 

Rising to the second power and then extracting of the 

root of the left and right side of the last equation is 

obtained: 
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In the moment of closing of both switches, figure 3 

(in the circuit of primary and secondary) values are: 

  00 pi  for   00 si  and    tsinUu m.izp 0 .  

From the (7) of the system we obtain the first 

derivative: 

20

.
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Integrating constants are determined from the 

boundary conditions: 

1 2

.

2
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(0)
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The value of the current si  is obtained from the 

differential equation: 

2
2

2

.

(1 ) ( )
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s s
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For the homogenous part of differential equation the 

same decrement applies: 

01)()1( 22
  ppk spcsp  , (30) 

The solution for the secondary current is the sum of 

free and the forced component: 

spr
tptp

sprssls ieBeBiii  2
2

1
1 , (31) 

The forced component is defined by a time form: 

)sin( ssmspr tIi   , (32) 

If the expression for the forced component spri  is 

substituted in for (34) the values for smI  i s will be 

determined: 
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Integrated constants are obtained from two conditions: 

1. At the moment of closing of both switches (on the 

primary and the secondary) the value is   00 si , and 2. 

from (7) the first derivative is:  
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If there are no magnetic dissipations the values are: 

 1ck , 
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For primary the values are: 
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and for secondary the are values: 
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The values of transformer’s voltage are calculated of 

the system of  (9): 
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Muu s

p  1 ,                                              (47) 

dt
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Muu

p

s  2 ,                                               (48) 

In transformers of kVVn 11010   the voltages for 

basic harmonic  Hzf 50  values of relation of winding 

parameters are such an error of 0,1% occurs:  
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In the idle mode: 
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This value also presents the current of magnetization: 
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Value of flux from (5) is: 
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In the short-circuit mode conditions are:  
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2.2 Calculation of The Transformer’s Para- Meters 

The model of the transformer is accomplished, using 

the software program MATLAB-SIMULINK in such a 

way that its inputs are vectors of source voltage and 

source parameters and windings of the transformer, and 

outputs are vectors of flux, currents of magnetic biasing 

and variable equations of voltage value of both primary 

and secondary.  

Simulation and analysis of the transformer’s behavior 

in transient processes was preformed in idle operation 

and is consisted of the described simulation models of 

voltages and source parameters and transformers along 

with blocks which simulate voltages of the transformer.  

In accordance with technical practice it is necessary 

to determine resistance and inductance of windings in 

the system per unit. 

Base values are nominal output  VASn , nominal 

frequency  Hzfn , and nominal voltages  VVn  and 

effective voltage value rmsV  which corresponds to 

winding. 

The base unit resistance, and base and unit 

inductance which are used for each winding are:  
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, 

The unit value of active resistance of the magnetic 

circuit mR  is based on indicated power ][VASn  and on 

the nominal voltage of the winding 1. 

 

III. Transients in Transformers in MATLAB 

SIMULINK 

If the process is simulated with a residual flux phi0, 

the second point of a saturation characteristic is on the 

coordinate and corresponds to zero value of the current, 

as shown on figure 4.b. The characteristic of saturation 

is input with ( i , phi ) values per unit in the system, and 

with start from couple (0,0). The Power Block (PSB) 

converts vectors of flux p.u. and vectors of the current 

puI  into standard units which shall be used in the 

model of saturation: 

, /

, /

pu base pu base

pu base pu baseI I I I I I

     

 
, 

where the base values of flux and current have values 

which correspond to nominal voltage, power and 

frequency. 

Nominal power and frequency: Nominal apparent 

power  VASn , and frequency  Hzfn , of transformer. 

Winding parameters 1: Nominal effective value of 

voltage in  V , resistance and drive inductance of 

winding 1 in p.u.. Winding parameters 2: Nominal 

effective value of voltage in  V , resistance and drive 

inductance of winding 2 in p.u.. The characteristic of 
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saturation-denoted as a flow/diagram of current pair 

(p.u.)-flux (p.u.) which starts from the point (0,0). 

Active losses in the core of magnetic circuit and initial 

flux: Active losses of the power in the core which are 

included into the resistance parameter mR  in p.u.. For 

example: Denoting loss of active power as 0,2% at 

nominal voltage nominal value for 500mR p.u. also 

can be denoted as the initial flux phi0 (p.u). The initial 

flux has special importance in transformer feeding. If 

phi0 is not denoted, the initial flux is automatically set 

for simulation of a steady-state start.  

The following has been measured: Voltages of 

windin .).(11 upUUU Np  , .).(22 upUUU Ns  , 

Currents of winding: 1NI , 2NI . Magnetizing 

current: magI . Flux:  .  

Outputs and inputs: One input, one output, or three 

outputs (if they exist) instantly have the same polarity. 

If on the input, with the third winding equaling 0 is 

found, then in the block-set it is implemented in the 

transformer with two windings and magnetic circuit and 

the display shows an icon which symbolizes a 

transformer.  

Limitations: A winding on the icon can vary. A 

variable winding is internally and directly connected to 

the resistance in the circuit, and an invisible connection 

has no influence on voltage and current measurement. 

The flux saturation model does not include hysteresis, 

figure 4.b. The circuit is available in the file 

psbxfosaturable.mdl file. 

 

3.1 Simulation No. 1 

Simulation was performed on the real three-phase 

power transformer SIMENS-ONAF/ONAN 

(dimensions: length 7800 mm , width 3250 mm , height 

6100 mm , transformer has fans which start to work at 

higher loadings; oil flow depends only on siphon effect) 

with the following information: connection Yy , current 

of idle operation %,%i 500  , voltage of short circuit 

%,%uk 510 , voltages of primary and secondary 

 kVUU nnp 09.711  ,  kV,UU nns 24212  , 

 MVASn 100 ,  kWPFe 49 ,  kWPcun 285 , 

  kV%VV nnp 81101231  ,  kV,VV nns 75362  .  

From the primary side, the reactance of the short 

circuit is: 
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Reactance of the primary and secondary windings are: 
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Dissipative inductances of primary and secondary are: 
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Impedance of magnetic biasing is: 
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Inductance on the primary side is: 
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Resistance of transformer winding (primary and 

secondary) is:  
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   Wb,sqrt

sqrt/e

f

V

n
base 1932
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33123
2

2
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   Asqrt

sqrt/e

e

V

S
I n
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33123
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2

1

  

The three-phase transformer 100  MVA , 

123/36.75  kV is single-phase fed from the resource 

50  Hz . Transformer: Nominal power 100e6,50  Hz , 

parameters of winding 1 (primary): 123e3 Vrms/sqrt(3), 

004270,R  p.u., 1450,L  p.u., parameters of winding 

2 (secondary): 36.7e3. Active losses in the magnetic 

circuit: 1000p.u. Characteristic of saturation: [0 0; 0 1.0; 

1.0 1.22], residual flux = 0.6 p.u. is presented as a 

partially linear curve of flux dependence from the 

magnetization current 

Input values which correspond to dialog box are: 
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..

.
R 0042750

4350

21560
1 




  

 
 

.u.p,
H.
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16060
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Fig. 4: a) Simulation of idle operation of transformer and b) characteristics of block saturation of saturated transformer 

 

In this simulation process, figure 4 which presents a 

regime of idle operation of a transformer shows the 

influence of the characteristic of saturation and time 

constants of a transformer. In that moment, the values 

of the flux and magnetization current start to increase 

which cause the increase of the voltage in the primary 

and secondary, where the voltage on the secondary 

transformer can have a higher unit value from the 

voltage of primary transformer. During the process the 

time constants of the primary and secondary as well as 

the nonlinear characteristic of magnetic saturation have 

the influence. The voltage of the secondary, due to this 

influence, has a slight increase after a time period of 

0,06 s  and is permanently stable until the end of 

simulation, figure 5. 

 

3.2 Simulation No. 2 

Figure 6: It simulates the short circuit and only 

controls the current of the secondary set to the nominal 

current  AI"
n 232 , for a real three-phase power 

transformer SIMENS-ONAF (dimensions: length, width, 

height 1140x800x1700 mm , transformer has fans which 

start to work at higher loadings; oil flow depends only 

on siphon-effect) with the following information: 

connection 5Dy , current of idle operation %%i 10  , 

voltage of short circuit %,%uk 753 , voltages of 

primary and secondary  kV.UU nnp 5101  , 

 VUU nns 2302  ,  kVASn 160 ,  WPFe 500 , 

 WPcun 3200 ,  kV.VV nnp 5101  , 

 kV.VV nns 402  .  
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Fig. 5: Results of simulation no. 1: Time flow of flux, magnetization 

current and voltages of primary and secondary 

 

From the primary side the reactance of short circuit is:  
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Magnetization impedance is:  
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Inductance of magnetization from the primary side is: 

 H
X

L m
m 36,219

314

109.68 3







 

 

 

 

Fig 6: Results of simulation no. 2: Short circuit is made by adjustment of loading in secondary  WPcun 3200  which was the goal of this 

simulation 
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Resistance of transformer’s primary winding:  
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For this simulation a three-phase transformer ONAN 

was used, 5Dy  160  kVA , 12(10.5)/0.4  kV is single-

phase fed from the resource 50  Hz . Transformer: 

Nominal power 250e6,50  Hz . Parameters of winding 1 

(primary): 10.5e3 Vrms, 010,R   p.u., 020,L  p.u., 

parameters of winding 2 (secondary): 0.4e3 

Vrms/sqrt(3), active losses in the magnetic circuit: 

50p.u. Characteristic of saturation: [0 0;0 1.0;1.0 1.22], 

residual flux = 0.6 p.u. 

Input values which correspond to dialog box are: 
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 The short circuit was simulated with adjusted current 

of secondary: 

 A
.V
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n"
n 232

10403
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3 3

3





  

 

IV. Conclusion 

The application of a computer simulation of dynamic 

behavior of a power transformer in the software 

program MATLAB-SIMULINK at transient processes, 

the validity of a given theoretical model in extreme 

regimes as idle operation has been confirmed.  

Measurement results a) in idle operation- time change 

of the flux verifies the value of expression (61) time 

flow of a current of magnetization verifies the value of 

expression (59), and time flows of voltages of primary 

and secondary relations (47) and (48) at b) short circuit 

diagram verifies the value, figure 5. 

In the first example of a transformer of high power 

and a second example of a transformer of low power it 

has been shown that such a computer simulation in a 

qualitative way can describe the transient processes and 

by doing so a better analysis of their behavior can be 

performed. This paper described dynamic changes in 

real and ideal power transformer through MATLAB 

Simulink, which indicates possible malfunction or 

defect. 
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