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Purpose. Developing a mathematical model for the efficiency and reliability of the pumping unit (PU) of the oil
pumping station (OPS) on the basis of the per-unit system and the methodology of the system approach which con-
tains the electric, hydraulic and mechanical subsystems and reflects the energy inputs and outputs of the centrifugal

pump (CP) and synchronous motor (SM).

Methodology. Mathematical models of PU of OPS are developed which are synthesized on the basis of a system
approach taking into account the impact of their operating modes on reliability and efficiency parameters of the SM
and CP. This allows determining the optimal operation modes of PU OPS and to develop measures for their imple-

mentation.

Findings. Based on a systematic approach a model which is a unified system of subsystems with different physical
nature was formed. The mathematical model of efficiency and reliability parameters of SM and CP was formalized as
polynomials and values of their coefficients were calculated. It was clarified that the extreme values of efficiency and
reliability are achieved for different flow rate values. That requires the use of multi-objective optimization studies.

Originality. Based on the systematic approach, a mathematical model of PU of OPS was formalized which makes
it possible to take into account the effect of changes of operating mode of PU on performance and reliability param-
eters of SM and CP. It is clarified that the extreme values of efficiency and reliability parameters of SM and CP are

achieved for different flow rate values.

Practical value. Mathematical models that allow estimating the impact of changes of flow rate of OPS on the per-
formance and reliability parameters of SM and CP to select the best operating mode without expensive field experi-

ments are developed.
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Introduction. For now lowering of power consump-
tion is a global development priority in energy policy in
Ukraine and in the world. OPS pipelines which are
equipped with PU are complex energy-intensive facili-
ties, consisting usually of CP driven by SM. The pres-
ent-day world politic and economic situation has result-
ed in the fact that the PUs of OPS often operate in un-
derloaded mode which caused a sharp decline in their
efficiency and reliability parameters. That is why par-
ticularly important is solving the problem of implemen-
tation of optimal multipurpose control of PU aimed at
improving those parameters, which in turn requires de-
veloping a complex mathematical model of OPS based
on a systematic approach. That model should be able to
show correctly the complex interdependent connections
between OPS’s subsystems of different physical nature.

Analysis of the recent research. The most efficient
operating mode of CP is determined considering its ef-
ficiency value [1]. However, it was also proposed to take
into account the reliability of SM behavior [2] for a
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comprehensive analysis of its functioning, which makes
it possible to reduce the cost of repairs and maintenance.
In addition, the SM drive of CP is usually chosen so that
its nominal parameters match optimal parameters of the
pump [3]. Thus, the non-optimal operating mode of CP
causes a reduction of efficiency of SM such as impair-
ment of its efficiency and power factor and appearance
of additional losses in the elements of power supply. Ac-
cording to [3] PU performance parameters such as effi-
ciency of PU and SM can reach maximal values for dif-
ferent flow rates of oil Q different from those shown in
documents. However, this does not include the impact
of changes of reliability parameters of the PU. A system-
atic approach for optimizing behavior of PU by the cri-
teria of efficiency and reliability of CP and SM respec-
tively is proposed in [4]. However, their functional de-
pendence on the volume flow rate of PU was not estab-
lished.

Unsolved aspects of the problem. To achieve this goal
it is necessary to solve the following tasks: to develop a
mathematical model of reliability and efficiency; to in-
vestigate the impact of operating mode on the effective-
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ness and reliability of SM and CP; to formalize mathe-
matical models of efficiency and reliability in the form of
third degree polynomials and calculate their numerical
values for PU “CT/1-2500-2 and HM-3600-230".

Presentation of the main research. The operating
mode of pipeline depends on oil flow rate transported in
it. Therefore, the performance and reliability of OPS
should be determined, depending on oil flow rate Qps.

OPS of pipelines is a complex system (Fig. 1), con-
sisting of mutually connected electrical and hydraulic
subsystems, energy exchange between them is conduct-
ed by PU shafts. Ny, and Ny, are input power capacity
of stator winding and rotor (excitation) winding of SM
respectively; N, is PU shaft horsepower.

According to the law of conservation of energy using
system of equations (1), let us write the capacity balance
equations for the i-th PU
N =NHM[+NRW1'+3NSW’ (1)

Hougl

Within studied technological area of OPS a consis-
tent combination of three CPs (pumping system “pump
to pump”) is usually used, which defines equal values of
flow rate Q,pg for them. In this scheme the output hy-
draulic power N, , of previous flow on CP will be
equal to the idput N, of the next CP

(i+1)

Ny, ;=N H, (i+1)> while the hydraulic input power of the

out

first PU and output power of the third PU are input

Ny =N ZES andoutput N, ;=N 2PS hydraulic pow-
er of OPC respectively.

The structural and functional scheme of a separate
PU which reflects the energy inputs and outputs of CP
and SM is shown in Fig. 2. The motor itself is energy
supplied by dual channels:

- to three phase stator windings of SM (Power 3Ngy,).
Energy parameters are values of voltage Ugy, and electric
current /gy;

- to the rotor windings (power Ngy;). Energy param-
eters are voltage Uy, and current field /zy (direct cur-
rent with frequency fzy = 0).

OPS
J{ Nrini= NHin
3Nsw1 Nsni
SMi =] CP:
e Nrwi
S = sir
é ¢NHDHH Nrmnz
= 3Nsw2 Nsn2
= SM: —=={ CP:
E Nrwz
§- Nour2= Nrms3
o 3Nsw3 Nsn3
SMs J—==| CP3
Nrw3 S
§ 8 S i
__S 3 Hout3= IV Hout
2ot )
Electrical subsystem § g Ohﬁ.'dmuffcsubsysiem

Fig. 1. Structural and functional scheme of an oil pump-
ing station
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Mechanical energy output from SM Ny, occurs
through the shaft of PU and simultaneously it is an en-
trance to the CP with energy parameters of torque M
and angular velocity wg. Power supply by dual channels
is also typical for CP. Besides of aforementioned me-
chanical energy, the pump is also supplied with fluid
through the inlet nozzle. Hydraulic power Ny, of the
fluid is characterized by suction pressure H;, and volu-
metric flow rate Q,,. It is obvious that through the dis-
charge pipe of CP effective hydraulic power Ny,,, is ob-
tained. Energy parameters are output pressure H,, and
flow rate Q,,. It should also be noted that quantities
obtained by multiplying of power parameter (Ugy, Ugy,
M, H,,, H,,) by velocity parameter (Igy, Izy, @, O,
Q,.,) show the power of energy flow N.

To simplify the analysis process, let us consider that
the hydraulic input power is zero (suction pressure is ig-
nored H,,= 0). In this case, a pressure difference H; ob-
tained by mechanical energy of the drive is equal to the
absolute value of output pressure of the pump Hy, =
=H,,- H,,. This approach is generally considered in ex-
perimental research of CP characteristics depending on
its flow rate which is the same for all the pumps Qgps =
= Q,.:= 0y [1]if PU of OPS are connected in series.

Bloc of calculation parameters
P of efficiency and reliability .«
Y 3 Y [
rotor | inlet
Taw winding Urw O nozzle Hin

Usy M Hou
stator unit discharge
winding SM shaft cp pipe s
Iy oy QM'

Fig. 2. Structural and functional scheme of a pump unit

The efficiency and reliability of the PU of OPS di-
rectly depend on flow rate of the station Q;,and methods
of its regulation, that is why coefficients of efficiency
(Mspr» nep) and reliability (ygu, Yep) of SM and CP are
values for assessing these criteria according to [4].

To build a mathematical model we apply a per-unit
system which makes it possible to simplify the analysis
of operating modes of electric and hydraulic machines
and find common patterns of their behavior in various
modes. The main feature of this system is that it is pos-
sible to obtain general dependences which emphasize
the analogy of physical processes.

Such basic values as voltage U,,, active power (on
the shaft) &V, if, electric current /,,, and impedance Z,,,
are considered as new units of measurement for SM, as
shown in (2). Two first values are randomly selected or
selected among of nominal operating modes, while the
other two are defined out of known ratios

LN
bas =
\/EU bas COSP ?)
U ,fas cos¢
Zbas = N
bas
63




FTEOTEXHIYHA | TIPHWYA MEXAHIKA, MAIWWHOBYYBAHHA

where @ is phase angle shift between the voltage and
electric current vectors.

Similar for CP, basic values are considered pressure
H,,, flow rate Q,,,, power N ,f’;]: , and resistance R,,,. Ra-
tio between those basic values is shown in (3)

CcpP

Nbas = ngbas Qbas

R P& ) (3)
bas Qbas

where o and g are fluid density and gravitational accel-
eration respectively.

Let us combine the basic mode and nominal mode
and note that in the per-unit system (for incompressible
fluid) dimensionless pressure values P and H are equal

p - pEH _ H
ngbax H

bas

In order to pass to the system of dimensional units,
per unit values are multiplied by the base values. Further
calculations will be done in the per-unit system and the
index “*” will be ignored.

All studies will be conducted with three PUs con-
nected in series and consisting of pairs of SM-CP
“CTH-2500-2” and “HM-3600-230". The parameters
are given in the Table 1 and Table 2.

Table 1

Catalog of nominal parameters of synchronous motor
CTa-2500-2

Nnom cos ¢I‘lOm Unom , nm)m Inom nnom xd ,

b 9

kW A% r/m A % %

2500 0.9 6000 | 3000 | 276 | 97.4 | 154.5
Table 2
Catalog of nominal parameters of the main pump
HM-3600-230
H;om ’ Iﬁom ’ N;Zm ’ nnom , nnom 77::;?}; nS
m m’/h | kW r/m
230 3600 | 2593 | 3000 | 0.87 | 0.968 | 131

The coefficient of SM efficiency #g,, is shown in (4)
[5] (power Ny is ignored)

( nom

-1

1-n

Moy =| 1HF—2_(1+k7) | (4)
253 K

where g is motor efficiency at nominal load; k; is the

SM load factor which is the ratio of SM shaft power Ny,

to its nominal power N gy . Itis shown in (5)

N

k, —__SM (5)
NSM
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However, the shaft mechanical power of SM de-
pends on flow rate Q, of CP [1], as shown in (6)

pg0, H),
ANg, =Ng =—"""" (6)

Tlep

where 7., is efficiency of CP. Formulas (4—6) allow us
to find out how efficiency parameter 7g,, depends on
flow rate Q) (Fig. 3).

Fig. 3 shows congruence of dependence of the
coefficient of efficiency #g, of motor CT/I-2500-2
on flow rate Q calculated using the formulas (4—6)
(curve 1) and obtained in an experimental study
(curve 2) [6].

nS.M, %

100 e

80

60

40

20

02 04 06 08 1.0 @ pu
Fig. 3. Motor efficiency ng,, versus flow rate Qy:
1 — calculated using the formula (8); 2 — obtained in an
experimental study (curve 2) [6]

Obviously, SE performance value 7¢,, depends on the
performance of CP 7., which, in turn, also depends on
the flow rate value Qy. This requires a mathematical model
of CP to build its energy performance characteristics, tak-
ing into account the physical properties of the liquid.

Mathematical models of CP are usually based on sto-
chastic empirical formulas, which makes it more difficult
to find out interrelations between the structural elements
of CP. Currently in modeling of hydraulic machines
there are new approaches related to the Kirchhoff theo-
ry of circles, which is the basis of electric machines the-
ory. In particular, in the [7, 8] on the basis of electrohy-
draulic analogy there was developed a complex graphic
model of CP as an equivalent electric circuit (Fig. 4)
with active and inductive (inertial) elements, which
takes into account structural features and properties of
the fluid.

Concepts of passive linear parameters of CP such as
hydraulic resistance r,, and hydraulic inductance x,,
were used to build an equivalent circuit: hydraulic resis-
tance of pipeline — r,,,; outlet pressure of CP impel-
ler — pogH,,.

Table 3 includes the results of calculating of dimen-
sionless parameters of equivalent circuit for CP OPS.

ISSN 2071-2227, HaykoBui BicHuk HI'Y, 2017, N2 5



TEOTEXHIYHA I TIPHUYA MEXAHIKA, MAWWWNHOBYAYBAHHA

Veq Xegq
7YY\
— = — —
Nsn Nint Or
AN mech

]

pPgHY

refla(~) s

Fig. 4. Equivalent complex circuit of a centrifugal pump

Table 3
Estimated parameters of the main pump HM-3600-230

7" |AN ie | AN"O™ | AN | H, eq | Yeq Teq

mech mech int

1.085 | 0.44 | 0.04 | 0.041 |1.227(0.707|0.0029

Nonlinear active resistance in modeling of mechani-
cal losses determined by the (7)

2
oy = )
mech AN CONSt A gy var :
mech mech

In addition, expression (8) for consumed power N,
by SM as the sum of the internal power N,,, and power
of mechanical losses AN, is illustrated by the equiva-
lent circuit of CP (Fig. 4)

NSh = Nim + ANmech' (8)

The research made it possible to present a model of
mechanical losses in the CP in the equation (9) (Fig. 5) [8]

AN :ANconSI +ANvar (9)

mech mech mech *

The constant component (at a constant speed of rota-
tion of the wheel) of these losses AN 2o shows the power
capacity of irreversible dissipative losses of disk friction,
friction in bearings and shaft seal friction independent of
flow rate. It is equal to the value of mechanical power
losses in nominal operating mode of CP AN °". . which is
typically less than 5.7 % of the total power consumption
of CP and taking into account the laws of similarity [1] is

defined in the per-unit system as shown in (10)

1 _ nnom
const __ nom __ mech
A]Vmech - Ajvmech - nom (10)
cp
where 773" and 7,0, are coefficient of efficiency and

mechanical coefficient of efficiency of CP in nominal
operating mode respectively.

In addition, in the CP there are variable losses y,”"
caused by deviation of the nominal operating mode, ac-
companied by impact collision of fluid with the working
surface of the blades. They are considered as mechanical

losses because they reflect dissipative heating processes
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Fig. 5. Dependence of mechanical loss AN,,,,.;, of centrifu-
gal pump on flow rate Qy,

in CP. These losses are represented as a quadratic func-
tion as shown in (11)

AN YA _(ANidle _ AN )(QV —1)2, (11)

mech — mech mech

where AN Ze’ih is relative value of mechanical losses in
the idle mode, which can be determined using a scalar
model of CP [7] as shown in (12)

1 __,hom nom

ANdle _ 17V gy, _ AN idle (12)

mech — nom int
NMcp

where 7/" " is nominal angle of CP load, which at first
approximation depends on a specific speed coeficient #;
of CP [7] as shown in (13)

n
7" 20475 14— |, (13)
100

where N i'm and AN i';‘{le are values of internal power of CP
in the current mode and idle mode [8].

Obviously, non-impact flow of fluid in the impeller
of CP AN, °, =0 occurs in the nominal operating mode
only. This approach is due to the fact that a change of
pressure losses of CP increases almost linearly when de-
viation from the non-impact mode happens, which de-
termines the change in power losses for parabolic law of
the second grade [8].

Table 3 includes calculated dimensionless parameter
values 7", AN ;felih , AN and AN, i'f]‘ile with basic
nominal parameters of main pump HM-3600-230.

Formulas (6—13) show analytical dependence of
power consumption of CP Ny, and efficiency of CP on
flow rate Q, Figs. 6, 7 show a good match between these
characteristics, designed for the pump HM-3600-230
with its experimental specifications [8].

The complex mathematical model of SM should en-
able to estimate the reliability of OPS behavior to control
its operating modes. However, the lack of sufficient statis-
tic data on the frequency and causes of SM failure in dif-
ferent conditions and flow rates does not let to determine
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Fig. 6. Comparison of power consumption Ny, at differ-
ent flow rate values Qy of the main pump HM-
3600-230:

1 — calculated on a model of motor;, 2 — obtained in an
experimental way [8]
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Fig. 7. Comparison of coefficient of efficiency ncp at dif-
ferent flow rate values Qy of the main pump HM-
3600-230:

1 — calculated on a model of motor; 2 — obtained in an
experimental way [8]

the reliability parameters of the motor. Due to this fact we
choose SE static stability factor as a reliability parameter
of SE 7sp, which, as shown in (14), depends on the
pump power consumption N g, from the shaft [9]

N\ max
SM

Vsm =—-1, (14)

NSh

where N gy is the maximum value of electromagnetic
power of SM determined by the formula (15)

2
max Egz;”(allf +ayl  + o)V,
N - - . as)
d

where x, is synchronous inductance of SM; E;;’," is elec-
tromotive force value in the nominal operating mode
[9], as shown in (16); a;, a,, a; are approximation coef-
ficients of the machine idle operating mode characteris-
tic. This characteristic is a dependency of the electro-
motive force on field current of SD.

EgT :\/(l+xd sin¢)2+(xd cos@)’ . (16)

Considering formula (6) equation for ¥ sy is shown
in (17)

66

_ Egi(ed} +cyl ; +¢)U

swillep
pe0, Hy x,

Vo L. (17)

Obviously, the reliability parameter of SM depends
on the efficiency of CP 5p, which is determined by the
method given above. Figs. 8, 10 illustrate the equation
(17) for PU “CTJ1-2500-2” and “HM-3600-230". Since
Vsy = in the idle operating mode, for clarity the pa-
rameter is normalized (changes in range from 0 to 1) by
dividing by its maximum value yg,, ; at @, = 0.1

) Vsm
Vsm = .

Vsmo,1

In order to formalize the model of CP reliability we
use the parameter 7p , which depends not only on dura-
tion of work of the pump, but also on its operating mode
[2] (Fig. 9), which is determined by flow rate Q,. Work of
CP when flow rate is not optimal, causes a significant re-
duction of reliability of the pump. Mechanical problems
occur such as failure of bearings, mechanical seals, shaft
breakage and increased vibration and so on.

Reliability of CP should be considered in three oper-
ating modes [2]: 1) operating when flow rate is minimal
when starting the pump; 2) underloaded operating
mode. In the area 2.1 cavitation is possible; in areas 2.2
and 2.3 recirculation of flow in inlet and outlet of the
impeller is possible. As a consequence a significant re-
duction in the reliability of the pump occurs; 3) over-
loaded operating mode, which is characterized by the
growing energy consumption, reducing of efficiency
and instability of SM.

According to Figs. 8, 9 scale of reliability parameters
of SE and CP varies from 0 to 100 % (or from 0 to 1 in
the per-unit system). The value equal to 1 indicates the
best operating mode for PU, defined by minimum value
of vibration, temperature of bearing and other parame-
ters on which a durability of CP and SE depends. Thus,
the value equal to 1 does not mean endless time of work
without failures, but values of reliability parameters of

yéM 3%
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Fig. 8. Calculated dependence of reliability of the elec-
tric motor CT/[-2500-2 on flow rate of the pump
HM-3600-230
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Fig. 9. Dependence of the reliability parameter of cen-

trifugal pump Ycp on flow rate Qy

CP and SE less than 1 cause a decrease in their durabil-
ity. Zero values of parameters 7 u and 7¢p do not mean
failure of PU, but indicate that these conditions should
be avoided [10].

We obtained four parameters of efficiency and reli-
ability of PU. Their dependence on flow rate Oy can be
represented as graphic (Fig. 10). In addition, these de-
pendencies can be approximated by polynomials of the
third grade as shown in (18)

Noy =0y + 0,05 +a,0, +a,
Nep =b,0p +5,07 +b,0, +5,
Ysu =60y +6,05 +¢,0, +c,
Yep =40y +d,0 +d,0, +d,

(18)

Coeflicients for the motor “CTJI-3200-2” and pump
“HM-3600-230" are represented in Tables 4 and 5 re-
spectively. Obviously, during the pumping of fluid, max-
imum values of efficiency and reliability parameters
should be reached. However, this cannot be achieved
simultaneously (Fig. 10), because extreme values of
these parameters are achieved for different values of flow
rate Q). Thus, in the future it will be necessary to solve
the problem of PU operating modes optimal control on
the criteria of efficiency and reliability involving meth-
odologies of multi-optimization (optimization block of
structural and functional scheme shown in Fig. 2).

Conclusions.

1. Modeling of operating modes of PU of OPS
should be based on a systematic approach and using ef-
ficiency and reliability parameters of SM and CP.

2. Mathematical models of efficiency and reliability
as polynomials of the third grade are formalized and
their values for PU “CT/-2500-2” and “HM-3600-
230> are calculated.

3. Extreme values of parameters of efficiency and reli-
ability of SM and CP are achieved at different flow rate
values, which requires multi-objective optimization stud-
ies for finding the best operating mode of PU.
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Fig. ],0. Efficiency and reliability parameters of SM (nsy,
Vsm) and CP (nep, yop) at different flow rate values
Oy of PU “CT/I-2500-2” and “HM-3600-230"

Table 4

Estimated values of coefficients of approximation
of efficiency and reliability polynomials for the electric
motor “CTJ1-2500-2”, which drives the pump

“HM-3600-230”
Parameter | Value of coefficient of approximation
Efficiency of a a as a4
SM, ngy 5.556 | -19.673 | 21.819 90.11
Reliabiligy of C %) C3 C4
SM, 7su | -53.316 | 148.435 |-192.465| 117.801
Table 5

Estimated values of coefficients of approximation
of efficiency and reliability polynomials for the pump
HM-3600-230, driven by the electric motor

“CTHO-2500-2”
Parameter Value of coefficient of approximation
Efficiency of b, b, bs by
CP, n¢p -24.306 | -33.929 | 143.234 | 1.381
Reliability of d, d, ds dy
CP, yep 1333 -5971 7455 -2743
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Meta. CTBOpeHHSI MaTeMaTUYHOI MOoJieNi ePeKTUB-
HOCTi It HaxiftHocTi po6oTn HacocHoro arperata (HA)
HadTonepekauyBaibHOi cTaH1ii (HITC) Ha ocHOBI cu-
CTeMU BiTHOCHMX OAMHUIIb i METOA0JIOTIT CUCTEMHOTO
MiOXody, IO MICTUTh €IEKTPUYHY, TiApaBIiuyHy i Me-
XaHIYHY MiICUCTEMHU Ta BifoOpaxae eHepreTUYHi BXO-
IU-BUXOIM BinueHTpoBoro Hacoca (BH) i cuHxpoHHO-
ro asuryHa (CJI).

Metomuka. Po3po6ieHi mMarematuuHi monmeni HA
HIIC gk o6’exra KepyBaHHSI, CHHTE30BaHi Ha OCHOBI
CHCTEMHOTO TIiIXOMy 3 YpaXyBaHHSIM BIUIUBY iX pexKM-
MiB poboTH Ha HaxiliHicTh i epekTuBHIicTH CJI Ta BH.
Lle nano 3Mory BU3BHaYUTU ONTUMAaJbHI peXKUMU POOO-
™ HA HIIC i po3pobuTn 3axomu IS X peaizailii.

Pesyabrat. Ha ocHOBI cuctemHoro nigxony cop-
moBaHa Monenb HA HIIC sx enqmHOi cucteMu 3 Tmi-
cUCTeMaMHM Pi3HOI (izuuHOI TIpupoau. MaTeMaTuyHa
Mozenb edextuBHOCTi i HapiitHocTi CII i BH dopma-
JIi30BaHa y BUIJISAAL TIOJIHOMIB, pO3paxoBaHi YMCIOBI
3HaueHHs iX KoedilieHTiB. BcTraHOBIEHO, 1110 eKCTpe-
MaJibHi 3HaY€HHS$ MOKAa3HUKIB e(PEKTUBHOCTI i Hamili-
HOCTI IOCSTalOThCS 3a Pi3HUX 3HAY€Hb BUTPATHOTO Ha-
BaHTaXXEHHS, 1110 BUMarae 3aJlydeHHsI METOiB Oarato-
KpUTEpiaabHOI ONITUMI3alIii.

HaykoBa HoBu3Ha. Ha oCHOBi CUCTEMHOTO MiIXO1y
¢opmMmainizoBana marematuuHa moaeab HA HIIC, mo
Jla€ MOXJIMBICTb ypaXyBaTW BIUIMB 3MiHU PEXUMY PO-
6ot HA Ha moxa3HuKu e(heKTUBHOCTI i HaliliHOCTI
poootu CJI i BH. BcraHoBieHo, 1110 eKcTpeMasbHi
3HAYEHHS MOKa3HUKIB e(eKTUBHOCTI i1 HafiliHOCTI CJ1
i BH nocsratorbcs 3a pi3HUX 3HaUY€Hb BUTPATHOTO Ha-
BaHTaXKEHHSI.
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IIpakTuuna 3HauuMicTh. CTBOPEHHSI MAaTeMaTUYHUX
MOJeIei, 110 JIO3BOJISIOTh OLIIHUTU BILJIUB 3MiHU BU-
TpatHoro HaBaHTaxXeHHs HIIC Ha moxka3sHuku edek-
TUBHOCTI 1 HaniitHocTi poootu CJI i BH 3 meToro Bu-
O0opy onTtuManabHOro pexumy poootu HA HIIC 6e3
MIPOBEICHHS JOPOTUX HATYPHUX €KCIICPUMEHTIB.

Kmouosi cioBa: cunxpounuii deueyH, éidueHmpoguii
Hacoc, mamemamu4Ha Mooenb, HAdilHicMb, egheKxmus-
Hicmb, onmumizayis

ens. CozpaHue MaTeMaTU4ecKo Moaeau 3 hek-
TUBHOCTH M HaJIeXKHOCTU pabOTHI HACOCHOTO arperara
(HA) nedrenepekaunBarorieit cranunu (HITC) Ha oc-
HOBE CHUCTEMbl OTHOCUTEJbHBIX €AUHUI] U METOM0JI0-
TMU CUCTEMHOTO ITOAX0Ma, KOTOpasi CONEPXUT dJIeK-
TPUUECKYIO, TUIPABINICCKYIO 1 MEXaHUIECKYIO TTOMI-
CHCTEMBbI M OTpaXaeT SHEPreTUIECKUE BXOIbI-BbIXOIbI
1eHTpoobexxHoro Hacoca (LIH) u cuHxpoHHOro nBura-
tens (CI).

Metomuka. PazpaboTaHbl MaTeMaTUUECKUE MOACIU
HA HIIC xak obbekTa ynpajieHUs], CHUHTe3UPOBaH-
Hble HA OCHOBE CUCTEMHOTO ITO/IXO/a C YYETOM BIIMSI-
HUSI UX PEKUMOB pabOThI Ha HAIEXXHOCTb U 3(P(PeKTUB-
Hocth CII u LIH. DTo mo3Boanio onpeaennuTb ONTU-
MajibHble pexuMbl padbotel HA HIIC u paspaborath
MeEpHI 110 MX peaTn3allii.

Pe3ymbTatel. Ha ocHOBe cucteMHOTO 11oax0ma co-
pmupoBaHa Moaeib HA HITC kak eqnHOI CUCTEMBI C
MOICUCTEeMaMH Pa3INdYHON (DU3MYECKOl TPUPOJIHI.
MaremaTtndeckast Moneib 3(h(EeKTUBHOCTA 1 HAIEXK-
Hoctu C[ u LIH ¢popmanu3oBaHa B BUIe MOJMHOMOB,
paccuMTaHbl YMCJIOBBIC 3HAYEHUS WX KO3(GhUIINEH-
TOB. YCTaHOBJICHO, YTO SKCTpeMaIbHbIC 3HAUCHMUS T10-
KazaTesneil 3(pHEeKTUBHOCTM M HAOEKHOCTU JOCTUTA-
I0TCSl TIPU Pa3HbIX 3HAUCHUSIX PACXOMHOW HArpy3KHu,
4TO TpeOyeT MPUBJICUYCHUS METOHOB MHOTOKPUTEPU-
aJIbHOM ONTUMU3AIINN.

Hayunas HoBu3na. Ha ocHoBe crcTeMHOro nomxoaa
dopManuzoBaHa matemaTuueckyto moaeab HA HIIC,
KOTOpasi JacT BO3MOXKHOCTb YUECTh BIMSHUAC M3MEHE-
Hug pexxnma padborsl HA Ha mokaszatenu 3¢ deKTns-
HocTu U HaaexHoctu padotsl CJI u I1H. YcraHosne-
HO, 9TO SKCTpeMajbHbIC 3HAUYCHUS ToKa3areieit ad-
dextnBHOCTH 1 HagexHocTu CJI u LIH mocturaroTcs
MPU Pa3HbIX 3HAYEHUSIX PACXOIHOI HArpy3KHU.

IIpakTnyeckas 3HaunMocth. Co3maHue MaTeMaTH-
YeCKUX MOEIIei, KOTOPHIC TIO3BOJISTIOT OLICHUTh BITHSI -
HUe u3MeHeHus1 pacxogHoit Harpy3ku HITC Ha moka-
3aTean 3¢ GEeKTUBHOCTU U HaaexXHocTu padotsl CJ1 u
LIH c uenbio BbIOOpa ONTUMATBHOTO peXrUMa padoThI
HA HIIC 6e3 npoBeneHust JOPOTOCTOSIIIIMX HATYPHBIX
SKCIEPUMEHTOB.

KitoueBble ciioBa: cuHXpouHbLil dgueamens, UeHmMpo-
bedcHblll Hacoc, mamemamuyeckas Mooeab, Haodexic-
Hocmb, 3hgheKkmugHOCMb, ONMUMU3AYUSL
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