
31

LATVIAN JOURNAL OF PHYSICS AND TECHNICAL SCIENCES
2017, N 1

DOI: 10.1515/lpts-2017-0004

APPLICATION OF LOCAL FOURIER TRANSFORM TO 
MATHEMATICAL SIMULATION OF SYNCHRONOUS MACHINES WITH 

VALVE EXCITATION SYSTEMS

A. Fedotov, E. Fedotov, K. Bahteev

Kazan State Power Engineering University 
51 Krasnoselskaya Str, Kazan, 420034, RUSSIA

The article proposes a method of mathematical simulation of electrical 
machines with thyristor exciters on the basis of the local Fourier transform. 
The present research demonstrates that this method allows switching from a 
variable structure model to a constant structure model. Transition from the 
continuous variables to the discrete variables is used. The numerical example 
is given in the paper.
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1. INTRODUCTION

Mathematical models of synchronous machines used for the study of tran-
sients in the majority of cases are based on continuous mathematical methods. It is 
justified for dynamoelectric drivers because both processes and modelled objects are 
continuous in essence, as well as in principles of operation. However, there are key 
elements – thyristors – in an excited circuit of the synchronous machine. The com-
plete system of differential equations describing the synchronous machine together 
with valve exciter contains periodic coefficients and has the variable structure, which 
is changing non-linearly in time. 

Development of methods of mathematical simulation [1], [2] has allowed jus-
tifying feasibility of transition to the discrete sampling of regime parameters that, on 
the one hand, provides the fastest processing of information, and, on the other hand, 
reflects specifics of operation of valve elements present in the excitation system of 
the synchronous generators and engines. 

The methods of the organisation of discrete mathematical models for electri-
cal circuits with valve converters are well developed in [2]–[6]. It has been shown 
that by means of the local Fourier transform (LFT) it is possible to obtain mathe-
matical models in a finite-difference form or rather step images for the synchronous 
machines with an independent thyristor and self-excitation. The switching of the 
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valves causing local indignations of the mode is not taken into consideration, and the 
created models describe macro processes as they are the main object of the research. 

2. METHOD

The LFT method is as follows. We consider continuous function ( )f t  (Fig. 
1) and also allocate some m interval to borders ];[ )()()( mmm htt + . We periodically 
continue the function ( )f t , considered only within the limits of the allocated interval, 
on the both sides of the allocated interval (Fig. 1). Thereby we receive new function 

( )tf p , which has the following properties: first, it is periodic with the period )(mh ; 
secondly, on the interval of values of argument ( ))()()( ; mmm httt +∈ , it identically 
coincides with the required function, i.e., )()( tftf p ≡ ; thirdly, in boundary points 

)(mtt =  and )()( mm htt +=  function ( )tf p  has ruptures of the first type.

Fig. 1. The periodization of non-periodic functions.

It is known that such a function can be represented by the Fourier series ( )tfF , 
 in addition 

 (1)

( ))1( +mtf

f(t)

( ))(mtf
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Since the function ( )tf p  in points )(mtt =  and )()( mm htt +=  has discontinui-
ties, for the Fourier series the following relations are valid:

 (2)

Expression (2) is one of the main equations used in this method, because it re-
lates the continuous parameters (Fourier series) with discrete – with the countdown 
of function )(m

lf (i.e., with its value in the point )(mtt =  and with its final difference 
)(m

lf∆ .
The following integral is the local Fourier transform (F-conversion):

 (3)

where  and ),( kmF  is a local 
image (image A)  of function ( )tf , wherein

 
(4)

Expression (4) is already sufficient to organise numerical procedures of the 
solution of the linear differential equations with the constant coefficients, leading 
them in accordance with (4) to the final-difference equations. We consider the ana-
lytical possibilities of the F-image summation according to (4). If they can be pre-
sented in the form 

on the basis of the theorem of deductions, we obtain 

 (5)

where S – the number of the function poles (simple) of a complex variable ( )pD , whose 
deductions in poles  are equal to . ( )pD  turns out from   
by replacement . It is convenient to use in case of the valid values .
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If  forms final sequence of the n , formula (6) is inapplicable and it is 
necessary to use formula (5) of direct summation.

Thus, we receive 

We show the use of local Fourier transform for the formation of the discrete 
mathematical model of the synchronous machine with the system of independent 
thyristor excitation from the transformer connected to an electrical network (Fig. 2.)

Fig. 2. The schematic diagram of the synchronous machine and its exciter.

Resistances cc xr , correspond to a field winding supply circuit from alterna-
ting current, EMFs E forms a direct sequence. 

We accept the following assumptions: input equations of the synchronous ma-
chine use the model of Park-Goreva with the equivalenting conversion of damping 
circuits of one winding in a longitudinal axis and one winding in a lateral axis; the 
axis d advances an axis q. The valves of the  managed converter, which is collected 
on a three-phase bridge circuit, are considered ideal; they work in the main mode 
– the mode of the serial conductivity of two and three valves, and the angle of thy-
ristors control α is digitized from null value of the corresponding phase EMF. In 
the equations of the synchronous machine, we save the standard designations [7]. 
In the equations of discrete model, we use the “walking” coordinate system, which 
is displaced giving the next control signal on thyristor in an angular measure of π/3 
radians (duration of an interval of repeatability of the converter).

The classical equations of Park-Goreva for the synchronous machine are writ-
ten using a system of the relative units :
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 (6)

We connect through the equations the electric field of a winding of excitement 
and a power line. In the m-th local interval of recurrence of the converter within 
duration of the commutation of the phases γ connected to switching of valves, the 
following equation is obtained in the system of the walking coordinates: 

  (7)

where  – the exciter current phase, ending switching, 
and  

Outside the switching interval, when  it is also possible 
to use equation (7) in case 0)( ≡miγ .

If we apply the local integral conversion [1], which is a special case of LFT, 
to equation (7), i.e., according to terminology [1] to pass to the “step images” of 
variables

considering boundary conditions for switching current )(miγ we receive

  (8)  

where the lower s index belongs to the mean value of a required variable on m inter-
val of recurrence of the converter, the index l corresponds to the value of the variable 
in the switching point, i.e., at the time of submission of the controlling signal to the 
next thyristor of the converter that is illustrated by the following formula:    
  

The rectilinear approximation is used in integration of equation (7). Expres-
sion (8) describes a response external characteristic of the transformer in the discrete 
variables. It is obtained mathematically within the accepted assumptions. Taking 
into consideration smoothness of the straightened current, we assume that .
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Let us assume that the synchronous generator mentioned above has outputs 
connected to the active and inductive load w, xwr .

 (9)

Having applied LFT to equations (6), (7) and (9), we receive the equations of 
the synchronous generator together with its activator in the field of F-images

 (10)

where  
The complex coefficient  that enters equation (10) pays off in the fol-

lowing equation: 

Complex variables are convenient if we pass to the finite-difference equations 
in the analytical view from equation (5). If in equations (10) we pass from complex 
to the valid variables by changeover

and calculate a limited row:

  ,2,
2
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1

)()(
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          (11)
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where N – the number of the considered members of a row, we obtain the convenient 
numerical method for formation of a mathematical model of the synchronous ma-
chine of the discrete type of constant structure, in which internal switching transient 
phenomena are not taken into account.

Irrespective of existence of the gate transformer in a generator exciting circuit 
the speed of computation in the discrete model is significantly higher than in case of 
integration of the equations in the instantaneous values of variables in the Runge-
Kutta method.

It is interesting to consider and evaluate the possibility of using the simplified 
discrete model when the entire range of EMF of network and switching current is not 
considered in the field of images. In this case, the appropriate equation for a circuit of 
the excitation winding of the synchronous machine takes the following form:

 (12)

It is done in order not to complicate needlessly the mathematical model of the 
synchronous machine. This example shows that the results of calculations for both 
models, which show that transition from the continuous model to the discrete one, 
provide more exact reflection of the occurring processes even in the case of the same 
initial simplifications.

Example 1. We consider the mode of the three-phase short circuit on the out-
puts of the idling synchronous generator without damping windings. The generator 
parameters in relative units: 

1.0;    0.7;   0.6;   1.43;    0.0145;   0.0015;d q ad f fx x x x r r= = = = = =
0.0145;   0.0015;fr r= = excitement data: 0.001; 0.0002; 0.004c cx r E= = = . 

The initial value of current of excitement is 1)0( =fi .014. The comparison 
of calculation results for the instantaneous values of variables during intervals of 
the persistence of structure of the transformer (reference model) and in the discrete 
model (10) showed their almost complete coincidence in switching points.

We also estimate the accuracy of calculations using the simplified model of 
the exciter (12) where the power-supply circuit of a winding of excitement is de-
scribed by equation (8). At the same time, we show the sequence of the numerical 
calculations.

Having passed from complex to the valid variables, we obtain the following 
equations:
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  (13)

where  

We make the calculation of the system coefficients of differential equations 
in the following sequence. We add a matrix column [ ]

t
00001  to the right 

part of equations (13) instead of the existing matrix column with variables. We as-
sume that k=6n concerning variables with upper index c and we add to each of them 
the results of calculation according to formula (11). Thus, we obtain the column of 
system coefficients of differential equations at the final difference )(m

dI∆ . Then we 
substitute a matrix [ ]

t
00010  and so on. The following system of differential 

equations is obtained at the number of members of row N=55 and the control angle 
α=1 radian for the accepted parameters:

  

(14)

The lower index t means the transposed matrix.
This equation serves for the determination of the switching angle γ:

Equations (14) now need to be written with respect to finite differences.  
Using the same algorithm (except for summation), we find that

 (15)
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The calculation results of the transition process for the reference method and 
the equations (15) are given in Fig. 3 at α=1 and α=2. 

3. DISCUSSION

The values of currents of the reference model are caused only in switching 
points and connected for the descriptive reasons by continuous bending. The values 
of currents of the discrete model are caused in the form of circles. 

The step of discretization is set by the diagram of thyristor exciters of the 
synchronous machine. Six points for the period of industrial frequency are quite suf-
ficient for adequate display of electromagnetic transition process. The local transient 
process can be restored in each interval of discretization, if necessary. In this case, 
the initial values of the variables are the values of discrete variables of the previous 
interval.

The comparison shows that the simplified accounting of the exciter is quite 
correct both at low and at high control angles.  

Fig. 3. Currents qifidi ,,  of the synchronous generator calculated in the  
reference and discrete mathematical models.

a – the angle of management, α=1; b – the angle of management, α=2;

4. CONCLUSION

Thus, the local Fourier transform allows creating the mathematical model of 
the dynamoelectric and gate system, which initially represents the system of vari-
able structure in a finite-difference type of constant structure. In this case, informa-
tion on a transient phenomenon is provided in switching points at a frequency of 6 
times during the industrial frequency (a bridge circuit of rectification). The present 
research has provided both numerical and analytical opportunities for further use of 
the obtained mathematical model for research of transient phenomena in electrical 
power systems without introduction of the simplifying assumptions in relation to 
gate drivers.
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SINHRONO MAŠĪNU AR VĀRSTU IEROSMES SISTĒMĀM  
MATEMĀTISKĀ MODELĒŠANA, IZMANTOJOT VIETĒJO FURJĒ 

TRANSFORMĀCIJU

A. Fedotovs, E. Fedotovs, K. Bahtejevs

K o p s a v i l k u m s

Raksta autori piedāvā elektrisko mašīnu ar tiristoru ierosinātāju matemātiskās 
modelēšanas metodi, izmantojot vietējo Furjē transformāciju. Pētījums parāda, ka 
šī metode ļauj pārslēgties no mainīgās struktūras modeļa uz pastāvīgās struktūras 
modeli. Pētījumā tiek izmantota pāreja no nepārtrauktiem mainīgajiem uz diskrētiem 
mainīgajiem lielumiem. Rakstā piedāvāts arī skaitlisks piemērs.
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