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Abstract
The paper deals with theoretical solution of heavy currents. Theoretical calculations of single- and
three-phase circuit are presented in complex quantities. Competency of program Matlab for solving
heavy currents is investigated. A simulation example of synchronous generator under load is
introduced. The courses of selected quantities of generator for choosen operating conditions are
introduced, too.

I ntroduction

An impulse towards creation of this article comeg rfom my experience in education of electric
machines. The education makes a good use of théagion program Matlab (with Simulink). The user of
simulation program may not take results of simatatprocess automatically as corredser has to
wonder about results - whether or not the resutimiulation is correct, how near is the result to
reality in spite of simplifications and neglectingsed in the model, whether the estimated
difference (error) of the result with respect te #tnown reality is allowed (acceptable), if the
error is allowed for the subsequent simulation expents, too, etc. Of course, a very complex
and sophisticated reality (an object or a process)not be verified by accurate analytical
calculation. Neither its simplified and approxin@t®odel can. As a rule, this only can be done
by simulation performed on a model. We have to kaepnind that basicly there are two
challenges: 1) modeling the reality by a properigmed and sophisticated model (in our case a
mathematical one) and 2) properly performed, dhjask) oriented simmulation on the model.
Hence, it is appropriate to verify the ability dfet model and simulation program for simple
models and simple simulation, so the accuracy afidbility of the result can be analytically
verified, and we become confident in the accuracgimulation results, prior to performing a
complex tasks. This is the philosophy of this &tic

In the theory of AC high currents phasor variable@mplex form are as a rule used. [1] In the
theory of electrical machines we use active ortreaccomponent of current, power, etc. [2]
These components are important in a regulationxeftaion current (excitation voltage) of

synchronous generator, active power of inductiortomcetc. The support of Matlab, in the

examination of complex and variable componentsjrareduced. The simple simulation models
of RL circuits and the calculation accuracy arareied in the subsequent chapters.

1 Calculation of currentsin the single-phase seriesRL circuit

The single-phase series RL circuit and paramefesements are in Figure 1. Selected resistance
value is R = 10Q, inductance L = 0,318 H. The voltage source igseeak voltagé) = 10042

V at a frequency = 50Hz. In order to work in Matlab with the phagoomplex) variables, user
must usethe powerguiblock. This block must be set into the phasor &mn. The circuit
includes ampere-meter, where output signal issetdasure complex variables. Output value of
ampere-meter is divided by2, to work with rms signal. The signal is decompbgeen to the
real (active) and imaginary (magnetisation) comporeég current and the amplitude of current
and its phasor. The resulting values of the curcentponents are shown in Figure 1.
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Fig.1.: single-phase series RL circuit — solutiorcdomplex form
Whether or not the values of current are correstiEacontroled by calculation result. The RL
load impedance is [1]
Z=R+pwL=100 + j(22-50)-0,318 = 100 + j100 Q)
The current from Ohm's law applies:

100 __ 100 _ 100-100_10" - j10*
100+ j100 100+ j100 100- j100  200°

| :%: =05-j05=07070-45 (2)

Comparing the results according to equation (2) anfijure 1, we can see, that simulation
exactly corresponds to the theoretical calculatAstive and reactive component of current have
the same value= 0,5A, the magnitude of current 0,707A and translation vector is *4f the
single-phase RL circuit are for check calculatiother value of load required. The results of
the simulation and of the theoretical check cakoiteare equal again.

2 Calculation of currents and voltagesin the three-phase systems

The calculation of currents and voltages in thrbease systems was carried out according to the
example given in [1]. The three-phase symmetrigatesn having line to-line and phase to
neutral voltage 3x380/220¥ = 50Hz, works into an impedance star. The staomposed from
three equall impedances. In the first, second and tase the impedance is of pure resistive,
inductive and capacitive character. The tasksutaties the current in impedance, voltage over
the impedance and voltage between nodal point pedance and neutral wire. A simplified
scheme of the three-phase system is in Figure 2.
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Fig.2.: Three-phase system with symmetrical impeda



The assumes for theoretical calculation are: tlotoveof line to-line voltagé);, is oriented to the
positive real axis of the complex associated pldhe vector of line to-line voltagd,; is
displaced by -120towardsU;, and vector of line to-line voltagds; voltage is displaced by
+120 towardsU;,. Mathematical term is according to relation (33-3c

U;,=38000° (3a)
U,3=3800 -120° (3b)
Us; = 3800 12¢° (3¢)

The impedances of circuit are according to theticrig4a-4c):

Z,=R=100
Z, = jol = j 2O7500,3184 = j100 (4a- 4c)
Zs=—ji=—1 L =-j100

aC 2rB0CB185M10°F

The currents in different impedances, for the chasess system (orientation of phasor voltages),
are calculated by following relations. The denortonan the relations is the same for all terms.
The derivation of the denominator the reader fimd4 ].

_ UyZ,-U,Z,  _380012C° [j100-38000° [~ j100) _
Y 2,2,+2,2,+2,Z, 10°

~329+ j19 = 380150

(5a)

_ U,Z,-U,Z,  _38000° - j100)-3800 ~120° (100 _
2 2,2,+2,2,+2,7, 10°

19- j051= 1970 -15°

(5b)
U,Z,-UyuZ,  _3800-120° [100-380012C° [J100 _

139- 139 = 1970 - 45°

h 2,2,+2,2,+2,Z, 10
(5¢)
The voltage over impedances are obtained by thawig relations:
U, =Z,l, =-329+ j190=3800150° (6a)
U, =Z,l,=51+j190=197075 (6b)
U,, = Z,l, =-139- j139=1971 -13% (6¢)

The voltagebetween nodal point of impedance and neutral isi@btained by the following
relations:

U, = %(u A +U,, +U ;)= -139+ [803=160701150° (7)



To calculate currents of the simulation, ampereensedre used in each and every stage, as shown
in Figure 1. The voltage values over impedanceshkmtdeen nodal point and neutral wire are
obtained by voltmeter. All measuring elements atdrsside their blocks for the measurement of
complex variables. Output signals of all measurtinigs are divided/2 to obtain the rms signal.
The signal is decomposed then to the real (actiné)imaginary (magnetisation) component of
current (voltage) and the amplitude of current o) and phasor.

The most significant impact in this simulation iregented by blockhree-Phase Programmable
Voltage SourceThe input parameters of this block are set devid: effective (rms) value of
line to-line voltagel = 380V, frequency = 50 Hz and phase displacement. It was investigated
by the simulation, that the accuracy of the anedytcalculation compared with simulation value,
is depended on the phase displacement.

In the blockThree-Phase Programmable Voltage Soutwe phase displacement was set &n 0
According to first assumption there should be argfiét of voltage system according to the
relations (3a-3c). Equivalent results by the simafg corresponding by the relations (5a-7), are
not obtained. The simulation results identicalhe tesult of calculations (5a - 7) are obtained by
set of phase displacement on 150°. See the fitatgoin table 1. The absolute values remain
constant in any settings of phase displacementgetiery the phasor of current (voltage), hence
real and imaginary component of current (voltage)changed. In order to avoid possible error
due to single-example-check, further calculatiomsenperformed, with a different arrangement
of circuit elements and parameters values. It wasfigned, that the setting of phase
displacement determines, whether or not the sinonas$ equal to analytical calculation.

In the table 1 the selected results of simulatienpresented. The real and imaginary component,
the amplitude and the angle of current in the tesidoad, the voltage over resistive load and

voltage between nodal point of impedance and neutire are presented. The amplitudes of

parameters are always the same. The simulated pteesnin the other two impedances are not
introduced, to keep the text short.

Table 1. Comparison of selected variables at diffepreselect phase displacement

Preselect phase displacement of voltage in theesour
150° -30° Q° o
Real -3,29 3,29 3,8 0
Imag 19 -1,9 0 3,8
l1 Magnitude 38 3.8 3,8 3,8
Angle 150° -30° o° o
Real -329 329 380 0
Imag 190 -190 0 380
Un Magnitude 380 380 380 380
Angle 150° -30° Q° o
Real -139 139 160 0
Imag 80 -80 0 160
U Magnitude 160 160 160 160
Angle 150° -30° Q° o




The simulation results lead to the conclusionhia praxis, it is not always possible to determine
accurately the phase voltage displacement of th@epsource. The absolute value of the
measured quantity is guaranted. It will be the s&mneny phase displacement of settings. It is
not guaranteed, that the real (active) and imagi(r@active) components of currents or voltages
are the same as performed by simulation, as woelltesults from an analytical calculations of
practical measurements. The autor agrees, thatffacdenay be on his side, as (with high
probability) the blockThree-Phase Programmable Voltage Souncay work with the three-
phase voltage system, oriented in the other axeglgs), than assumed in relations (3a-3c).

3 Three-phase generator loaded with electrical resistance

In this chapter a synchronous generator is usedv@ltage source. The generator is loaded by a
pure active resistance, first. The output windihgenerator is connected in wye without neutral
point output. The scheme of load connecting totémminals of the generator is given on the
figure 3. The scheme is simplified. Other measutiarks are not introduced. The model of
generator and its parameters are taken from demplea of Matlab. For this article sake, a short
description is sufficient:
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Fig. 3.: Scheme of load connecting to the termin&khe generator
To verify the correct work of the simulation in theogram Matlab, the relations by [3] are used.

The generator is loaded by a pure active resistdinse The task calculates currents in individphbses.
According by [3] for the currents apply:

U zdruZeng U fazy E/é

|, = = (88.)
TR R,
U zdruzeng U fazy E/é
I, = = (8b)
RZ RZ
= JIZ+12+20,0, [£0s60° (8¢)

The currents is calculated according to the cosine law. Thdea6@ in relation (8c) is the phase
displacement between the line to-line voltagie Us,, between phase A-B and phase B-C. The
size of phase displacement depends on phasor diadite phase displacement between line to-
line voltageUss, Uszis 6@, if the phase displacement of balanced phasegesits 120 [3]



Line to-line voltage of generator is givenlds= 315kV. The current in the individual phases, for
any selected values of resistd®s aR,, are analytical calculated by the relation (8a-8d)e
values of currents, obtained by calculation andutation, for selected values of resistors, are
compared in the table 2. In the figures 4a, 4b detil of current coursk al; obtained by
simulation, where the values of resistors Rres R, = 750Q2. By substitution of values voltage
generator and values resistors in the relatiorB8applies:

_ 31500%V

= 42A
2 750(Q

|, =+/42% +42° + 2[42[A2[¢0s60° = 73A

Table 2. Comparison of current values, obtainedddgulation and simulation, for selected valakgesistors

Selected parameters of resistors
Rl: R2:7,5|'(2 Rl: R2: 1kQ R1:5m R1:0,1|Q
R, = 15kQ | R, = 7,52
11[A] Calculation 42 315 63 3150
amplitude| (vo faze A)| Simulation 42,7 323 64 2880
of 1,[A] Calculation 42 315 21 42
effective | (vo faze C)| Simulation 42,5 312 21 35
value 13[A] Calculation 73 546 76 3171
currents | (vo faze B)| Simulation 73,7 549 77 2888
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Fig. 4a): course of current in the phase A Fig. 4b): course of current in the gh8

The currents in table 2, obtained by the simulaéiod by the analytical calculation, are the same,
if the values between resistances are not too {phejitdifferent. In the last column of table 2 is
the difference between resistance 75-multiple. Vdiae of resistancB; = 10Q2 between phases
A-B is near to the ratio of the two-phase shortwir generator. In this case the voltage in the
phases A, B decreases, because the excitationategu$ not used. The using of excitation
regulator ensures the assumed value voltage iphhsed)s= 315kV. The values of currents in
the last column but still correspond to relatioBa-8c), only a individual voltage are asymmetric
in the phases. The currdatin the phase A is obtained by simulation for resiseR; = 10Q2 by
eqguation (8a), by the decreased voltage of gendugte 288kV.



4 Coursesof voltage and current of generator by theload changes

To follow the previous chapter, the change of gateerload in this case is carried out by the
figure 5. Switches shunt the resistors in each @hélke shunt results in a change of resistance
values in the phase. Simulation of load changeitopmed for two selected cases.

Breake
A g—ai\N—
Constant
315e3*10149 . Rprevadzkovy
CcC g—m@a-
1.0149 pu
1000 MVA - 315 kV ;

GO Hz - 1800 rpm
‘ Continuous Breaker 3

[y

Fig. 5: Simplified scheme to simulate a load clearmf a generator

The first case is the simulation of change loadstasceR = 750@2. The generator is loaded in
two phases by the resistanRe= 750@2, first. At the timet = 1s the resistance in phase A is
shorted. The resulting value resistance in phasstéy shutting isR; = 100 Q. This change
corresponds the change of settings in the firgtroalto last column in the table 2. The course of
current by change of load is shows in the figure & rms value of currents corresponds by
table 2. In the figure 6b) asymmetrical line-toelimoltage of generator is shown after the load
change.
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Fig. 6a): The current before and after load change Fig. 6b): Line to-line voltage befard after load change

The second case is a simulation of load changesi$tancdr = 7502 to resistanc® = 1 Q in
phases A and C. The change occurs simultaneousgheaimet = 1s on both phases. Such a
change of resistance value is in fact a three-pblasd-circuit of generator. In the figure 7a) the
characteristic exponential decrease of short-dicuirent in different phases is shown. [4] Figure
7b) shows the voltageof the generator. The genevattage decreases after occurance of short-
circuit at time t = 1s to small values.

The author was interested in an analytical prodess to compare of short-circuit currents

according to the theoretical relationships descriime[4], or using the example provided in [5].

However, the model of synchronous machine doesgina the necessary parameters for the
equations describing the course of short-circuirents. Therefore the intention could ot be
realized.



iA

t[=]
Fig. 7a): Current in the phases at three phasé-shouit Fig. 7b): Line to-line voltage beforediafter load change

Conclusion

In the paper, partial results of simulation areadticed. The results allow to check the accuracy
of working in the program Matlab (with Simulink).hiE allows to work at the level of more
complicatered simulations. Even if it is not alwggssible to verify the analytical results of the
simulation, the main idea is ability to explain tht®ysical basis of the achieved results.

By using of simulation it is possible to identifgher operational characteristics of synchronous
machines, author deals about it in other publisherk. [6] Using information from chapter 4 of
this article it is possible to reveal the intermal external loading characteristics of the
synchronous machine. [4]

The main idea of the individual chapters is thelyital calculation, supported by simulation.
The first and second chapter presents the simal&icomplex (phasor) variables. The intention
was, to apply the knowledge of complex variableshapter 3 and 4, using the inductive load.
The intention was, the results of simulations @il (active) and imaginary (reactive) components
of current or voltage of generator or load, to suppy analytical calculation [2].

The ambiguity of solutions and problems in deahlmith complex variables are picked up in
author notes in chapter 2. When applying a comptdution for tasks with generator, problems
increased even more. The presented problems ofwidkke further analyzedAuthor would
appreciate a discussion on the topic given herdhéntheory of electrical machines this topic is
indeed still open and interesting.
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