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Abstract

The widespread applying of electrical grids with voltage classes 330 and 750 kV with powerful units of nuclear
and heat power plants creates a set of problems with normal modes ensuring in the Ukrainian energy system. Due to
sufficiently great transverse capacitance of such overhead lines, significant amounts of reactive power excess are
possible in the system. This phenomenon manifests itself especially in the load reduction hours in the power system
through the visible voltage levels deviation at the energy-generating nodes in an upward direction. The application of
asynchronized turbogenerators with the ability to work in asynchronous mode could solve the problem of reactive
power excesses in the energy-generating nodes during load reduction hours in the power system due to their
possibility of deep reactive power consumption. The paper presents the calculated results of the asynchronous modes
coordinates for an asynchronized turbogenerator with a capacity 1000 MW based on the parameters of the equivalent
circuit, taking into account possible generator stator voltage deviations within +10%. The influence of voltage
deviations on the asynchronous modes coordinates is shown. Due to the obtained characteristics, it is possible to
perform engineering estimations of the possible asynchronous mode applying for the asynchronized generator under
conditions of nuclear and thermal power plants and taking into account possible voltage deviations.
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1. Definition of the problem to be solved

The electrical grids with voltage classes 330 and 750 kV with powerful units of nuclear and heat power plants
play a significant role in Ukrainian energy system. Huge capacity of such elements, on the one hand, allows
increasing power flow volumes and on another hand causes a set of problems with ensuring normal modes.
Particularly, the large amounts of reactive power excess are possible because of the sufficiently great transverse
capacitance of overhead lines. The reactive power excess appearance is especially notable during load reduction hours
through the visible voltage levels deviation at the energy-generating nodes in an upward direction [1]. The existing
compensation means of excess reactive power like shunt reactors are not always able to perform their functions under
such conditions due to their relatively low reliability [2]. An additional factor that exacerbates the problem of reactive
power excess manifestations is the narrowing of the control range by automatic excitation regulators of synchronous
generators. The influence of voltage levels increasing in energy generating nodes on synchronous generator mode
manifests in generators transition to the modes which are close to the reactive power consumption. In such mode, the
synchronous generator stock to generate reactive power becomes redundant while the possibility to consume reactive
power is limited. Such synchronous generator modes are undesirable and restricted with protection equipment both on
stator core ends heating and on ensuring the generators operation stability [1], [3].
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2. Analysis of the recent publications and research works on the problem

The application of asynchronized turbogenerators (ASTG) with the ability to operate in asynchronous mode with
deep reactive power consumption could solve the problem of reactive power excess in power generating nodes during
load reduction hours due to the capability to resorb the reactive power without restrictions on both stator core ends
heating and ensuring the generators operation stability [1-5, 7]. To analyze possible asynchronous modes of powerful
ASTG (with the excitation winding disconnected) in real schemes it is necessary to take into account its asynchronous
characteristics depending on voltage level deviation at stator winding. Only such characteristics could help us extend
the ASTG 1000 MW using areas under conditions of voltage deviations at high-power units.

3. Formulation of the goal of the paper

According to the research results of similar generator operation modes, the deep reactive power consumption
under real conditions leads to significant voltage deviations at the generator stator terminals [3,4]. The investigation's
purpose is to obtain the calculated asynchronous modes coordinates of asynchronized generator 1000 MW and its
asynchronous characteristics based on equivalent circuit parameters taking into account possible stator winding
voltage deviations within £10%. Such characteristics serve as the basis for engineering estimation of the possibility to
apply ASTG asynchronous mode under conditions of possible voltage deviations.

4. Presentation and discussion of the research results

There are some important features of ASTG asynchronous mode as compared to ordinal modes. Having been in
asynchronous mode with short-circuited excitation windings the asynchronized turbine generator is capable to carry
active power simultaneously consuming reactive power with restrictions related only to stator currents and turbine
power [7]. There are no mode coordinates fluctuations inherent in all types of synchronous machines, so
asynchronous modes improve the stability of power plant operation as a whole. Considering rotor lobe symmetry on
the d,g-axes, as well as equivalent contour of the circular array of the rotor, the traditional equations set of the
generalized electromechanical converter is used to design the ASTG mathematical model (1).

—Uy = (r+px)ig+ pxad(ifd +ird) + xiq+xad(ifq+irq);

~Ug = (1 PX)ig + Plog (g +irg ) + Xig+ Xog (g +ig )5

—Uy = (rf + pr)ifq+ pxad(iq +irq) - s(xfifd+ Xaq (ig +ird));

Uy = (rf + pX; )ifd + Py (Ig +ipy ) — s(xfifq + X, (iq +irq)); (1)
0 = (r(s)+ PX (5))ing+ PXy (ig +if) — s(xr (3 )irg + X (ig +ig ))

0 = (1, (8)+ P, (8) )iy + X (ig +igg ) = (% (5)ig + X (iq +i)):

T,ps = M, - M,

where ug, Uq are the projections of stator winding voltage on d-axis and g-axis; ig, iq are the projections of stator
winding current on d-axis and g-axis; i, irg are the projections of exciting current on d-axis and g-axis; irg, irq are the
projections of rotor array current on d-axis and g-axis; s is the generator slip; T; is the inertia time constant of turbine-
generator block mass; M is the generator electromagnetic torque; A is the turbine mechanical torque; r is the stator
winding active resistance; r,=f(s) is the active resistance of rotor array in the function of generator slip; rs is the
exciting winding active resistance; x,q is the mutual inductance between two inductive reactance of stator and rotor
windings; x=f(s) is the inductive reactance of rotor array in the function of generator slip; X=xXs+Xaq; X IS the
scattering inductive reactance of rotor windings; p is the differentiation operator.

One of the possible approaches to obtain the rotor contours parameters in the function of generator slip is to
approximate the table dependencies [6]. Due to the [7] such expressions for resistance and reactance are obtained

r(s)=A+B/s; x(s)=A+B,s, )
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where r,, X, are the rotor array resistance and rotor array reactance, pu; A, B, A,, B, are the constant coefficients of
approximation table dependencies.

To analyze the ASTG asynchronous mode, the transition to complex plane is done considering p=0 and taking
that u=ur=0 in case of short-circuited terminals for excitation winding. After the equations (1) and (2)
transformations, the equations set (3) is obtained

-U=rI+ j(xi+ Xy (if +ir));
0=rTI, —js(x,I+ x, (I+1,)); @)

0= (A+ %jir—js(ApL %)h X, (I, +I)),

where U is the vector of the stator voltage for turbine generator; 1, I, are the currents vectors of stator and rotor array;
I; is the vector of currents induced in exciting winding (all voltages and currents are in complex coordinates).

The calculated results of asynchronous mode coordinate at rated stator voltage for ASTG 1000 MW is shown in
Fig.1, where Py, Qg are the active and reactive powers respectively; Iy is the total stator current; cos ¢ is cosine phi;
s is the generator rotor slip.
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Fig.1. Asynchronous characteristics of ASTG 1000 MW at rated stator voltage.

The obtained results of calculated asynchronous mode coordinates for ASTG 1000 MW prove the asynchronized
generator capability to consume deep reactive power at rated stator voltage. The reactive power generation in such
mode could reach up to Q4=0.75+0.8 pu while the level of active power generation is P;=0.46+0.58 pu. There are two
more benefits. Firstly, the excitation system is in an off-state, which provides additional opportunities for repair and
maintenance. Secondly, the mode is not accompanied by coordinates fluctuations due to the symmetry of the
generator parameters along the d,g-axes in comparison to the traditional synchronous generator.

However, it should be kept in mind that the voltage level at the generator terminals in practice could significantly
differ from the nominal levels. The additional calculations of asynchronous mode coordinates were done subject to
voltage levels deviations at the generator terminals within range +10%. The calculation results are given in Fig.2 —
Fig.5.
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Fig.2. Dependencies of /; on slip for the voltage change range.

Fig.2 shows total stator current dependencies on the generator slip for the voltage change range 0.9+1.1 pu. The
limiting value for the current is evidently the rated current (I;=1) due to the thermal state of the stator winding
structural elements. In this case, to apply the obtained asynchronous mode characteristics, it is necessary to show the
calculated maximum range of the generator rotor slip at the nominal stator current (see in Fig.5).
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Fig.3. Dependencies of Qg on slip for the voltage change range.

The consumed reactive power characteristics given in Fig. 3 show the whole range of ASTG 1000 MW for
reactive power stock which could be taken in mind under the condition of stable generator operation in terms of
technological constraints, in particular in relation to nuclear power plants (NPP). According to [8] the reactive power
range is narrowed by 20% at the top of the generator slip change.
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Fig.4. Dependencies of Py on slip for the voltage change range.
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Similarly, to the reactive power Fig.4 shows the asynchronous active power characteristics. The range of its
change is determined by the possible characteristics of the turbine torque changing under influence of the primary

energy carrier.
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Fig.5. Dependencies of Uy on slip under the condition =1, pu.
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The analysis of the obtained data, shown in Fig.1 — Fig.5, allows us to state that the ranges of coordinates
deviations in asynchronous modes, taking into account the generator stator voltage deviations from the rated voltage,
have the following values (Table 1):

Table 1. The ranges of coordinates deviations in asynchronous modes.

AUg, pu

Asg, pu

Alg, pu

APy, pu

AQyg, pu

+0.1

+0.26

0.1

+0.21

+0.21

Table 1 was calculated taking 15=1.0 pu as the base value of the coordinates.
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5. Conclusion

Asynchronized turbogenerators 1000 MW together with traditional synchronous generators could take part in
covering power system load curve while the first ones operate in the asynchronous mode under conditions of
generator stator voltage deviations from the rated voltage. The obtained asynchronous mode characteristics make it
possible to evaluate the asynchronous modes acceptability of ASTG 1000 MW in specific connecting schemes taking
into account possible generator stator voltage deviations.
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BnuiuB BigxXnjieHb HAIPYTY HA ACHHXPOHHI XapaAKTEPUCTUKH MOTYKHOT0
ACHMHXPOHI30BaHOI0 TypOOreHeparopa

Koctsutun I[TokpoBebkuit, AHpiit My3ndak

Hayionanvuuii ynisepcumem «Jlvgiecoka nonimexuixay, 8yn. Cmenana banoepu 12, m. Jlvsis, 79013, Vkpaina

AHoOTAaNis

upoke 3acrocyBanHs Mepex kiaciB Hampyru 330 Ta 750 kB 3 mpuenHaHHSIM [0 HUX TOTYXHHX OJIOKIB
aTOMHUX Ta TEIUIOBHX EJICKTPOCTAHII B eHeprocucreMi YKpaiHM CTBOpIOE psiji mpoOsieM i3 3abe3nedeHHsIM
HOPMAJILHOTO pekumMy. TTomepeyHa eMHICTh TaKUX MOBITPSIHUX JIIHIN A0BOJII 3HAYHA Yepe3 M0 B MEPEki BUHUKAIOThH
3HAYHI 0OCATM HAJIMIIKIB PEaKTUBHOI MOTyKHOCTI. Ile sBuIe mposiBisie cebe OCOOMMBO B TOAUHH 3HIKCHHS
HABaHTA)XCHHS B €HEPrOCHUCTEMI TIOMITHAMH BiIXWJICHHSIMH PIBHIB HANPYT y BY3JaX FeHEPYBaHHS y OiK 3pOCTaHHS.
3acToCyBaHHS aCHHXPOHI30BaHUX TYpOOTEHEepaTopiB 3 MiATPUMAHHSAM aCHHXPOHHOTO PEXHMI MOXE PO3B’s3aTH
npo0JeMr HaUIMIIKIB PEaKTHBHOI MOTYXHOCTI y By3JlaX TE€HEpYBaHHS B TOAWHH 3HIDKEHHS HABaHTAXXCHHSA B
€HEeprocucTeMi 3a PaXyHOK INIMOOKOTO CIIOXXMBAaHHS IUX HAJUIMIIKIB aCHHXPOHI30BaHUMHM TeHeparopaMu. B pobori
NPE/ICTABICHO PE3YJbTaTH PO3PAXYHKIB KOOPAMHAT ACHHXPOHHHUX PEXHUMIB aCHHXPOHI30BaHOTO TypOOreHepaTopa
notyxkHicTio 1000MBT Ha OCHOBI mapameTpiB 3aCTYITHOI CXeMH 3 ypaxyBaHHSAM MOJKIMBUX BiIXWICHb HANPYTH
cratopa reHeparopa B Mexax +10%. [Toka3aHo BIUIMB BiIXWJICHb HANPYTH Ha KOOPJMHATH aCHHXPOHHHUX PEKUMIB.
OTpuMaHi XapaKTEPUCTHUKH J03BOJISIOTH pealli3yBaTH iH)KEHEPHI OLIIHKH MOXKJIMBOCTEH 3aCTOCYBaHHS aCHHXPOHHOTO
PeXUMY AaCHHXPOHI30BAaHOTO TIeHepaTopa B YMOBaX aTOMHHX Ta TEIJIOBUX ENEKTPOCTAHLINA 3 ypaxyBaHHIM
MOXJIMBHX BIAXHJICHb HALIPYTH.

KaiouoBi cnoBa: acHHXpOHI30BaHMH T€HEpaToOp; ACHHXPOHHHH pPEXHM, PEaKTHBHA IOTYXHICTb;, DPEXHUM
reHeparopa.
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