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Purpose. Determination of the optimum law of control for locking and regulating valve electric drive, provid-
ing change in pressure in hydronetwork within the admissible limits and minimum time of pipeline valve control
in emergencies at forced outage of the power supply system.

Methodology. A control method for locking-and-regulating pipeline valve electric drive has been substanti-
ated taking into account the nonlinear dependence of the stopcock hydraulic resistance coefficient on a relative
degree of the stopcock opening. Using the telegraph equations apparatus and finite element method, a mathemat-
ical model of a pump complex has been worked out taking into consideration wave processes in the hydronetwork,
which occur during control of pipeline valves with electric drive. Applying the dynamic programming method, the
optimum law of control of the stopcock electric drive for the pump complex emergency operation modes has been
determined.

Findings. It has been proved that generation of irregular control of pipeline valves with electric drive is an ef-
ficient method for reduction of dynamic loads in the pump complex. A quality criterion for a closed electrome-
chanical system of dynamic load reduction in a pump complex has been offered. Weight coefficients at quality
criterion components in its emergency and operating modes have been substantiated. An optimum law of control
of the valve frequency-controlled electric drive has been determined. This law provides change in pressure in the
hydrosystem within admissible limits and the most rapid control of pipeline valves in emergencies.

Originality. Expediency of developing an irregular law of locking and regulating pipeline valve electric drive
has been theoretically proved which takes into account nonlinear dependence of the stopcock hydraulic resistance
coefficient on a relative degree of opening at the whole interval of its actuator movement. For the first time a math-
ematical model of a pump complex has been proposed allowing research of the influence of various laws of pipe-
line valve control on the value of pipeline network dynamic loads caused by occurrence of surges in its emergency
and operating modes.

Practical Value. A structure of an electromechanical system of reducing dynamic loads in a pipeline network
on the basis of a locking and regulating valve frequency-controlled electric drive with a standby power supply has
been substantiated. It will allow eliminating inadmissible pressure growths in the hydrosystem, extending manu-
facturing equipment life time, improving reliability and efficiency of pump complex functioning in emergencies.

Keywords: pump complex, dynamic loads, forced outage of power supply, pipeline valves, frequency-
controlled electric drive, optimum control law

Introduction. Processes accompanied by surges,
pressure pulsations, cavitational self-oscillations, equip-
ment vibration, etc. inevitably occur in a hydrosystem
during operation of pumping plants (PP), and varia-
tion of their operating conditions. The mentioned
phenomena can be caused by a number of factors: fail-
ure of operating pumping units (PU) electrical supply;
check valve response, rapid shutting or opening of
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safety or locking and regulating valves; periodic stops,
repeated starts as well as pumps commutation switch-
ing; disconnection or connection of a heavy consum-
er, etc.

Analysis showed that 60% of pipeline destruction is
due to surges, pressure drops, equipment vibration
caused by jumps and pulsating character of pressure
variation in the pipeline. Breaks of water supply net-
works take place particularly often when PP renews
water supply after emergency disconnections in power
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networks where pressure oscillation is 5—7 times as
large as admissible values. Such conditions result in
reduction of pipeline valve lifetime, failure of pump
outfit, pipeline network breaks and considerable fi-
nancial expenditure for elimination of the conse-
quences of the breakage.

The existing state of affairs is conditioned by the
lack of reliable and efficient means of protection
against surges and pressure pulsations. The conven-
tional hydro-protective valve system based on safety
and check valves, dampers without dissipative ele-
ments, liquid dump valves, etc. does not meet the re-
quirements of technological reliability; it responds
when the breakage has occurred and results in prema-
ture wear of equipment.

Sufficient attention has been paid to the problem of
research of surges, the analysis of wave processes in a
pressure pipeline system [1—5]. Papers [2—5] contain
a comparative characteristic of counter-surge valves
used in pipeline networks. The main drawbacks of
such control means include:

- bulkiness of the design and impossibility of con-
siderable decrease of pressure oscillation amplitude
when air chambers, receivers, liquid dump valves, etc.
are installed;

- lack of the possibility of smooth variation of the
flow rate, taking into consideration nonlinear depen-
dence of the valve hydraulic resistance coefficient on
the relative rate of its opening;

- uncontrollable valves at sudden power interrup-
tion at the pump plant.

In this connection, it is expedient to develop pipe-
line valve control systems providing decrease in dy-
namic loads in pump complexes and improved reliabil-
ity of technological equipment operation in emergency.

Presentation of the main research and expla-
nation of scientific results. Pipeline valves make the
most significant element of pump complex techno-
logical equipment and function as protective, safety
and regulating means. The control of pump complex
valves influences the character of transient processes
in the hydrosystem.

To exclude increased dynamic loads under the
mentioned conditions, an electromechanical system of
decreasing dynamic loads (ESDDL) has been devel-
oped on the basis of variable-frequency electric drive
(ED) of locking and regulating stopcock with a standby
power supply (Fig. 1). Such a system can be used for
valve control under both usual (operating) conditions,
when head or capacity is regulated according to the
current water consumption, and under emergency
conditions connected with sudden electric power out-
age, and occurrence of surges.

This system includes: locking and regulating valves
LV installed at the centrifugal pump CP output with a
drive induction motor IM1; a frequency converter FC
connected to valve drive induction motor IM2 whose
shaft is connected to valve spindle through reducer R;
head sensors HS and flow sensors FS installed in the
pump flow tube; position sensor PS of pipeline valve
locking device LV; mains voltage sensor MVS; unin-
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Fig. 1. Functional diagram of electromechanical
system of decreasing dynamic loads

terruptible power supply UPS; power switch PSw,
control device CD.

To reduce dynamic loads in pump complex at sud-
den power supply outage the system switches the pow-
er of the stopcock variable-frequency electric drive to a
standby power supply.

The dependence of hydraulic resistance coefficient
&, on the relative rate B of valve opening is the main
characteristic of the pipeline valves influencing the
character of transient processes in the hydrosystem

&, (B)=A((1/B)-1)" +B((1/B)-1)"+&. (1)

It follows from analysis (1) that the variation &,(p)
is of nonlinear character: a considerable growth of hy-
draulic resistance coefficient &, occurs at the section at
B < B, where B, is threshold value of relative rate of
opening depending on the type of pipeline valves.

Formation of irregular stopcock opening (shutting)
is an efficient way of reducing dynamic loads in pump
complex

B(r)=1-(1/1,)"". 2)

At section p > B, stopcock actuator moves with
spindle rotation frequency equal to ®,; at section <
B.- it moves with the rotation frequency of ®, < ®,.

In (1) and (2): B is a relative rate of pipeline valves
opening, A, B, C, D are approximation coefficients
depending on the pipeline valve type; & is the hydrau-
lic resistance coefficient when valves are completely
open (B = 1); n is the intensity coefficient of pipeline
valve control (n = 1); ¢, £, are current time and time of
valves complete shutting, respectively, s.

Fig. 2 contains dependences of head relative in-
crease Ah=AH/AH,, on the control intensity coeffi-
cient n, where AH, AH,, are head increase at the as-
signed value n and direct surge, respectively, m. In this
case time 7, of valves complete shutting is multiple of
the period of pressure oscillation distribution along the
pipeline network, equal to surge phase 7.

The analysis of the obtained curves demonstrated
that at » = 1 + 7 considerable dynamic loads occur in
the hydrosystem. These loads are characterized by
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Fig. 2. Dependence of head relative increase Ah
on coefficient n of the valves control intensity

sharp change of pressure in the pipeline network, often
exceeding the nominal value by 60 + 90 %; at n =7 + 20
pressure in communications network varies within ad-
missible limits up to 20 + 25 % of the nominal value.

To research dynamic processes in pump complex
hydronetwork with different control of pipeline valves,
a mathematical model of a pump complex with a stop-
cock adjustable induction ED was created. The model
block diagram is shown in Fig. 3.

The pump is presented by an equation of the type

H,=H\V, -R,0, (3)

where H,, H), are head at zero pump capacity and at
the pump impeller output, respectively, m; R, is pump
internal resistance, s*/m’; v, = ©,/0,, is relative fre-

quency of pump impeller rotation; ®,, ®,, are current
and nominal pump rotation frequencies, respectively,
-1
s
Pipeline network is described by telegraph equa-
tions known from [6]

o 10 1 ool

ox gS ot dS® 2g
2
Jt g8 dx

where H = p/(pg), O is piezometric head and flow of
liquid in the current section of the pipeline, respective-
ly, m, m’/s; p is pressure, Pa; .S = nd?/4 is cross-sec-
tional area, m?; d is pipeline diameter, m; A is the di-
mensionless coefficient of the pipeline resistance; c¢ is
speed of surge wave or sound propagation in the operat-
ing environment, m/s; p is operating environment den-
sity, kg/m?; g = 9.81 is gravitational acceleration, m/s>.

System (4) was solved by means of the finite ele-
ment method enabling one to pass from partial deriva-
tive equations to difference analog and present a pipe-
line network as a finite number of sections with equal
parameters [7]. Then equations of head and flow for
the i-th section are

; C))

H,-H,_ +10 in

/ dt
dH, +c0Qi_Qi—1
dt /

+1,0/0=0
: )

=0

where /= L/N is pipeline section length, m; L is pipe-
line network length, m; A is the number of sections
into which the pipeline is divided; r, = 1/(2g5°d), I, =
= 1/(gS), ¢, = ¢*/(gS) are specific parameters of the
pipeline section, s>/m°, s2/m*, m™'; H,=h +h_, O,
H._ =h_+h ,Q,  arehead and flow at the output
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Fig. 3. Block diagram of a model of pump complex with adjustable valves
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and input of the pipeline /-th section, respectively, m,
m?’/s; A = 0.11(k/d) is the pipeline resistance coeffi-
cient; k is pipe roughness, m; hsf’hs,-,l stand for the

height of the beginning and the end of the i-th section in
relation to the pump axis, respectively, m; 4; = p;/(pg),
h;_y=p;_1/(pg) stand for absolute head at the output
and input of the pipeline i-th section, respectively; p;,
p,_are absolute pressure at the output and input of the
pipeline i-th section, respectively, Pa.

Regulating stopcock is described by expression (1)
wherein a relative rate of the stopcock opening is equal

to B = ¢,,/(2nz), where @, = stp(t)dt is a current
0

angle of the valve spindle rotation, rad; wg, = oy/f is
current rotational frequency of the valve spindle, s';
oy is current rotational frequency of the drive motor
shaft, s!; i is an angular speed ratio of the stopcock
ED reducer; z is the number of turns necessary for
stopcock complete shutting.

Pipeline valves in the model (Fig. 3) are installed at
the last section of the hydronetwork to provide the
necessary values of the head H, and flow Q. at the
consumer’s. The head at the stopcock output is

H,(1)=(R,(D+R,)0.,®), (6)

where R, = (H o —h ) / Q. is the consumer’s nominal
hydraulic resistance, s*>/m>; H,,, Q., are respectively,
nominal head and flow in the consumer’s network, m,
m/s*; R(?) = £,(B(?))/(2gS5?) is stopcock hydraulic re-
sistance, s2/m°.

The consumer is described by a hydraulic charac-
teristic of the type

Hc _hs = chch’ (7)

where H,, O, are head and flow in the consumer’s net-
work, respectively, m, m’/s; A, is static head in the
pipeline system, m.

A pump complex with the following parameters
was taken for modelling: pump nominal head H,, =
=100 m, operating environment flow rate v = 1.4 m/s,
a consumer’s hydraulic resistance R, = 52 s>/m’; the
length L = 5000 m and the diameter d = 1.2 m of the
pipeline; the number of pipeline sections NV = 20, surge
velocity ¢ = 1000 m/s, the number of turns of regulat-
ing stopcock spindle for its complete shutting z = 28.
Specific parameters of each pipeline section were: 7, =
=0.000162 s2/m°, [,=0.0901 s>/m?, ¢,=90 132m™". An
induction motor AOC2-41-4U3 with nominal power
of P, =15.2 kW and reducer with gear ratio of i = 250
was chosen as a regulating stopcock ED.

Fig. 4 shows plots of time variation of the head
H,(7) at the pump output and H,(7) at the stopcock at:

uniform shutting (curves 1 and 3, Fig. 4) with in-
variable frequency of induction ED supply voltage
equal to 50 and 20 Hz, respectively;

irregular shutting with voltage frequency of induc-
tion ED supply equal to 50 Hz at section 0.1 < < 1
and 20 Hz at b < 0.1, respectively (curve 2, Fig. 4).
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Fig. 4. Pump complex transient processes diagrams
obtained on the basis of a mathematical model
at even closing of the valve with the voltage fre-
quency of asynchronous electric drive constant
supply equal to 50 (curve 1) and 20 Hz (cur-
ve 3), respectively, and at uneven closing with
asynchronous electric drive supply voltage fre-
quency equal to 50 Hz at section 0.1 <B <1 and
20 Hz at 3 <£0.1 (curve 2):

a — stopcock opening degree variation curves; b —
pipeline network head variation curves

It can be seen from the analysis of the obtained
curves that stopcock uniform control (curve 7, Fig.4)
is accompanied by rapid growth of pressure at the
stopcock; its value is twice as large as the pump nomi-
nal head. Decrease in supply voltage frequency at
B = 0.1 results in reduction of the head down to the
value of 1.4 H,,, and increase in valve control time up to
maximum value of 7,5 (curve 3, Fig. 4).

During the irregular control of the valves (curve 2,
Fig. 4), valve shutting time 7, reduces by several
times, which is especially important in emergency
conditions connected with sudden electric power out-
age in pump complex and occurrence of liquid back-
flow. In this case the pressure in the pipeline network
does not exceed the value of 1/,

Pipeline valves ED control results in pressure re-
duction at an irregular rate of shutting at the section
when £ 0.1 and in a considerable decrease in resist-
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ance moment, which is provided by reduction of fre-
quency of voltage supplied to the stopcock induc-
tion ED.

In [8] methods of determining the electric motor
power and gear ratio of the reducer of variable fre-
quency electric drive of pipeline valves are proposed.
These methods are based on:

- taking into account nonlinear dependences of hy-
draulic &,(B) and mechanical M (B, f) characteristics
of regulated pipeline valves;

- meeting the condition of eliminating the moment
overload and inadmissible overheating of the stopcock
induction motor;

- providing minimum time values of pipeline valve
control and head increase in the hydronetwork when
surge in the system is impossible.

The above stated made it possible to decrease the
electric motor power and gear ratio of the reducer con-
tained in the stopcock variable-frequency ED, provid-
ing pressure change in the pipeline within admissible
limits. Later on induction motor 4AC90L4U3 with
nominal power of P, = 2.4 kW and reducer with gear
ratio of 7 = 91 were considered for research.

When closed ESDDL was created and optimal tra-
jectory of pipeline valve control was determined, a
quality criterion was offered. It provides minimization
of dynamic loads in hydrosystem and operative control
of pipeline valves in emergency (contingency) situa-
tions

1,

J= j(v (£)Ah(r)+kAt)dt — min, (8)

where v,(7) = o(7)/my(?) is stopcock induction ED rela-
tive speed; w(7), wy(7) are current and synchronous
speeds of stopcock ED shaft, respectively, s™'; Ak(f) =

:(H (n-H, ) / AH , is relative increase of head at

the stopcock; H », is head in the pipeline in the steady
state before stopcock shutting, m; H() is current head
at the stopcock, m; AH;, stands for head increase at a
direct surge (maximum head increase at the stopcock
shutting), m; A7 = (¢ — 1y)/m.x 1S relative time of stop-
cock shutting; #, £, are the current time and moment of
the beginning of stopcock shutting, s; 7, is maximum
time of shutting at minimum value of stopcock electric
drive supply voltage frequency, s; £k = 0...1 is the coef-
ficient taking into account the significance of the qual-
ity criterion component Afz.

Search for an optimum law of pipeline valve con-
trol corresponds to such ED supply voltage frequency
Jo dependence on relative rate § of its opening at which
minimum value of the quality criterion is provided. To
find this law a dynamic programming method was
used. This method enables control optimization at
each stage of measuring relative rate § of opening pipe-
line valves thus eliminating complete analysis of all
possible variants of control.

As to the problem considered in the paper, a search
procedure for the optimum law of regulating stopcock
ED control (Fig. 5), where at every stage of measuring
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Fig. 5. Search procedure for optimum law of stop-
cock electric drive control

B there occurs either decrease of supply voltage fre-
quency (diagonal sections) or it remains unchanged
(vertical sections), has been proposed. Quality criteri-
on increase is shown for each section

A‘I:Jm_‘lm—ls (9)

where J,,, J,, _ are values of quality criterion at the
following m and the previous (m — 1) stages, respec-
tively.

Search for the optimum control law is performed in
reverse time direction — from point S| at complete
shutting of the stopcock (f = 0) to point .S, corre-
sponding to its complete opening (f = 1). According to
the dynamic programming principle, minimum values
of the quality criterion obtained at an optimum con-
trol are stated at each stage at a certain value of 3, start-
ing from the current point and finishing with final .S).
In Fig. 5 bold arrows show the optimum law of stop-
cock ED control for a hydrosystem where maximum
allowed head increase is AH ,,, = 40 m.

Fig. 6 contains time variable curves of the relative
rate of stopcock opening (a) and pressure in the pipe-
line network (b) in an open system when nonadjusta-
ble ED is used (curve 7) and a closed system with an
adjustable ED at optimum (curve 2) and intermediate
(different from the optimum one, curve 3) control
laws, respectively.
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Fig. 6. Time variable curves of the relative rate of
stopcock opening (a) and pressure in the pipe-
line network (b) according to different laws of
stopcock electric drive control

Use of nonadjustable ED of pipeline valves (cur-
ve 1, Fig. 6) is accompanied by the highest excess of
the head AH, =99.04 m in the hydrosystem with max-
imum time of valves shutting 7,;,, = 320 s. At the opti-
mum law of stopcock ED control (curve 2, Fig. 6) the
lowest increase in pressure AH, = 38.5 m is observed
with quicker shutting of the valves 7, = 190 s. In case
of intermediate control law, different from the opti-
mum one (curve 3, Fig. 6) there occurs increase in AH
by 35.7 % compared with AH,; time of stopcock con-
trol practically does not change.

The results of pump complex ESDDL operation
modelling are confirmed by experimental research based
on a physical model of a pumping facility including [9]:

- two centrifugal pumping units WILLO which can
be connected both in series and in parallel;

- devices for regulation of pump induction electric
motor speed on the basis of LENZE and MITSUBI-
SHI frequency converters, respectively;
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- manifold pipeline network containing horizontal
and vertical pipeline sections;

- locking and regulating valves in the form of man-
ually operated ball cocks and a check valve, respec-
tively;

- receiving tanks for water;

- ZETKAMA regulating stopcock with a rubber-
coated wedge, installed in the pump complex head line
and assigned for change of the complex technological
parameters by alteration of the rate of its opening;

- measuring equipment for registration and control
of technological (OWEN pressure sensors and ER-
GOMERA flow sensors), power (ALLEGRO MI-
CROSYSTEMS current sensors; AVAGO TECH-
NOLOGIES voltage sensors based on galvanically
uncoupled amplifiers; wattmeters) and mechanical
(rotational frequency sensors) parameters of pump
complex operation;

- control and data gathering module in the form of
an A-to-D and D-to-A card with a USB interface
L-CARD.

The experimental facility makes it possible to solve
a whole complex of scientific-research and scientific-
applied problems [9], one of which consists in the re-
search of influence of pipeline valve ED control on the
values of dynamic loads in a pump complex. With this
purpose in view, regulating stopcock is equipped with
ESDDL (Fig. 7).

ESDDL includes:

- regulating stopcock itself;,

- worm gear motor with a DAVID BROWN cylin-
drical pass, equipped with a three-phase induction
motor;

- MITSUBISHI three-phase frequency converter
enabling one to control the rate and trajectory of stop-
cock shutting by changing supply voltage frequency;

- OWEN control device assigned for indication and
determination of the current rate of stopcock opening
according to the pulse number and repetition interval,
obtained from the sensor situated on the stopcock
shaft;

- actively inductive sensor of the stopcock actuator
position CARLO GAVAZZI providing the possibility

Fig. 7. Regulating stopcock with induction motor
drive
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to form rectangular pulses whose number is propor-
tional to the rate of its opening;

- automated interface converter assigned for read-
ing the values of the current rate of stopcock opening
from the control device by means of a computer.

To analyse dynamic loads in a pump complex at a
sudden outage of pumping unit power supply and
shutting of regulating stopcock the following cases are
considered:

- shutting of the stopcock at uniform control with
invariable frequency f, of supply voltage ( f;, = 40; 20;
10; 5 Hz) along the whole trajectory of shutting;

- shutting of the stopcock at irregular control with
supply voltage frequency f, equal to 40 Hz at section 0.2
<B <1 and variable frequency (5, 10, 20 Hz) at section
p<0.2.

Fig. 8 shows pressure H,(¢) and current 7,,(¢)
curves of IM stator phase for the case of a sudden
pumping unit hitch and stopcock shutting in the head
pipeline under the uniform (a) and irregular () con-
trol. In the former case the supply voltage frequency
Jo(?) is 40 Hz at the relative rate of stopcock opening
0<B < I; when irregular pace is used frequency is 40 Hz
at section 0.2 < < 1, whereas at section 0.2 < < 1 itis
5 Hz. In Figs. 8, 9 the following designations are used:
t, isthe moment of sudden disconnection of the pump-
ing unit from the electric mains; #, is the moment of
connecting IM to the frequency converter and start of
regulating stopcock shutting, corresponding to relative
rate of its opening f = 1; #; is the moment of variation
of IM supply voltage frequency f, corresponding to
relative rate of stopcock opening 3 = 0.2; #, is the mo-
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Fig. 8. Diagrams of pump complex transient processes under different laws of control of the stopcock electric

drive:

a — head variation curves H (t) for pipeline network at even closing of the stopcock with supply voltage frequency
Jo(?) equal to 40 Hz, where 1, 2 are stopcock head variation curves obtained by experiment and by modelling, re-
spectively; b is for variation curves for the stator phase current 1,,(t) (3) and supply voltage frequency fy(t) (4) of the
stopcock IM at its even closing with supply voltage frequency f(t) equal to 40 Hz, obtained by experiment; c is for
pipeline network head variation curves H,(t) at uneven closing of the stopcock with supply voltage frequency f(t)
equal to 40 Hz at section 0.2 <3 <1 and 5 Hz at section 3 < 0.2, where 1, 2 are stopcock head variation curves ob-
tained by experiment and by modelling, respectively; d shows variation curves for stator phase current 1,,(t) (3) and
supply voltage frequency fy(t) (4) of the stopcock IM at uneven closing of the stopcock with supply voltage frequency
Jo(t) equal to 40 Hz at section 0.2 <B <1 and 5 Hz at section 3 <0.2 obtained by experiment
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ment of the highest increase of pressure AH in the
pipeline network, corresponding to practically com-
plete shutting (B ~ 0) of the stopcock; 7 is the moment
of IM disconnection from the frequency converter and
finish of regulating stopcock shutting , corresponding
to relative rate of its opening 3 = 0.

Fig. 8 shows pressure curves H,(7) obtained by ex-
periment using a pumping unit physical model (cur-
ve 1) and by modelling (curve 2).

Indices of transient processes at different stopcock
control are given in Table.

Table

Indices of transient processes in the pump complex
under different stopcock control

Control Supply voltage Shutting Increase AH
method | frequencyf,, Hz | time#,,s | inthe head, m
40 5.6 19.62
20 10 8.3
uniform
10 17.4 3.9
5 34 1.6
40; 20 6.2 8.3
irregular 40; 10 8 3.9
40; 5 9.7 1.6

The analysis of the obtained results demonstrated
that at uniform shutting of the stopcock, when supply
voltage frequency is 40 Hz, pipeline network pressure
is 2.5 times as high as the pump nominal head. When
pipeline valves are controlled at supply voltage fre-
quency of 5 Hz, pressure is 12-fold higher, but shutting
time is six fold larger. Irregular control is optimum. In
this case supply voltage frequency is 40 Hz at section
0.2 < B <1 and 5 Hz at section 3 < 0.2. Pressure in-
crease is inconsiderable AH = 1.6 m, and valve shutting
time decreases by 3.5 times compared with the last
analysed case.

The obtained experimental characteristics of the
pump complex under different methods of locking-
regulating pipeline valve control confirmed the expe-
diency of stopcock electric drive irregular control en-
abling elimination of pipeline head pulsations causing
surges.

Conclusions. A method of reducing the dynamic
loads in a pump complex has been offered under both
operating and emergency conditions by means of
forming an irregular rate of locking and regulating
valves control.

A structure of electromechanical system of dynam-
ic loads decrease in a pipeline network on the basis of
locking and regulating stopcock variable-frequency
electric drive with the use of uninterruptible power
supply has been grounded. The system makes it possi-
ble to exclude inadmissible pressure increase in the
hydraulic network when the pipeline valves are closed
at the quickest rate.

ISSN 2071-2227, HaykoBui BicHuK HI'Y, 2016, N 3

An optimum law of stopcock variable-frequency
electric drive control has been determined. This law
provides minimum dynamic loads in the hydronet-
work and the quickest pipeline valve control in emer-
gency (contingency) situations.
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Meta. BuzHaueHHSs1 ONTUMAJILHOTO 3aKOHY Kepy-
BaHHS €JEeKTPOIIPUBOIOM 3allipHO-PEryJroJol 3a-
CYBKH, 1110 3a0e3Ieuye 3MiHy TUCKY B TiIpoMepexi y
MPUITYCTUMUX MeXKax i MiHiMalbHUI Yyac KepyBaHHS
apMaTypolo B aBapiliHUX CHUTYyallisIX 3a paIrTOBOIO
BiIKJTIOYEHHST EHEPToITOCTa4aHHS CUCTEMMU.

Mertonuka. OOrpyHTOBAaHO METONI KEpyBaHHS
€JIEKTPOINPUBOIOM 3aIipHO-PeryJ/owdoi Tpyoomnpo-
BiIHOI apMaTypu 3 ypaxyBaHHSM HeJIiHiHHOI 3amex-
HOCTi KoeillieHTa riIpaBIidYHOro OMOpY 3aCyBKU Bill
BiTHOCHOTO CTYTCHS il BiIKPUTTS. 3 BUKOPUCTAHHSIM
amapaty TeserpadHIX PiBHSIHB i METOIY KiHIICBUX eJIe-
MEHTIB po3po0JjieHa MaTeMaTUYHa MOAEIb HACOCHOIO
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KOMIUIEKCY, 1110 BPaXxOBY€ XBWJIbOBI MPOLIECU B TiapO-
MepeKi Mpy KepyBaHHi TpyOOIPOBiIHOI0 apMaTypoIo 3
enexrpornpuBogoM. IIIIsIxoM BUKOPUCTAHHS METOLY
IMHAMIYHOTO MPOTpaMyBaHHSI BU3HAYCHO OITHMAJIb-
HUI1 3aKOH KEepyBaHHS €JICKTPOIPUBOIOM 3aCyBKU B
aBapiliHUX peXXuMax poOOTH HACOCHOTO KOMILIEKCY.

PesyasraTn. JloBeneHo, 1110 e(heKTUBHUM CITOCO-
OOM 3HIDKEHHSI IMHAMIYHUX HaBaHTaXeHb y HAco-
CHOMY KOMIUIEKCi € (hopMyBaHHSI HEPiBHOMipHOTIO
KepyBaHHS eJIEKTPOIPUBOIOM TPYOOIPOBiAHOT apMa-
Typu. 3alporoOHOBAHO KPUTEPiil SIKOCTi 3aMKHEHOi
€JIEKTPOMEXaHIYHOI CUCTEMU 3HMXKEHHST TUHAMIYHUX
HaBaHTaXXeHb Yy HACOCHOMY KoMILIeKci. OOGrpyHTOBa-
Hi BaroBi Koe(illieHTW TIpU CKJIAJOBUX KPUTEPIIO
SIKOCTI B aBapiliHUX i eKCIUIyaTaliAHUX peXXrnMax iioro
poboTtu. Bu3HaueHO ONTUMAaNIFHUI 3aKOH KepyBaHHS
YaCTOTHO-PETYJIbOBAaHUM €JICKTPOIIPUBOIOM 3aCyB-
K1, 110 3a0e3rnedye 3MiHy TUCKY B TiIPOCUCTEMI y
MPUITYCTUMUX MeXKaX 1 HaiOiabIl IBUIKE KEpyBaHHS
TpyOOIPOBITHOIO apMaTypPOIO B aBapiliHUX CUTYaLIisIX.

HaykoBa HoBu3Ha. TeopeTUYHO NOBEAEHO J0-
LiIBbHICTh POPMYBaHHSI HEPIBHOMIPHOTO 3aKOHY Ke-
DYBaHHSI €JEKTPOIPUBOIOM 3aripHO-PETyJII0I0U0i
TpyOONpPOBIAHOI apMaTypu, 1110 BPAXOBYE HEMiHiHY
3aJIEKHICTh KoedillieHTa TiapaBiYyHOrO OMOpY Bil
BiTHOCHOTO CTYIIEHIO BiIKPUTTS HAa BCbOMY iHTepBaJTi
nepeMilleHHs 1i podoyoro opraHy. Ymnepiie 3anpo-
MOHOBaHA MaTeMaTHMYHa MOIEITh HACOCHOTO KOMII-
JIEKCY, 1110 JO3BOJISIE JOCIIXKYBAaTU BIUIUB Pi3HUX 3a-
KOHIB KepyBaHHSI TpyOOIIPOBiIHOIO apMaTyporo Ha
BEJIMYMHY AMHAMIYHUX HaBaHTaXXeHb y TPyOOIIpo-
BigHi Mepexi, sKi BUKJIMKAHI BUHUKHEHHSIM Til-
paBIiYHUX yaapiB B aBapiliHUX i eKCIUTyaTaliiiHUX
pexumax oro poooTu.

IIpakTuyHa 3HaYuMicTb. OOIrpyHTOBaHaA CTPYK-
Typa eJeKTPOMEXaHIUHOI CUCTeMHU 3HUXKEHHSI TUHA-
MIYHMX HaBaHTaXeHb Y TPyOOIPOBiNHIN Mepexi Ha
0a3i YaCTOTHO-PETYILOBAHOTO €IEKTPOIIPUBOLY 3a-
MipHO-PETyII0I0Y0i 3aCYyBKH 3 PE3EPBHUM IKEPEIOM
€JICKTPOIIOCTAaYaHHSI, IO TO3BOJIMTH BUKITIOUNTU HE-
NPUNYCTUME NiABUILIEHHS TUCKY B riApoMepexi, Ipo-
JIOBXKUTU CTPOK CIIY>KOM TEXHOJIOTIYHOTO OOJIaHAH-
Hsl, MiABUIIUTU HAMiHICTh i €(EKTUBHICTb (PYHK-
LIiIOHYBaHHSI HACOCHOTO KOMILJIEKCY B aBapiiiHUX pe-
KHMMax poOOTH.

KuirouoBi ciioBa: HacocHuil komnaexc, OUHAMIYHI
HABAHMAJICEHHS, pPaAnmose GIOKAOUYEeHHS eHepeo-
nocmauanHs, mpyoonpogiona apmamypa, 4acmont-
HO-pe2ynbo8aHUil eAeKmponpueod, ONMUMANbHULL
3aKOH Kepy8aHHs

Iens. OmnpeneeHre ONTUMATHLHOTO 3aKOHA YIIPaB-
JIEHUSI DJIEKTPOIPUBOIOM 3alOPHO-PETYIUPYIOLLIEH
3aBIDKKY, OOSCITEYMBAIOIIECTO N3MEHEHNE TaBJICHUS B
TUAPOCETU B JIOMYCTUMBIX Mpeaeiaax U MUHUMAIbHOE
BpEMSI YIIPABJIEHUS] apMaTypOU B aBApUMHBIX CUTYallM-
SIX MPU BHE3AITHOM OTKJIIOYEHUU SHEProcHaOXKeHUs
CUCTEMBI.

Metoauka. OG0CHOBaH METOI YIIPaBJICHUST DJIeK-
TPOINPUBOIOM  3aMIOPHO-PETYIUPYIOLIECH TpyOOIpo-
BOIHOI apMaTypbl C YYETOM HEJIMHEMHON 3aBUCUMO-
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ctu KoabbdUIIMeHTa TUAPABINYECKOTO COMPOTUBIIE-
HUS 3aIBIDKKY OT OTHOCHUTEITBHOM CTETICHH €€ OTKPhI-
mnst. C WCMOJb30BaHMEM amiapara TelrerpadHbIX
YpaBHEHUIT 1 MeTOIa KOHCUHBIX 3JIEMEHTOB pa3pado-
TaHa MaTeMaTHJecKasi MOIeJ b HACOCHOTO KOMILIEKCa,
YUUTHIBAIOIIAST BOJTHOBBIC ITPOIIECCHI B TUAPOCETH TP
VIIpaBJICHUU TPYOOIIPOBOIHON apMaTypOii ¢ DJIEKTPO-
npuBonoM. IlyTem rcrnosib30BaHUs MeTONa TMHAMUYE-
CKOIo MporpaMMHpPOBaHUS OMNpeneaeH ONTUMaIbHbIN
3aKOH YIIPaBJICHUsI 2JIEKTPOIIPUBOAOM 3aIBWKKU B
aBapUIHBIX pexkMaxX padboThl HACOCHOTO KOMILIEKca.

PesyasraTsel. JlokazaHo, 4To 3(MOEKTUBHBIM CITO-
COOOM CHIDXEHMSI TMHAMMYECKMX Harpy3oK B Haco-
CHOM KOMIUIEKCE SIBIIIeTCs (DOPMHUPOBAHNE HEPaBHO-
MEpPHOTO YIIPaBJICHUS SJICKTPOIIPUBOIOM TPYOOIIPO-
BOmHOI apMatyphl. IlpemmtoxkeH KpuUTepuii KadecTBa
3aMKHYTOM 3JE€KTPOMEXAaHUYECKON CHUCTEMBI CHIKE-
HUSI IMHAMWYECKUX Harpy30K B HACOCHOM KOMILIEKCE.
O060cHOBaHBI BeCOBbIe KO (PULIMEHTBI TIPU COCTABISI-
IOIIMX KPUTEPUST Ka4ecTBa B aBapUIHBIX U SKCILTyaTa-
LIMOHHBIX peXrmax ero padotbl. OrnpenesieH OMNTU-
MaJIbHBIII 3aKOH YIIpaBJAEHMUSI YaCTOTHO-PEryIupye-
MBbIM 3JIEKTPOITPHUBOIOM 3aIBUXKKU, OOECTIeUNBAIOLIINIA
W3MEHEHME JaBJIeHUs B TUAPOCUCTEME B JIOITYCTUMBIX
npenenax u Haubosee ObICTPOE yIpaBiieHKe TPyOOoIpo-
BOIIHOM apMaTypoOi B aBapUUHBIX CUTYaLIUSIX.

Hayunast HoBu3Ha. TeopeTrdecKu 1oKa3aHa Iie-
JIecooOpa3HOCTh (POPMHUPOBAHUS HEPABHOMEPHOTO
3aKOHa yIIpaBJIeHUS JIEKTPOIIPUBOIOM 3aIIOPHO-PE-
ryJupymollei TpyoonpoBOIHOM apMaTypbl, KOTOPbIiA
YYUTBHIBAET HEJIMHEHHYIO 3aBUCUMOCTb KO3 MUILIM-
€HTa TUAPaBINYECKOTO COMPOTUBICHUS OT OTHOCH-
TeJIbHOM CTENEeHU OTKPBITUSI HA BCEM MHTEpBaJe Ie-
peMelleHus ee pabouero opraHa. BriepBbie npeaio-
>KeHa MaTeMaTuuyecKast MOJieJIb HACOCHOTO KOMILJIEK-
ca, KOoTopasi MO3BOJSIET UCCAeA0BaTh BIUSIHUE pa3-
JIMYHBIX 3aKOHOB YIIPaBJIE€HUS TPYOONPOBOAHOM ap-
MaTypoil Ha BEJIMYMHY IWHAMHWYCCKUX HATrpy30K B
TpyOOIIPOBOMTHOM CETH, BRI3BAHHBIX BOSHUKHOBECHH -
€M THAPaBINICCKUX YIAPOB B aBAPUIHBIX U DKCILTY-
aTallMOHHBIX PEKMMaX eT0 paOOTHI.

IIpakTHyeckas 3HAYMMOCTb. OOOCHOBaHA CTPYK-
Typa 2JIEKTPOMEXaHUYECKON CUCTEMBbl CHUXKCHUS TH-
HaMUUYECKMX Harpy3okK B TPYOOIIPOBOMHOI CeTW Ha
0aze YaCTOTHO-PEryJupyeMoro 3JeKTPONpuBoaa 3a-
TMOPHO-PETrYJIUPYIOLIENH 3aIBUXKKU C PE3EPBHBIM HC-
TOYHUKOM 2JIEKTPOCHAOKEHUST, KOTOPast MO3BOJIUT UC-
KJTIOYMTH HEIOMYCTUMBIC TTOBBIIIICHUST JABJICHUST B TH-
JIPOCETH, TIPOMJIUTH CPOK CIIY>KObI TEXHOJIOTMYECKOTO
000pyI0BaHMSsI, TIOBBICUTh HAJEXKHOCTb U 3(P(EKTUB-
HOCTh (PYHKIIMOHUPOBAHUSI HACOCHOTO KOMILUIEKCA B
aBapUUHBIX peKMaX paOOTHI.

KimoueBble CJIOBA: HACOCHBLI KOMHUAEKC, OUHA-
Mu4ecKue Haepy3Ku, 6He3aNnHoe OMKAUEeHUe SHeP -
20CHabIICeHUs1, MPYOONPoO8OOHAsl apmamypa, ua-
CMOMHO-pe2yaupyemolii  3I1eKmMponpusood, Oonmi-
MAaAbHbLU 3AKOH YNPAGACHUS

Pexomendosarno 0o nyoéaikauyii dokm. mexH.

nayk O.I1. Yopuum. Jlama nadxo0dxncenns pyKonu-
cy 26.05.15.
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