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FINDING THE OPERATING WINDING INDUCED EXCESS 

VOLTAGE DURING THE THREE-PHASE SHORTENING OF 

THE SYNCHRONOUS GENERATOR 

Elisabeta SPUNEI1, Ion PIROI2, Florina PIROI3 

This work presents two methods to find the induced excess voltage in a 

synchronous generator operating winding during a sudden three-phase shortening 

of the fixed coil winding. The accidental occurrence of this working state leads to 

high value flask currents which, due to heat density and dynamic loading, affect the 

fixed coil windings. These currents induce excess voltages that negatively influence 

the measuring equipment. We establish in this work equations to determine this 

excess voltage when the synchronous generator’s parameters are known. The 

equations were validated by shortening tests on the synchronous generator. 

Keywords: circuit faults, electrical safety, generators, short-circuit currents, 

software testing 

1. Introduction 

To validate the design of a synchronous generator, in special its 

parameters, it is necessary to simulate and test it [1, 2]. The characteristics 

obtained and the parameters determined by running these tests give us essential 

information about the performance of the analysed synchronous generator [3]. 

This work presents the phenomena happening in the exciter circuit of a 

synchronous generator when a sudden three-phase short circuit occurs at its 

terminals. Specific measures must be taken already in the design phase to counter 

the effects of the phenomena occurring in the short circuit working regime. 

The phenomena occurring in the operating winding are less studied, 

researching their behaviour in cases of three-phase sudden short circuit was 

triggered by the observation that, after the short circuit transitory effects, the 

measuring equipment of the operating winding is damaged. 

Since the choice of the measuring apparatus was done based on the 

stationary regime, the fact that they are damaged when a sudden three-phase short 
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circuit occurs indicates that excess voltage appears in the operating winding of the 

synchronous generator. Therefore, it is essential to know the value of the induced 

off-load voltage of the operating winding and the value the current given by the 

voltage sum in the exciter circuit. 

The current trend in the transformer design and validation observe mainly 

the dynamic regimes of the electrical machines, regimes that define their 

performances [4, 5]. At the same time, the devices used to assess the most 

important parameters must be able to measure the maximum values that can occur 

during transient regimes. 

The control of the stationary and dynamic process variables is done using 

different, adaptive control systems, both for the exciter circuit as well as for the 

armature circuit [6-14]. 

The authors propose a method to find the values of the induced currents in 

the excitation winding in case of a short circuit at the autonomous, synchronous 

generator terminals. 

2. Finding the Induced Off-Load Voltage of the Operating Winding 

We consider a synchronous generator operating in the stationary regime, 

with the design load. The exciter circuit, powered with the UEn voltage rating, has 

the rated current IEn. The IEn current flowing through the operating winding 

produces the flux ΨE0 which, compared to the rotor, it is a flux constant in space 

and time. Compared to the fixed coil, this flux, mechanically rotated, is variable in 

space and time during the no-load operation of the synchronous generator, being 

the only existing flux in the machine.  

To analyse the phenomena occurring in the operating winding during a 

sudden three-phase short circuit we use the equations of the synchronous 

generator that has a damper winding. The equations for the synchronous 

generator, written following the two-axis theory, are [15-19]: 
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The total flux in the operating winding, ΨE, immediately after the three-

phase short circuit occurred, is: 

 

E E E dh d dh D DE DL i L i L i L i =  +  +  +  . (2) 

The presentation will be clear and concise, and the symbols used therein 

will be specified in a symbol list (if necessary). In the paper it will be used the 

measurement units International System. In the paper, there will be no apparatus 

or installation descriptions. 

All other variables and notation in equations (1) and (2) should be known 

to the reader. 

The three-phase sudden short circuit is realised with a block schema as in 

Fig. 1. 
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Fig. 1. The synchronous generator block schema for the sudden, symmetric, three-phase short 

circuit 

The enduring short circuit current depends on the direct-axis synchronous 

inductance, Xd: 

       ( )3
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where UeE is the pole off-load voltage, in stationary regime, given by the rated 

field current.  

During the sudden short circuit [1], the excess transient current, I''sc3, is 

calculated using the synchronous, direct-axis, transient excess inductance, X”d, 

and the same pole off-load voltage: 
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When writing equations (3), (4) the synchronous generator parameters 

were considered constant, ie Xd and X”d corresponded to a point on the linear 

zone of the magnetization characteristic. If these reactants are saturated, their 

value decreases, which leads to the occurrence of short-circuit currents of slightly 

higher values. At the occurrence of the short-circuit on the three phases, the 

operating points for each phase may be on the linear or saturation zone of the 

magnetization characteristic, which explains the different values of the currents at 

the time of the short circuit. 

The three-phase, sudden short circuit current takes its maximal value 

immediately after time t=0, its real value, Isc3, being [20]: 

     
( )3 30

3sc sct
I I

=
=  , (5) 

For the three-phase, sudden short circuit of the synchronous generator, 

voltages ud şi uq in equations (1) are null. The only significant equation remains 

the one corresponding to the exciter circuit. 

For the three-phase, sudden short circuit of the synchronous generator, 

voltages ud şi uq in equations (1) are null. The only significant equation remains 

the one corresponding to the exciter circuit. 

At the moment t=0 the stator currents have, for each phase, a different 

value, each depending on the angle between the winding’ axis and the respective 

phase axis. These currents have an inductive degaussing characteristic, the 

generator’s load, at this moment being composed of the windings’ specific 

inductivities. 

The machine degaussing cannot be made instantly, the flux prior to the 

moment t=0, determined by the field current and the rotor’s reacting currents, has 

the same final value established by the long-term short circuit. From the moment 

the sudden three-phase short circuit occurs the machine flux is composed of the 

flux ΨE, given by relation (2), the flux Ψead, caused by the rotor’s reaction, and the 

flux ΨE0. The excess transitory currents through the three phases, with values 

close to those given by relation (4), determine the rotor’s magnetic field, whose 

flux Ψead is in the opposite direction to the flux ΨE0 and approximately equal to it 

in absolute value. We justify this statement below. 

Before the moment t=0, the voltage at the generator’s terminals is: 

eE ead eaqU U U U Z I= + + −  , (6) 

This terminal voltage corresponds to the off-load voltage, Ue, induced in 

the stator windings by the total flux Ψt, vectorised as follows: 

   t E ead eaq = + + , (7) 

Fluxes ΨE and Ψead are oriented along the fore-aft (direct) axis, d, and the 

flux Ψeaq is oriented along the cross axis, q. Using the synchronous direct-axis 

reactance, Xd, and the cross-axis reactance Xq, from (7) we have: 
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eE d d q qU U jX I jX I= −  −  , (8) 

The sudden short circuit (U=0) has a degaussed, inductive character, that 

is Iq=0, and Id= I”sc3. Therefore, at the moment t=0, from (8) we have: 

3eE d scU X I =  , (9) 

For the fluxes, from (7) and (9) we have: 

0E ead E + =  , (10) 

Immediately after the three-phase sudden circuit occurred, at the exciter 

circuit terminals we measure the voltage uE, composed of: 

- Continuous power feed voltage UE, of the exciter circuit; 

- Alternate harmonic dampened voltage, uE1, induced by the electric 

field given by the stator short circuit currents, that is: 

1E E Eu U u= + , (11) 

To these voltages we have the following, corresponding currents: 

- Continuous current, IE, given by the direct power feed voltage;  

- Alternate harmonic dampened current, iE1, given by the three-phase 

sudden short circuit in the stator. 

The current measured in the operating winding, iE, is: 

1E E Ei I i= + , (12) 

The second Kirchhoff theorem for the exciter short circuit is: 

1 1
E

E E E E E E

d
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
+ =  +  + , (13) 

In the stationary regime, prior to the three-phase sudden short circuit 

occurrence, the following equation holds: 

E E EU R I=  , (14) 

From relations (14) and (15) we have: 

    1 1
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 If we ignore the resistor value, RE, from (15) we have: 

1
E

E

d
u

dt


= , (16) 

 For short, measurable, time intervals, Δt, relation (16) becomes: 

1
E

Eu
t


=


, (17) 

 Equation (17) expresses the alternate instant voltage that occurs in the 

exciter circuit at the moment immediately following the three-phase sudden short 

circuit moment. This instant voltage overlaps the continuous power feed voltage 

of the operating winding. 

 The flux ΨE can be determined with the relation: 
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E E EL I =  , (18) 

Knowing LE and IE, the voltage induced into the operating winding during 

the sudden three-phase short circuit can be now computed.  

Following the reasoning expressed in relations (4)-(10) we can infer that: 

( ) 30
2 2ead sc deE t

U U I X
=

      , (19) 

The absolute values of the voltages uE1 and Uead should be approximately 

equal, since in relation (15) the resistor RE has been removed. The instant voltage, 

uE1, must be transformed into its real value. 

For the long-term short circuit, we have: 

( ) 3ead sc deE t
U U I X

→
   , (20) 

This, the value of the off-load voltage, induced in the operating winding 

can be determined: 

- In the design phase or by measuring the short circuit currents and computing 

the excess transitory direct-axis inductance [18, 21-25]; 

- By measuring the current in the operating winding and by finding the ΨE 

flux. This method is harder to apply because of the difficulties in measuring 

the currents in the dampening winding. 

If, at the same time as the short circuit current occurrence we measure the 

voltage at the exciter circuit terminals, we can directly find the alternate voltage of 

the exciter circuit. 

3. Case study 

To validate the relations presented above we tested a three-phase 

synchronous generator with the following nominal data: Sn = 353 kVA, Un = 400 

V, In = 509 A, n = 300 rpm, cos φ = 0.85, f = 50 Hz, Y connection. The operating 

winding was powered by an exciter with the following nominal values: Pn = 7 kW, 

Un = 47 V c.c., In = 150 A c.c., n = 300 rpm. 

To find the uE1 voltage appearing in the exciter circuit of the synchronous 

generator at the three-phase sudden short circuit we used the first method. The 

currents were measured with a data acquisition system with 15 channels, using the 

Fastview module of the LabView software. 

During the short circuit test we measured the following parameters: the 

field voltage, the field current and the currents in the stator winding (Fig. 2 –

 stator currents iE, uE). 

Using the different testing methods for the synchronous generator, we can 

determine its parameters [22-25]. Upon processing the measurements taken during 

the three-phase, sudden, symmetric short circuit we found the synchronous 

generator’s parameters. 
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Fig. 2. Stator current variations, operating winding current and voltage variations during the 

sudden, three-phase, symmetric short circuit 

 

 
 

Fig. 3. Maximal voltage of the operating winding after the sudden, symmetric three-phase short 

circuit 
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Analysing the recordings, we found that a power surge in the operating 

winding with a maximum value of 381.628 V (Fig. 3 – detail).  

Counting in the continuous component of the direct power feed voltage of 

the operating winding of 22.404 V d.c. (Fig. 2) we have that the value of the 

excess voltage in the operating winding at the sudden, symmetric three-phase sort 

circuit is 359.224 V, which is 7.64 times bigger than the nominal power feed 

voltage. 
 

Parameters of the synchronous generator were determined by testing it in a 

idle, load, symmetrical short and unsymmetrical test [18]. The necessary 

parameters to determine the voltage uE1 in the operating winding are: 

- The fore-aft axis inductance Xd = 0.391 Ω (0.86 u.r.); 

- The exceed transient fore-aft axis inductance X''d = 0.0646 Ω (0.142 u.r.); 

- The sudden, symmetric, three-phase short circuit Isc3 = 916.2 A; 

- The excess transient, sudden, three-phase symmetric short circuit current 

I''sc3 = 2748.6 A. 

From (19) we have: 

1 32 355.12E ead sc du U I X = =   =  [V], (21) 

Therefore, the uE voltage at the exciter circuit’s terminals is: 

      1 377.523E E Eu U u= + =  [V], (22) 

For the long term three-phase short circuit, from (20) we have: 

  1 3 358.234E ead sc du U I X= =  =  [V], (23) 

And the uE voltage at the exciter circuit’s terminals is: 

1 380.638E E Eu U u= + =  [V].                   (24) 

The difference between the uE voltage value measured by the acquisition 

system (381.628 V – Fig. 3) and the computed value is due to the simplifying 

hypotheses taken in this paper. 

4. Conclusions 

Analysing the measurements done in the frame of our tests we establish 

that at the time of a sudden, symmetrical three-phase short circuit, in the exciter 

circuit we have a voltage with a value considerably higher than the nominal 

voltage, namely about 7.64 times higher. When we count in the d.c. voltage as 

well, the total voltage value in the exciter circuit is then 8.12 times higher than the 

nominal voltage. 

According to our computations, the power surge value that occurs in the 

moment immediate to the short circuit occurrence is 355.12 V, which is more than 

7 times higher than the nominal power feed voltage. The difference between the 

computed and measured voltage values is determined by the values of the 
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parameters obtained from the graphical processing of the three-phase short-circuit 

test. 

The power surge in the exciter circuit can lead to punctures in the spire 

insulation in the operating winding. 

Knowing the synchronous generator’s parameters (inductances, currents) 

already at the design phase engineers can correspondingly size the exciter system 

and device it with appropriate protection. 

At the same time, it is necessary that the power surges occurring in the 

exciter circuit are kept at limited values. 
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