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Brushless excitation systems of synchronous generators provide non-contact transfer of the
excitation power to the generator rotor in case absence of a commutation in rotor circuit. Such
systems have a long response time of terminal-voltage regulation caused by the additional rotating
machine (exciter). Using of fast-acting compound circuit allows improving dynamic parameters of
terminal-voltage regulation in modes of sharp voltage variation and short circuit in line.

The brushless excitation system of synchronous generator with current-compound circuit
implements a combined approach of the terminal-voltage regulation. A disturbance-compensating
control is realized by compound circuit with the current source and error-closing control provides
by automatic voltage regulator with the voltage source. In other side, there’s a currents’
redistribution of the brushless excitation system with current-compound circuit in different modes
of synchronous generator. The excitation-current increment is not equal to the compound-current
increment because the changing the voltage-source current. It’s caused by mutual influences
between the voltage source and the current source (compound circuit). The compound current is
proportional to the stator current of the synchronous generator.

The influence of the compound circuit is essential in modes of the sharp changes of
generator variables. To analyze this effect, the paper investigates the modes of the 10 %
terminal-voltage reducing and three-phase short-circuit in line. These researches have
obtained for different ratio of current transformers by mathematical modeling method. The
influence of the compound-circuit parameters (transformer ratio of current transformer) on
the system characteristics and the stability of the generator is analyzed. Therefore, the static
error of the voltage regulation is reduced by increasing the coefficient of the compound circuit
in the terminal-voltage reducing mode. The reducing the the coefficient of the current-
compound circuit can lead to the synchronism loss of a synchronous generator in three-phase
short-circuit modes, depending on the distance of the short-circuit point from the generator
and the value of the terminal-voltage drop.
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Introduction

Excitation systems of synchronous generators (SG) provide terminal-voltage and reactive-power
regulation as wall as stability of SG work in power system [1, 2]. Static excitation systems are mainly
used, in which the excitation current of the generator is regulated by a controlled rectifier (a thyristor
converter). Electromachine excitation systems with exciters are used for the excitation of power
synchronous generators. One type of electromachine excitation systems is brushless excitation system,
which provides non-contact transfer of the excitation power from exciter to the generator rotor in case
absence of a commutation in rotor circuit. Using the exciter in field circuit of generator decreases
response time of excitation regulation and requires additional action for its increasing. It should be note,
that it requires rapid response time of the excitation regulation in modes of the sharp change of generator
variables. Such modes are modes of the voltage drop and the short circuit in line. So, analyze of the
compound-circuit influence on the dynamic characteristics of the generator with brushless excitation
system is actual task.

Analysis of the recent research

Excitation systems of synchronous generators realize an error-closing control and combined
approach of terminal-voltage regulation: a disturbance-compensating control and the error-closing control.
The feature of the excitation system with combined approach of voltage regulation is rapid response time
of excitation regulation in transitional and emergency modes [3].

The excitation systems of SG with compound circuit implements a combined approach of the
terminal-voltage regulation. A disturbance-compensating control is realized by compound circuit and
error-closing control provides by automatic voltage regulator. There are two types of excitation systems of
SG with compound circuit: current-compounding [1-3] and phase compounding [5, 6].

Controlled rectifiers (thyristor converters) are used for the excitation regulation in current-
compound excitation system. The field current of SG is function of the voltage-source current (controlled
rectifier) and current of the current source (compound circuit). There’s a currents’ redistribution in the
excitation system [7, 8].

The using the compound excitation system of SG improves voltage-regulation quality under sharp
load variation and short circuit on SG terminals [9].

The compound-circuit influence on the characteristics of the brushless excitation system under
terminal voltage variation and short circuit in a line is not sufficiently investigated.

Research objectives
The research aim is an analyze of the influence of the compound-circuit parameters on the
electromagnetic process in SG under sharp terminal-voltage variation, which is caused by the voltage drop
and short circuit in line, and also on the dynamic of the field-current regulation.

Presentation of the main material

Electrical power system with SG and brushless excitation system with current compounding
consist of two synchronous machines: turbogenerator G and exciter E (Fig. 1). The field current of
generator is algebraic sum of voltage-source current (output of the non-controller rectifier 1) and current of
current source (compound current). Compound circuit is realized by current transformers (Power CT) and
non-controlled rectifier 2.

There are two types of excitation systems: self excitation and independent excitation. In the first
case, input voltage of transformer PT is terminal voltage of the generator. In the second case, it’s used
independent voltage source for excitation (for example, auxiliaries grid).

The error-closing control provides by automatic voltage regulator, which includes field voltage and
current regulation loops. This regulator is described in [8].

There’s a currents’ redistribution in brushless excitation system of SG in different modes of SG
(Fig. 2). It’s caused by the mutual influence of the voltage source and current source.
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Fig. 1. Brushless excitation system of SG with current compounding
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Fig. 2. Equivalent circuit of self-excitation system of SG with current compounding

According to the equivalent circuit of excitation system of SG with current compounding (Fig. 2)

[7] an increment of the field current DI, and voltage-source current DI .4 in steady-state mode are
defined by the following equations:
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where DI, ., =k;DI; — the increment of the current-source current (compound current); K; - coefficient,
which takes into account transformer ratio of current transformer and coefficient of the non-controlled
rectifier 2; DUg — the terminal-voltage increment; DIg— the stator-current increment; ku — coefficient,
which takes into account transformer ratio of voltage transformer and coefficient of the non-controlled

rectifier 1; R, — resistance of the excitation winding; R, - internal resistance of excitation voltage
source of SG.
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From the equation (2) it follows that the influence of the stator current increment DIg on the
excitation current Ir depends on the internal resistance of the excitation voltage source. The increasing of
internal resistance R, will lead to decreasing the current drop at the output of the voltage source DI, .q

and increase the excitation current of the synchronous generator. Thus, in order to increase the influence of
the compound circuit on the value of the excitation current, it is necessary to increase the internal
resistance of excitation voltage source.

The mathematical model of SG with brushless excitation system and current compounding is used
for the investigation of electromagnetic and electromechanical processes. This model is based on the
theory of mathematical modeling of electromechanical systems [10] and object-oriented method [11] and
widely described in [9, 12]. The features of the model are taking into consideration the nonlinearity of
semiconductor converters and synchronous machines. Each gate of semiconductor converters is
represented by a branch with resistance and inductance, the values of which are determined by the state of
the gate. This allows us to investigate the waveform of voltages and currents in the excitation system. The
adequacy of the mathematical model has been proofed in [9] by matching of simulation and physical
experiment results, which are obtained on physical model. In particular, the standard deviation between the
results of mathematical modeling and physical experiment was 11 % [9]. Parameters of SG: P, =100 MW,
U,=105kV,1,=6875 A, ;= 1715 A.

Research results of 10 % terminal-voltage drop (on 20 s) are shown on Fig. 3—4. The stator-current
increase (Fig. 3, a) provides to additional increase of the field current (Fig. 4, a) because of compound-
current increase (Fig. 4, b). It cases increase of terminal voltage and decrease of the terminal-voltage
dynamic error (Fig. 3, a).
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Fig. 3. Phase-voltage amplitude envelope (a) and stator current (b) of SG by 10 % terminal-voltage
drop for ki=0.1 (curve 1), ki=0.064 (curve 2), ki=0 (curve 3, without compound circuit)
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Fig. 4. Field current of SG (&) and compound current (b) of SG by 10 % terminal-voltage drop
for ki=0.1 (curve 1), ki=0.064 (curve 2), ki=0 (curve 3, without compound circuit)
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Research results of electromagnetic processes for three-phase short circuit in power line are shown
on Fig. 5-8. The short circuit begins on 20 s and continues 0.12 s. The value of the terminal voltage
decreasing is defined by the distance of the short-circuit point from generator, power line parameters, and
is equal 50 % (Fig. 5, a). There’s increase of the stator current under short circuit. The stator current has

fading aperiodic component in transitional mode (Fig. 5, b).

It must be high-speed excitation forcing for

the generator-stability providing in this mode. According to Fig. 6 and Fig. 7 compound circuit has the
essential influence on dynamic of the field-current variation and allows increasing the forcing value of
field-current by 37 %. The compound-coefficient decreasing reduces compound current and forcing
property of the excitation system (Fig. 6, b, Fig.7, b). The SG losses synchronisms for dedicate parameters
of the short circuit in case absence of compound circuit as results are shown. Thus, compound circuit
increases the stability of SG under short circuit in line.
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Fig. 5. Phase stator voltage (a) and stator current (b) of SG under three-phase short circuit in power line
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Fig. 6. Field current of SG under three-phase short circuit in power line for ki=0.064 (a) and k;=0.013(b)
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Fig. 7. Compound current under three-phase short circuit in power line for ki=0.064 (a) and k;=0.013(b)
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The aperiodic component of stator current causes essential pulsation of the field current and
electromagnetic torque of SG (Fig. 8). The peak value of electromagnetic torque is 300 % of nominal
value, that has negative influence on turbine. It should be note, that compound circuit increases the
excitation forcing. It provides to a slight increase (about 5 %) in the throw of the electromagnetic moment.
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Fig. 8. Electromagnetic torque of SG under three-phase short circuit in power line
for ki=0.064 (a) and ki=0.013(b)

Conclusions

1. The compound circuit in brushless excitation system of SG has essential influence on forcing
property of excitation system by increasing the performance of excitation regulation and the
multiplicity of the excitation-current forcing in the modes of a sharp variation of the terminal voltage.
Due to this, the dynamic error of terminal-voltage regulation is slightly reduced in mode of the
terminal-voltage decrease.

2. The greatest influence of the compound circuit is felt in the case of a significant voltage variation
under three-phase short circuit in the network. This effect allows, in particular, to increase by 37 % the
excitation-current forcing in case 50 % voltage terminal-voltage decrease, that increases the stability of
SG in the power network. The action of the current-compound circuit is decisive for the excitation forcing
in the self-excitation system, because the forcing action of the automatic excitation regulator is limited in
such system due to the reduction of the thyristor-converter input voltage.
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BIIJINB CTPYMOBOI'O KOMIIAYHAYBAHHA
HA MOBEJIHKY CUHXPOHHOI'O 'EHEPATOPA 3 BE3INITKOBOIO CUCTEMOIO
3BYKEHHSA ITIJT YAC 3MIHU HATIPYT'U MEPEXI
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BeskonTakTHi (0e3miTkoBi) cucremMu 30yIKEHHSI CHHXPOHHUX TeHepaTopiB 3a0e3meuyioTh 0e3-
KOHTAKTHe NepeJaBaHHs MOTYKHOCTI 30y/IsKeHHsI HA POTOP TypOoreHepaTopa 3a BiICYTHOCTI KoMyTamii
B poropHoMy KoJai. Taki cucremu iHepuiiiHi 3 morJjsigy peryJlOBAHHS HANPYIrd, OCKUIbKH MIiCTATH
JI0JAaTKOBMIi 30yIHNK. BBeJeHHs IIBUAKOAIIOYOro KOHTYPY KOMIAYHAYBAHHS Ja€ 3MOTy NOKPAIUTH
JUHAMIYHI MOKAa3HUKM Pery/Il0BaHHS HANPYId TypOoreHepaTropa B pe;xuMax pi3koi 3MiHM HANPYTH Ta B
pe:XxuMax KOpOTKOIro 3aMUKAHHSA B JIiHil.

Be3miTkoBa cucrema 30y/IikeHHSI CHHXPOHHOI'O reHepaTopa 3i CTPyMOBHM KOMIAyHAYBaHHSM
peajtisye koMOiHOBaHMii criocid pery/naoBaHHs HANpyru. Pery/iioBaHHs 3a 30ypeHHSAM 37iliCHIOE KOHTYp
KOMNAYH/AYBAaHHA, a 32 BiAXWJEHHSIM — CHCTeMa PeryJiOBaHHS 3 AaBTOMATHYHHM PeryJsiTOpoM
30ya:keHHs. 3 iHmoro Ooky, B 0Oe3miTkoBiil cucTeMi 30yAskeHHsI 3 KOHTYPOM CTPYMOBOIO
KOMIIAYHYBAHHSI CIIOCTEPiraerbcsl nepepo3nofiji cTpyMiB cucTeMH 30yIkeHHS B Pi3HHUX pekuMax
po0oTu CMHXPOHHOr0 reseparopa. To0To nmpupict crpymy 30yJ:KeHHsI TeHepaTopa He JO0PiBHIOE NPH-
POCTy CTPYyMY KOMNAYHIYBAaHHS, OCKIIBKH 3MIiHIOETBCS CTPYM XKepesia Hampyru. Ile cnpuumnHeno
B32€EMHMMH BIUIMBAMH MiK [IKepeioM HAmpyru (BHNPSMIISYEM) Ta JKEPeIoM CTPyMy (KOHTYpPOM
KOMITAYH/IYBaHHS ), CTPYM SIKOTO € MPOMOPUiiiHMM /10 CTPYMY CTATOPA CHHXPOHHOI'O FeHepaTopa.

Hocaixxeno pexxuvu 10 % 3MeHIIEHHS HANPYrd MepexXi Ta pe:kuM TPU(DPa3ZHOro KOPOTKOro
3aMHUKAHHSA B JiHil 715 pi3HuX KoedinieHTiB Tpanchopmauii TpancopMaTopiB cTpyMy KoJ1a KOMIAYH/Y-
BaHHSI METOJOM MATEeMATHYHOI0 MOJE/IOBAHHSA. A/IEKBATHICTh MoJeJli MiITBEeP/IskeHO eKCIePUMEeHTaIb-
HMMM pe3yJbTaTamMu, fKi orpuMaHi Ha ¢i3nuniii moneai. Kpim Toro, mpoananizopaHo BIUIMB
napaMeTpiB KOHTYPY KOMIAYHAYBaHHS HA XapaKTEPHUCTHKH CHCTeMH. 30KpeMa, CTATHYHA NMOXHOKA
peryJIlOBaHHsl HANPYrH 3MeHUY€Thes 3i 30iMbIIeHHAM Koe(illieHTa KOHTYPY KOMNAayHAYBAHHSI Y
pe:xuMi 3MeHIIeHHs] Hanpyru. Takox 3MeHIIeHHs1 il KOHTYPY CTPYMOBOrO KOMNAYHAYBAHHSI MOKe
NPU3BECTHU 10 BUNAJAHHSA i3 CHHXPOHI3MY CHHXPOHHOI0 FeHepaTopa B pe:kuMi TPU(Pa3HOro KOPOTKOro
3aMHKAHHS B JIiHil.

Knwowuogi cnosa. cunxponnuii zenepamop; 6e3uiimkosa cucmema 30y0)ceHHA; CHPYMO6e KOMRAYHOY-
6anns.
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