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Abstract

The article shows the option of the first degree transformation scheme in auxiliary power supply systems of the
power unit (PU). The power supply to the auxiliary receiversis carried out from the generator through the working
and additional working auxiliary transformers (AAT). The method of switching on the latter one provides its
operation in the source mode set by the PU current load. Experiments were carried out on a static physical model of
the scheme fragment of the auxiliary power supply system with an AAT. It is confirmed that its natural properties, in
contrast to the traditional schemes, provide during the norma modes, modes of externa short circuits the level of
voltage on the busbars, sufficient for the reliable operation of their electrica receivers. The possibility of effective
research with the use of appropriate mathematical and digital models has been proved. The high adequacy of the
results has been confirmed.
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1. Theproblemin question

One of the important tasks to be solved during the development of new circuit technical solutions of the
electrical part of power unitsisto ensure the necessary adequacy of the comprehensive studies results of their natural
properties. Conducting such studies through field experiments on existing objects is possible with a certain
reconstruction, assembling special stands and requires significant costs. At the same time, the decision on the
feasibility and necessity of conducting such experiments can be made if the results of previous studies using
mathematical modeling and computer simulation cause certain reservations regarding their adequacy. That is why, to
confirm the reliability of the results, the research is carried out using various software systems and, when possible,
doing experiments on physical models.

2. Theanalysisof therecent research

In addition to the new scheme, technical decisions for the dectrical part of power stations units (PU), in
particular, the proposed in [1] options of the power supply systems implementation for the auxiliaries (Aux). The
fundamental difference between such systems and the traditional ones is the application and circuitry of the incluson
of an additional auxiliary transformer (AAT), which works simultaneoudy with a working auxiliary transformer
(WAT) on the busbar of the first transformation stage of the Aux power supply system. At the same time, in
accordance with the chosen values of the parameters of the system elements [2], the mode of operation of the AAT
will be close to the current source mode, the value of which will be determined by the current load of the PU, both in
the stable operating modes and during external short circuits (s. ¢.). Thisis the AAT mode that provides the voltage
level on the Aux busbars, sufficient for their electrical power [3-7]. Computer simulation alowed revealing
peculiarities of the mathematical and digital models of AAT and recommendations for their implementation [8-10].
However, the physical simulation of such objects was not carried out.
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3. Thetask of research

To confirm with the experiments on the static physical model the natural properties of the dectrical part of the
PU with an AAT power plant in order to maintain the desired voltage level on the Aux busbar both during regular
modes and during the normal modes of external three-phase short circuits, as well as the possibility of effective
research with the use of appropriate mathematical and digital models and the high adequacy of the results.

4, Presentation of the main material

Fig. 1depicts a schematic diagram of one of the investigated fragments of auxiliary power supply system
executions for a power unit with an AAT [1]. Here the generator G through the block transformer T1 (BT) produces
power to the electrical power system S. A power supply to the auxiliary power unitsis carried out from the generator
through a working auxiliary transformer T2 and the additional operating auxiliary transformer T3. The method of
switching on the latter ensures its operation in the source mode set by the PU current load. The studies, the results of
which are exemplified by the unit with a capacity of 200 Mw in [2—7], have shown that, provided certain technical
characteristics of the electrical equipment are met, the voltage level at Aux busbars will remain in tolerable measures
in well-established operational modes, and during external short-circuits, as demonstrated in Fig. 1, and the main
formula of schemes and the same winding groups of T2 and T3 transformers can be written as follows [2]:

;TZ(L) /;G = KT3 / KT2 ' (1)
where Zry).Zs are complete (integrated) WAT and generator supports in the actual named units for nominal voltage

of the lower voltage winding L of transformer T2 and generator stator respectively; Ky, Krzare transformation
coefficients of T2 and T3 transformers, asthe ratio of higher nominal winding voltages H to lower ones L.

a b

Fig. 1. Circuits of the eectric part of the power plant unit with the AAT: a— principad model; b — physical model.



Physical Modeling of Power Unit in Power Plant with Auxiliary Transformer 17

Generators and transformers of powerful units are characterized by high Q-factor, i.e. Xa>>Rg and Xr21)>>Rrz).
Then the formula (1) isreduced to asimple relation:

XTZ(L) I Xe =K/ Key, 2

The practice of physical modeling shows that it is usually impossible to maintain a Q-factor of physical models
items, which are powered from mains 220 V, at the level of the rea high-voltage powerful electrical PU, because it
requires a special performance of such elements. The task of our research did not require the exact consideration of
similarity criteria for a particular real PU. Therefore, the physical model was created on the basis of available and
affordable eectrical equipment. Thus, for the smulation of the working and additional working Aux transformers, in
particular, two identical transformers with the same parameters and transformation coefficients (K3 = Kr,) had to be
used as well astwo potentia regulators for generator modeling. The Q-factor of transformersis an order of magnitude
less than the quality of the latter. Therefore, we can only speak of a very proximate implementation of the formula
(1), and only concerning modules Zr, and Z; of appropriate resistance, namely:

Zoyy 1 Zg » Ky I Ky =1, (©)

Fig. 1 b demonstrates a diagram of the static physical model (PM), which was used to investigate natura
properties of circuit-technical solution in Fig. 1, a. As can be seen from Fig. 1, the generator is modeled by two three-
phase potential regulators. PR1, the resistance of which reflects the resistance of the generator model Zg, and which,
for the normal mode of loading, generates voltage at the output of the generator model with a value close to the
nominal; PR2, which is powered by a switch Q from the 220 V dectric grid and forms the desired voltage value at the
output, which is applied to the input of the PR1 and displays the generator's em.f. Eg = const. An auxiliary load with
resistance Zauyx is modeled by an Aux dement consiging of three-phase active resistance batteries Ry, and an
inductance coil with unbound magnetic conductors Z, connected in parallel. Equivalent resistance Zayy of this e ement
corresponds to a mode close to the nomina Aux load Saux ~Saux nom:

— ROZ);Z »Z

;Aux - +7 > £ Auxnom
ROZ =2

= const, %)

Block transformer T1 with resistance Zryyand system S with resistance Zs ) are simulated by an element of ST1
from connected in paralld three-phase active resistance batteries Ry; and a coil of inductance Z; with unbound magnet
conductors. Equivalent resigtance Zsr; is determined by the formula

_ RuZ, _
L = » Loy tLgyy =Var, (5)
R01+;1 (L) S(L)

depending on the characteristic mode under study, namely:

1) Zsri= Zriwy+tZsnom) the normal mode of power delivery to the system taking into account power lossesin
T1 BT and in the e ectric network of the system.

2) Zriy<Ismi»<Zsriw the modes of non-remote and remote from the PU three-phase short circuit in the
electrical network of the system.

3) Zst13=Zr1() the mode of three-phase short circuit on thewinding leads in T1.
4) Zsr1s= 0 the mode of a three-phase short circuit on the winding leads of the low voltage T1.

The coordinates of the modes were measured by sets P1, P2, P3 and the corresponding devices according to
Fig. 1 b, and the general form of the physical moddl is shown in Fig. 2.

The mathematical model for the analysis of the established normal and emergency modes was formed in real
coordinates according to the PU schemein Fig. 1 a, that is, taking into account the transformer T1, but without taking
into consideration the transverse elements of the transformers replacement schemes. In this case, the method of
cycling currents was used, followed by a precise analytical solution of the system of linear finite equations. Computer
simulation was conducted in the Mathcad software for the purpose of:
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a) before physical modelling to determine the range of values of the parameters and nominal coordinates modes
of PM elements to prevent their current overloading during the established modes of three-phase short circuit;

b) after experiments on the PM with the actual values of the parameters of its elements adopted in the DM for
evaluation of the research task.

It should be noted that similar studies on the described physical and digital models were also conducted for the
traditional circuit of the electrical part of the PU, that is, without an additional working auxiliary transformer, for the
purpose of comparative analysis of their natural properties.

T2

P2
P1

Rpz
PR2 P3

PRI

Fig. 2. Physical model of the electric part fragment of the power unit in the power station with an AAT.

The following electrical equipment was involved in the physical model.

Potential regulators PR1, PR2 (induction voltage regulators VR), made as autotransformers based on the phase
regulators PhR-62 with a rotating rotor.

Auxiliary elements and ST1 (each separately) the three-phase active resistance batteries with a range of
possible values are connected in parallel Ry = (9.8+104)Q2 and induction coil with unbound magnetic phase
conductors and a range of possible values of full resistance Z = [(0.363+0.58) + j(1.76 +53.47)]Q.

Working and additional auxiliary working transformers are identical transformers of CES type 2.5/0,5 Y/Y-12:
Siom=2.5kV-A; Upyon= 380 V;Upnom= 230 V; KL nom™ 1.67; U g =15.12 V5 Iy = Iy nom = 3.8 A; Ry =0.774 Q;
R.=0.179 Q.

Taking into account the above and based on the data analysis for the physical model, the following desirable
nominal values of the mode coordinates and those close to the nominal actual values parameters of its elements
parameters are adopted, the designations of which correspond to both generally accepted [11] and the designation in
Fig. 1.

Auxiliaries Aux: Uaux nom= 30 V; | auxnom= 2 A; c0SQAux nom= 0.7; Saux nom= 104 V-A;
Paux nom= 73 W; Qaux nom= 74 var; Zxu= 8.26 Q; Raux= 5.92 Q; Xpu= 5.76 Q.
TransformerT2: K nom= 1.67; Ut 1 nom= Uaux nom= 30 V;

U2 t nom= K12 nom' U2 L nom= 50 V; ZTZ(L): 0.83 Q; RTZ(L): 0.48 Q; XTZ(L): 0.68 Q
Transformer T3: Kz nom= 1.67; U13 1 nom= Uaux nom= 30 V;
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U+s Lnom= Uta 1 nom /K2 nom = 18 V; Zygiy= 2.31 Q; Rry= 1.33 Q; Xrzy= 1.89 Q.

Generator G: Ug nom= 50 V; Eg nom= 1.34-Ug nom= 67 V; Zg=4.68 Q; Rs= 0.28 Q; Xc= 4.67 Q.
Transformer T1: Zy)= 2.05 Q; Rry)= 0.6 Q; Xry)= 1.96 Q.

System S Zs norm()= 10.32 Q; Rs normy= 9.87 Q; Xsnom)= 3.01 Q

Element ST1 for the study of the accepted characteristic modes (5):

1) Zsriy= 11.59 Q; Rsriny= 10.47 Q; Xsriny= 4.97 Q.

2) Zsri= 5.62 Q; Rsrip= 1.04 Q; Xsriz= 5.52 Q. Short-line fault

3) Zstiz= Z11(n) = 2.05 Q; Rsr13= 0.6 Q; Xsri(3= 1.96 Q. Short-circuit for T1

4) Zstia= 0.

Under the specified actual parameters of the PM elements the formula (3) isnot applicable because

ZTZ(L) /ZG - 0,83/ 4,68 = 0'177 <K / KT2nom =1, (6)

T3nom

which was taken into account in the course of the research and the results analysis.

To process the results of mathematical (digital) and physical modeling and their analysis, the values of linear
voltages, phase currents and three-phase capacities have been used, which are presented in Tables 1, 2. In these
tables, the following isindicated as DM for a digital model; PM for a physical model. The difference in the results of
mathematica and physical modeling was cal culated as a percentage of the expression:

5% = (DM - PM)/PM X100 % . ©)

Table 1. Coordinates of the PU and AAT scheme modes.

Value Mode 1 Mode 2 Mode 3 Mode4
DM PM 8, % DM PM 3, % DM PM 3, % DM PM 3, %

Ug, V 53.46 525 1.83 45,78 44.5 2.88 36.88 375 -1.65 2241 22.26 0.67

lg, A 231 2.23 3.59 2.76 271 1.85 391 381 2.62 5.81 5.58 412
Ps, W 171.9 161.3 6.57 94.71 90.0 5.23 117.1 120.0 -2.42 133.7 145.5 -8.11
Uaux, V 30.35 294 3.23 270 26.25 2.86 23.68 23.55 0.55 18.47 18.75 0.11
laux, A 212 2.06 291 1.86 1.81 2.76 1.65 1.64 0.61 1.25 1.27 -1.57
Paux, W 79.85 75.0 6.47 60.9 57.6 573 46.08 45.6 1.05 26.76 276 -3.04
Usr, V 33.2 315 54 26.08 252 349 16.34 16.16 111 0 0 -
lsr1, A 1.65 1.57 51 2.68 2.59 347 461 456 11 7.91 7.57 449
Pst1, W 85.95 80.4 6.9 21.45 210 214 38.34 375 2.24 0 0 -
2, A 1.21 1.17 342 0.85 0.78 8.97 127 1.35 -5.93 35 3.75 -6.67
U, V 20.26 19.85 2.07 19.69 19.33 1.86 20.54 20.75 -1.01 2241 22.26 0.67

The evaluation of the differences in the results of mathematical and physical modeling was carried out according
to the values of their modules. The limits of the mode coordinates divergences for the PU with an AAT (A) and a
traditiona circuit (T) are respectively: 8Ua=(0.11+5.4) % and 38Ur=(0.65+7.93) %; 61,=(0.61+8.97) % and
817=(0.17+8.04) %; 6P»=(1.05+8.11) % and 5Pr=(1.29+9.71) %. Conseguently, the largest limits divergences values
were applicable for active capacities.

The limits of the mode coordinates divergences for each of the characteristic modes under investigation are as
follows. 8M1,=(1.83+6.9)% and 06M1;=(4.36+9.57)%; 06M2,=(1.85:8.97)% and dM2:=(1.2+4.0) %;
8M3,=(0.55+5.93) % and 8M3;=(0.17+9.71) %; 6M4,=(0.11+6.67) % and dM4= 2.94%. Consequently, the
discrepancies have the highest values for modes 1 (M1) and 2 (M2), that is, during the norma mode of power output
to the system and during the mode of the remote from a three-phase PU short circuit in the eectrical network system,
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respectively. It islikely that this is due to the higher voltage level in these modes (especially in M1) as compared to
the other ones and the influence of nonlinear elements in the physical model, as well as the absence of traversal
branchesin transformers aternative circuits in mathematical model and the linearity of state equations.

Table 2. Modes coordinates of the traditional PU circuit (without an AAT).

Vaue Mode 1 Mode 2 Mode 3 Mode4
DM PM 8, % DM PM 3, % DM PM 3, % DM PM 3, %
Ug, V 47.92 45.92 4.36 33.97 | 3355 1.25 20.03 19.7 1.68 0 0 -
lg, A 343 3.27 4.89 413 4.04 2.23 5.9 591 -0.17 8.25 85 -2.94
Ps, W 249.0 2313 7.65 68.37 67.5 129 78.99 72 9.71 0 0 -
Uauwx, V 26.16 250 4.64 1857 | 18.35 12 11.01 10.6 3.87 0 0 -
laux, A 1.82 1.74 4.6 1.28 1.26 1.59 0.74 0.71 423 0 0 -
Pau, W 56.52 51.6 9.53 28.59 27.9 247 11.19 10.5 6.57 0 0 -
Usr, V 47.92 44.4 7.93 3397 | 333 201 20.03 19.9 0.65 0 0 -
Ist1, A 241 2.24 8.04 3.46 34 1.76 552 5.48 0.73 8.25 85 -2.94
Psr1, W 187.7 171.3 9.57 37.44 36.0 40 66.87 66 1.32 0 0 -
2, A 1.82 1.74 4.6 1.28 1.24 3.23 0.74 0.71 422 0 0 -

In general, the divergences did not exceed 10 % and were conditioned by the influence of the following main
factors:

a) during mathematica modeling the experimentally set values of PM dements were used (i.e., not accurate
because they are unknown, but with certain errors), the traversal branches and nonlinear characteristics of PM
elements were neglected;

b) during physical modeling, there occurred errors of measurable complexes and devices and visual impairment
erors.

Therefore, we can assume that developed mathematical and digital models can ensure the accuracy of computer
simulation results, sufficient for adequate reflection and study and operational properties of the PU eectrica part with
an AAT.

For a comparative analysis of natural properties of the PU schemes with an AAT (A) and the traditiona scheme
of the PU (T) refer to Table 3, which shows the values of the voltages on the generator's leads and on the auxiliary
busbars, calculated from the data of Tablel, 2 in reation to nomina units of Ug nom=50 V and Uaux nom=30 V,
correspondingly.

Table 3. Voltagesin relative nomina units.

PU scheme with AAT | Traditional PU scheme
Mode | Zst1, Q@ | Modd
UGA * UAux A* UGT * UAux ™

DM 1.07 1.01 0.96 0.87
1 11.59

PM 1.05 0.98 0.92 0.83

DM 0.92 0.9 0.68 0.62
2 5.62

PM 0.89 0.88 0.67 0.61

DM 0.74 0.79 0.4 0.37
3 2.05

PM 0.75 0.79 0.39 0.35

DM 0.45 0.62 0 0
4 0

PM 0.45 0.63 0 0
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Based on the data in Table 3 the dependencies of voltage on the generator's leads Ug « and on the auxiliary
bushars Uau+ Versus the value of the external module in relation to the equival ent resistance generatorZsr; between a
node 3 and the system including block transformer, eectrical network and the system load were built (see Fig. 3).
This made it possible to investigate the voltage levels both in the normal mode 1 of the power output to the system
and during the stable modes 2, 3, 4 of the three-phase short circuitsin different points of the system.

The results analysis (Table 3 and Fig. 3) has shown almost complete matches received on digital and physical
models of generator output voltage dependence on generator leads and auxiliary busbars, which characterize the
natural properties of both the dectrical part scheme of the PU with an AAT and the traditional scheme of the PU
without an AAT. It isknown that in the traditional scheme, depending on the short circuit location, the voltage on the
generator's outputs Ust » and on the auxiliary busbars Uaur+ are reduced from their values during normal power
delivery to the system (mode 1) to zero during the short circuits on the outputs of a primary winding LV T1 (mode 4).
In this case, already during the non-remote short circuits (mode 2) and, even more so during the short circuit the
secondary winding in HVT1 (mode 3), the voltage value on the auxiliary busbars becomes less than possible for the
operation of dectrical recaivers (Uaur+< 0.7) [12].

1
Ucap Uauxap
Ugap Uauwap
Ugrp 0-5 Unirs 08 -
Ucto d UauwTp
1 0 1
5 10 5 10
Zsm1 Zst1
a b

Fig. 3. Voltage dependence for digital (D) and physical (P) scheme models of the PU with an AAT(A)
and atraditional scheme of the PU without an AAT (T) from resistance Zsr;: a -Ug+; b — Uayys-

In the PU scheme with an AAT, unlike the traditional one, the voltage values on the outputs of the generator
Uga+ and on the auxiliary bushars Uaya+ during the analogous modes anayzed above are aways more than zero. IT
should be noted that the correlations of the actual parameters of PM e ements (6) are far from the desired condition
(1)+(3). However, even with this, in all modes, except for the short circuit on the outputs of the primary low voltage
LVT1 winding (mode 4), the level of residual voltage on the auxiliary busbars Uauxas > 0.7 is secured, sufficient for
the work of their electrical receiverg12].

5. Conclusion

1) Experiments on a static physical model of a fragment of an electrical part of a power unit with an additional
working auxiliary transformer have proved that the natural properties of the investigated circuit provide its operation
in amode close to the current source mode, the value of which is determined by the current load of the PU.

2) It has been shown that despite the significant deviations of the ratio parameters of PM PU main e ements
with an AAT from the optimal values of its natural properties are preserved and, unlike the traditional PU without
an AAT, provide the level of residual voltage on the auxiliary PU busbars, sufficient for the operation of their
electrical receiversin three-phase short-circuit modes.

3) Comparative analysis and the evaluation of the differences of mathematical and physical modding results of
the PU with and without an AAT have confirmed the research effectiveness using appropriate mathematica and
digital models of such schemes and software systems that provide the required accuracy of the results.
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®Di3zu4He MOJIEJTIOBAHHA €HEProdJIOKY eJIeKTPOCTAHIIIL
3 10JATKOBUM P0004YHUM TpaHCHOPMATOPOM BJIACHUX NOTPeD

I'eopriit JIucsk, Onena Ilactyx, bornan Xapuummx

Hayionanvnuii ynieepcumem “ Jlvgiecorxa nonimexnixa” , eyi. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalisa

[lokazaHo BapiaHT CcXeMH MEpIIOro CTYMIEHs TpaHchopMalii CHCTEMH JKHBIICHHS BJIACHUX IOTPEO

enepro6ioky (EB). Enextponocrayanus npuiiMaviB BJaCHUX MOTPe6 3AiHCHIOETHCS BiJ reHepaTopa yepe3 poOoumii
Ta 0maTKoBUil pobounii Tpancdopmartopu Biracaux motped (IPTBIT). Croci6 yBimxuenust JIPTBII 3a6e3neuye itoro
po0OTYy B pexuMi JpKepera 3aaHoro HaBaHTtaxxeHHsM EB ctpymy. [IpoBeneHo excriepiMeHTH Ha cTaTU4HIN (Qi3nyHin
Mojei (parMeHTa CXeMH CHCTeMHU >KHMBJIeHHs BiacHux notped i3 JPTBII. IlinTBepmkeHo, mo il mpupomHi

BJIACTHBOCTI, Ha BIIMiHY BiJl TPAJULIHHUX CXeM, 3a0€3IeUyI0Th MiJl YaC HOPMAJIbHUX PEKUMIB, PEKHUMIB 30BHIIIHIX

KOPOTKMX 3aMHKaHb pIBEHb HAlpyrd Ha IIWHAX BIACHUX II0TPeO, [OCTATHIM sl HamidHOI poboth ix

eNeKTponpuiiMadiB. JIOBeIEHO MOKIMBICTS €()EKTUBHOI'O MPOBEACHHS JOCHTIHKEHD 31 3aCTOCYBAaHHAM BiIITOBIIHUX

MaTeMaTUYHUX 1 HU(PPOBUX MOJEINEH, MATBEPIKEHO BUCOKY a/IEKBATHICTD OIEP)KYBAaHUX PE3YIIBTATIB.

Kunrouogi ciioBa: exexTpocTaHilis; TpancopMaTop BIacHUX MOTped; eHeprodiIok; cxema.



