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OPTIMIZATION OF GENERAL LOSSES OF THE ENERGY
OF THE FREQUENCY-REGULATED PUMPING AGGREGATE
FOR START-BRAKING REGIMES

Purpose. Analytical calculation and optimization of the total energy losses for a frequency-regulated centrifugal
pumping aggregate during start-braking regimes.

Methodology. Variational calculi, mathematical interpolation and computer simulation were used.

Findings. Analytical dependencies are obtained that allow calculating and optimizing the total energy losses of the
frequency-regulated centrifugal pump set in the start-braking regimes. The quasi-optimal form of tachograms and the
optimal values of the acceleration and deceleration time of this aggregate are defined, at which the minimization of its
total energy losses in the start-braking regimes is ensured. Solutions for calculating energy consumption, as well as
hydraulic, electromechanical and energy processes for the centrifugal pumping aggregate are implemented.

Originality. For the first time, analytical dependencies were obtained for calculating the total energy losses of a
frequency-regulated pump aggregate in the start-braking regimes. A “U”-shape type of the dependences of the total
energy losses of a given aggregate on the duration of its acceleration and deceleration time for different velocity trajec-
tories is established. A quasi-optimal trajectory of velocity variation is proposed in the form of a temporal function of
the hyperbolic sine with a variable value of the coefficient in its argument, at which the total losses of the pump ag-
gregate in the start-braking regimes are minimal. A comparison is made of the total energy losses of the pump set for
a quasi-optimal velocity trajectory with known other trajectories for different duration time of the start-braking re-
gimes, which made it possible to estimate the energy saving achieved thereby.

Practical value. Introduction of the obtained results allows reducing to the minimum possible values the unpro-
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ductive energy losses for the centrifugal pump aggregate in the start-braking regimes.
Keywords: fiequency-regulated pumping aggregate, total energy losses, start-braking regimes

Introduction. Taking into account the widespread in-
troduction of speed-controlled pumping aggregates (cre-
ated primarily on the basis of frequency-controlled asyn-
chronous short-circuited engines) in the housing and
utilities sector and industry in Ukraine and other coun-
tries of the world, as well as their operation often in in-
tensive starting and braking regimes (for example, sew-
age pumping stations with the number of inclusions/
shutdowns up to one hundred per day), it becomes rele-
vant and practical to quantify and minimize total energy
loss for these aggregates in the start-braking regimes.

Literature review. From the analysis of domestic and
foreign scientific and technical literature it has been es-
tablished that the overwhelming part of the well-known
publications devoted to the calculation and study of en-
ergy regimes and characteristics of pumping installations,
is limited to consideration of steady-state regimes only: in
[1, 2] — the consumption of active power is estimated
when regulating the speed of a centrifugal pump (CP); in
[2] — the forward and frequency starts of the pump en-
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gine are additionally investigated and compared; in [3] —
power losses in a frequency-regulated CP are investigated
taking into account typical graphs of changes in its load;
[4] analyzes the total power consumption by parallel op-
erating centrifugal pumping aggregates with frequency
regulated asynchronous engines (FRAE), determines the
values of the coefficient of efficiency of the cylinder and
the engine when changing the fluid flow and pump speed,
suggests energy saving management of these pumping in-
stallations; in [5] — a strategy for controlling several par-
allel-speed-controlled pumping aggregates operating in
parallel was developed and investigated, ensuring an op-
timal load-sharing between the pumps, which minimizes
the overall energy consumption of the pumps; in [6] —
the minimization of energy consumption by frequency-
controlled pumping aggregates, achieved by maintaining
the optimum pressure value in these systems, was consid-
ered as applied to land-reclamation irrigation systems; in
[7], for a frequency-controlled pump aggregate used in
the water supply system of a multi-storey building, the as-
sessment of its total active power loss and efficiency when
changing speed and load was made.
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Only completely occasional publications in the well-
known scientific and technical literature are devoted to
the research and minimization of electrical (in the arti-
cle by Arribas J. R., Vega Gonzales C. M. Vector Con-
trol of Pumping and Ventilation Induction Motor
Drives) or electromagnetic [8, 9] energy losses of FRAE
in start-braking regimes. At the same time, in [8] — the
minimization of the main electromagnetic energy losses
ofthe FRAE loaded with PC is carried out by setting the
optimal type of trajectory of the pump speed change in
the start-braking regimes, and in [9] minimizing the
specified energy losses the definitions of the proposed
analytical dependencies and the next task of the optimal
durations of acceleration and deceleration times of the
FRAE loaded with PC are performed. In all of the three
recent publications listed above, the power losses of this
pump are not taken into account when varying its speed
in these regimes. Since, in practice, the power losses of
the pump usually exceed the power losses in the engine,
it is not possible to implement energy-efficient control
of them during the start-braking regimes, without taking
into account the energy losses in the pump aggregate.

Purpose. Analytical calculation and optimization of
the total energy loss for a frequency-regulated centrifu-
gal pumping aggregate under start-braking regimes.

Results. The following assumptions were made:

- the start-braking regimes of the frequency regulat-
ed pump aggregate (PA) were considered with a fully
open throttle valve applied to a hydraulic network char-
acterized by a non-zero value of its static head (back
pressure) and a non-return valve in the outlet of the
pump (which is equal to or less than static head of the
network — closed, and for values of pump head exceed-
ing the static head of the network, — open);

- back valve was taken without inertia;

- when calculating the hydraulic parameters of the
pump and the hydraulic network, a relative system of
units was used (in which the nominal values of the out-
put head and the flow rate of the test pump were taken as
the base values of the head and the flow);

- for the calculation of electromechanical and energy
processes and parameters of the induction engine driv-
ing the pump, the relative system of units common for
asynchronous engines was used [9];

- the automatic control system (ACS) supports the
most common frequency control law for vector control:
with the constancy of the engine rotor flux linkage mod-
ule W, equal to its nominal value [9]; the choice of the
vector control method of the FRAE is due to the need to
ensure fast-acting acceleration and deceleration regimes
with a normalized view of the trajectories of its speed
change (which, as is known, is not achieved with the
scalar control of the FRAE);

- in the total losses of power and energy of the fre-
quency-controlled PA, only the main component of
these losses was taken into account for the engine,
caused by the main harmonic components of its phase
currents and voltages [9];

- the following regimes were researched: acceleration
of PA from zero to nominal ®, speed and deceleration
from nominal speed o, to zero speed (where in calcula-
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tions the value ®, in relative units was assumed to be
equal to a unit: m, = 1 p.u., which corresponds in relative
units to the nominal synchronous speed of the asyn-
chronous engine [9]);

- research studies were carried out for linear, para-
bolic and energy-saving quasi-optimal trajectories of
the speed of PA from [9] (with the parameters of an
asynchronous engine of type AO3-315-4Y3 with power
of 200 kW and CP type SE450/95-2a presented in [9]),
operating in the regime of pumping waste water at the
sewage pumping station.

At the first stage, we present and analyze the analyti-
cal dependencies from the book [10] for calculating (in
relative units) the hydraulic and electromechanical pa-
rameters of the speed-regulated CP.

In the range of low values ® of pump speeds (no
more boundary o;,,) pump head H generated is not
higher than the static head H,, of the hydraulic network:
H < H,,. In this case, due to the closed state of the check
valve, there is no flow (Q = 0) of the pump, and the value
of the head created by the pump is calculated from the
relationship

H=H, o, 1

where H,, is the pump head value corresponding to the
nominal pump speed at zero flow (Q = 0) and deter-
mined from the passport characteristics of a particular
pump. According to (1), the value of the boundary ve-

locity is defined as
('Olim = \]Hst/Hon’

In the considered range of low velocities, the CP op-
erates (taking into account the closed valve) at idle
(without backpressure), and its static moment is calcu-
lated from the dependence

Ms:Mr+ (Mo_Mr) : (02’ (2)

where M, = (0.05 — 0.1)M,, is the static moment of the
pump running; M, is the value of the static torque of CP,
corresponding to its work at idle (at Q = 0) with a nomi-
nal speed; M,, is the nominal value of the static moment
of the CP, corresponding to its functioning at the nomi-
nal speed at the nominal values of its head and feed. The
value of the torque M, can be for CP (depending on the
coeflicient of rapidity, according to the book by Florin-
skiy M. M., Rychagov V. V. Pumps and pump stations)
from 0.4 to 0.7 of the nominal value M,,. For the consid-
ered pump SE450/95-2a, the coefficient of rapidity ng,
is calculated in this book from the formulas

n=n ﬁ/(ﬂ‘* H, ) N, =(1000/75)-0,H,,

equal to 69.6 rpm (which corresponds to the same book
value M, = 0.4M,,), where n, = 1500 rpm, H, = 78 m,
0,=(1/9) m’/s.

In the range of pump speeds, ® is more boundary:
Oin < ® < o, the pressure created by the pump exceeds
the static head H,, of the hydraulic network (H > H,), as
a result, the back valve goes into the open state, the
pump creates flow Q and head H, whose values for a
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particular speed-regulated pump are interconnected by
its H — Q-characteristics of the form [7]

H=H0n'0)2+A'(D'Q—B'Q2, (3)

(given in the form of graphical dependencies for pumps
by their manufacturers at o = 1). The values of constant
coefficients A and B in expression (3) are determined
from the relations [7]

(Hon_Hn) le_(Han_Hl) Qr%

A=
Ql 'Qn'(Qn_Q])
B:(Hon_Hn) Ql_(Hon_Hl)Qn ,
0-0,(0,-9)

based on three (for example, two extreme and one mid-
dle) points on the working section H — Q-characteristics
of the pump: 1) 0=0, H=H,,;2) 0= 0.50,, H= H};
3) Q= Qy, H= H, — corresponding to the operation of
the pump at the nominal speed (at w = 1), where Q, and
H, are the nominal values (in relative units), respective-
ly, of the pump flow and head. For the investigated CP,
these values are equal: H,, = 1.4 p.u., A = —0.38 p.u.;
B =0.02 p.u. To create the maximum value of the effi-
ciency of the speed-regulated ® CP, correspond depen-
dencies (3) for its pump flow and head

2 _
PR i CHL
1_(Hst/Hon)

.4
wz_(HX’/HO”) mz_(HSt/Hon)
o’ [ 1_(Hsl/Hon) ] , Q:m

In the considered working range of change of speed:
O5m < ® < ®, instantaneous values of pump efficiency 19,
are calculated in the form

ncp =1- (1 - ncp.n)/0)3'6, (5)

through the nominal value n,, , of this efficiency (equal
to 58.5 % for the investigated CP and given in its pass-
port data for the nominal values of the speed = 1 p.u.
and feed 0= 0, [9]).

In this case, the instantaneous value of the static
torque of the pump is determined from the dependency

M;=p-g-(Q- Q) (H-Hy/IMy-ne,- (0 )], (6)

where Q, [m3/s], H, [m] and o, [rad/s] are basis values,
respectively, of the supply, head and speed of the CP
considered (which are assumed to be equal to their re-
spective nominal values); p = 1050 [kg/m’] is the spe-
cific gravity of the pumped liquid; g = 9.81 [m/s?] is ac-
celeration of free fall; M, [Nm] is the basic value for the
electromagnetic torque of the engine.

In the range of speeds 0 < » < ®,, corresponding to
the start-braking regimes PA, the values of the electro-
magnetic torque and the module /; of the vector of the
stator current of the FRAE are dependencies [9]

M= ]ws +J- ' [l = [(Ym/Lm)2 + (M/kr\Pm)zlojs
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where o' = dw/dt is time derivative with respect to time;
L,, and k,, respectively, are the magnetizing inductance
and coupling coefficient of the engine rotor.

At the second stage, we obtain the analytical depen-
dences for calculating the total power and energy losses
in the NR during the start-braking regimes.

Total power losses AP,, PA represent the sum of the
power loss in the centrifugal pump AP, and the total
power loss AP,, of the engine

AP, = AP.,+AP,, 7

At the same time, the total power loss for a speed-
regulated CP is equal to the difference between the me-
chanical power consumed P,,,;, and the useful hydraulic
power developed by it P,

AP, =P P Py=M o

meh — Lep meh

at 0<o<o,,

0— )]
P =
g {pg(Q-Qb)(H-Hb)/g—at Oy <O O,

where P, is the base value for the power of the FRAE cal-
culated from [9]. Moreover, the ratio for the mechanical
power P, in (8) contains the value of the static torque M
calculated from (2) or (6) for the corresponding current
speed range (0 < ® < @y, OF Wy, < ® < ®,) of the pump.

Substituting (6) into (8), we obtain, taking into ac-
count (5) for the range of pump speeds w;;,, < ® < ®,,
dependence for the total power loss

AP, =pg(Q-Q,)-(H-H,)-(1-n,)/(n, B )=

_p5(Q-0)(H H,) [ 1-m,, ©)
- Pb ®0'36+ncp.n_1 :

In this case, the nominal value of the loss of power of
the CP is determined from the dependency

p2(0,-0,)(H,-H,) [ 1
M= P [T

where Q,= 1 p.u., H,=1p.u. are nominal values of flow
and pump head, respectively.

After substituting (4) in the last expression from (9),
we obtain, taking into account (2, 8 and 10), the depen-
dencies for the ratio Ap of the instantaneous AP, and
nominal AP, , values of the power losses of the CP

AP, |Ap —at 0<o<®,,
Ap=—"=
AP,, |Ap,—-at 0, <w<o,
Ap = M,-0+(M,-M,)-'] /AP,
ncp.n
8y = OH | ot | = .an
o+, -

~ [Hanco2 x+ Ao-x? - B~x3/2]ncp‘n
(mo.as Ny _1)

x:[mz—(Jers,/hrm,)r'5

1_(Hst/Hon)
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Electromagnetic and mechanical power losses of the
FRAE are calculated taking into account [9] in the form

AP, =a+b-M>+c-0'? and AP,,=d-o* (12)

where the coefficients a, b, ¢ and d are found through
the parameters of a particular engine from the ratios

a=(¥,/L,) -(R,+0.005P,/n,,,). d=AP,

meh.n
b= (Rs +kr2Rr +0'005Pn/nen.n) (krz‘IIz)’ c= APst.n

In the last ratios, the following notation is used: R
and R, are active resistances of the stator and rotor en-
gine, respectively; P, and n,,, are the nominal values,
respectively, of the useful power on the shaft and the ef-
ficiency of the engine; AP,,, and AP,,,, , are the nominal
values, respectively, in steel loss and engine mechanical
losses. Moreover, by means of the term 0.005P,/n,, .,
additional losses of engine power are taken into account
in the composition of its electromagnetic losses [9].

Based on (7—9), the total energy losses (TEL) of the
pumping unit during acceleration and deceleration are
determined in the form, respectively

1, 1,
AW,,=[AP,,-dt and AW, =[AP,, di, (13)
0 0

where ¢, and #, are the durations of acceleration and de-
celeration times, respectively; 7 is the current time,
counted from the beginning and during the acceleration
regimes (0 <7<t¢,) or deceleration (0 <7<1t,).

At the third stage, using the methods of variational
calculus (discussed in the book by Andreeva E. A., Tsi-
rulyova V.M. Variational Calculus and Optimization
Methods), we will optimize the TEL for PA in the start-
braking regimes.

For this, in the range of speeds: 0 < ® < ®, corre-
sponding to the considered start-braking regimes PA
(with reference to the parameters of the investigated CP
when H,/H, = 0.3), from analytical expressions (2), (6,
11) static graphs torque M (w) and the ratio Ap(w) of to-
tal power losses to their nominal value are calculated
and built in Fig. 1. Due to the cumbersome formulas de-
scribing these values in the speed range o, < ® < ®,,,
these values are interpolated (with a deviation of not
more than 0.8 %, as shown in Fig. 1 by circles) with sim-
plified analytical dependencies of the form

0.8
0.6

0.4

0.2

M, ~1.104 - & — 0.0448;
Ap = (o +0.045)>4 — 0.11.

With this in mind and based on relations (7, 11, 12),
we obtain the dependencies for the calculation and total
power loss PA during the first (by 0 < © < @y;,)

(14)

AP, =AP,, +AP,, + AP, =
=(0.080 + 0.184w?) + {a+ b [M,+ (M, — M,)* +
+J-0'P+c- -0 +d- 0¥, (15)
the second (with o, < ® < ®,) speed ranges

APpaZ = APsz + APEmZ + APmeh =
=AP,,,[(®+0.045)** - 0.11] + {(a + 0.201b) - (16)
-0.989-bw+(1.219-b+d) - ®*+2.208 - bJw - ' —

~0.896 - bJo' + bJX ') + ¢ - ©'3).

According to the theory of variation calculus, for the

function AP,,, Euler’s equation corresponds to the ex-

tremal value of the integrals of (13)
*(AP,) , *(AP,)
o0 -0 " om0
*(AP,,) o(aP,,)

dw-of oo

Substituting in (17) the dependences AP,,; from (15)
or AP,,, from (16), we transform this equation for the
first and second speed ranges to the form

o +

a7)

0" =y,0+ 3,0 +y,0’+y, at 0<w<o,,
3
0" =70+7,0" +2, (c0+0.045) +2, ,  (18)

at o;, <0<,

where the values of constant coefficients y;, y,, 3, ¥4 and
21, 22, 23, 24 are given in Table 1.

Due to the nonlinear form of the differential equa-
tions of (18), the solution of each of them is performed
using the Runge-Kutta numerical method taking into
account the boundary conditions during acceleration:
®(0) =0, o(t,)) = o, — for the first and ®(0) = wy,,
o(t,) = o, — for the second speed ranges or when bra-
king: ©(0) = ®,, o(t;,) = o;, — for the second and

0.4 M1im 0.6 0.8 1
b

0 0.2

Fig. 1. Interpolation (when oy, < ® < o, for H,/H,=0.3) dependencies:

a — for M(®); b — Ap(w) centrifugal pump (solid line — the original form, circles — interpolated)
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Table 1
The values of the coefficients for the first and second equations of (18)
Speed ranges 0 <o <o, Ojim < ® < M,
Values Vi »2 3 Y4 K, k4! % % % Ky
Value 107, o.e. 19.94 1.170 0.387 4.238 41.53 5.580 1.170 34.78 -2.120 41.53
®(0) = ®jy, ©(t;;) =0 — for th-e first speed ranges (wher.e o=y, '(f/fal) at 0<r<t,
., ty and 1,5, 1 are the durations of times for the speci-
fied first and second speed ranges). For the considered 0=0;,+ (CO (Dnm) (t/ taZ) at 0<r<¢, 22)
pumping aggregate, ca-lculated at oy, = 0.4629 p-u. and =0y + (co _(‘)nm) £y / t at 0<i<r, )
t,=t,=1p.u., the optimal types of trajectories of speed
change in the first and second speed ranges are shown in O = Oy * tdl / Lo at 0<r<t,
graphs 5 in Fig. 2, a, b. It is established that the best ap- boli h
proximation (with a relative standard deviation of less parabolic concave shape
than 0.9 %) to these graphs are mathematical dependen- 2
cies during acceleration O = iy (’/ L ) at 0<r<t,
2
sh(§*~ ,—Kl-t) mzm,im+((o —(o“m)-(t/taz) at 0<r<¢,
O= 0y, —F—— at 0<1<1, ty—t) , (23)
sh(&, -‘/I(l-tal) w= cohm+(0) whm , at 0<r<t¢,
a2
sh(EfJKz -t) 2
w:wlim+(0‘)n_0‘)lim h(*— ,K—t) (19 @ P [ fn = /tle at 0<r<ty
S .
5 2 a2 and parabolic convex shape of tachograms
at 0<r<t, )
and deceleration = O, '{1 - [(fal - l)/f,ﬂ} : at 0<7r<r1,
0=y, + ((Dn ™ ) x
2
1-|(¢z,—¢)/t at 0<r<¢ . (24
mzwlim+(0‘)n_(’)1im)x X: |:( a2 )/ a2:| } a2 ( )
. 2
sh[g K, (12 —t)} 0=y, +(o, —cohm)[l—(t/tﬁ) } at 0<r<t,
x at 0<r<t,¢:,  (20)
* 2
Sh(& VK, 'tdZ) 0=y, [l—(t/td,) } at 0<r<t,
sh[ “JK, (1 —z} . . .
o= - S vk ( a1 ) at 0<r<t The graphs shown in all figures, referring to the lin-
fim sh(é* /K, 1, ) a ear, parabolic concave shape and parabolic convex

where the coefficients K, and K, are equal

Ki=y,+y+y; and K,=z,+2,+2;. (21)

At the same time, the dependences from (19, 20) and
the corresponding graphs in Fig. 2 (shown in this and
subsequent figures as numeral 1) are called “quasi-opti-
mal” tachograms of frequency-regulated PA (which
provide close to minimal values of TEL for PA in the
start-braking regimes). The correction coefficients &,
&) calculated for quasi-optimal tachograms are shown
as graphical dependences in Fig. 3 (where the index of
these coefficients corresponds to the number of the con-
sidered speed range).

At the fourth stage, for the parameters of the explosive
PA , its TEL values were calculated depending on the
duration of the time ¢,,, ¢,, and ¢4, t,, acceleration and
deceleration, respectively, for the first second velocity
ranges. These calculations are performed from (19, 20)
for quasi-optimal trajectories of speed, and also for
comparison, for linear
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shape to the tachograms, are designated by numbers 2, 3
and 4, respectively.

The results of these calculations of the TEL
AI/Vpa(tal)a AI/Vpa(tzﬂ) and AI/Vpa(tdl)) Au/pa(ttﬁ) corre-
sponding to the acceleration and deceleration through-
out the first and second speed ranges, are shown in the
form of graphs in Fig. 4. The results of the calculation of
the total (for both speed ranges) TEL

l/Vpa(l‘a) =A l/Vpa2(ta2);
I/Vpa(td) =A I/Vpa2(td2)’

are depicted as graphs in Fig. 5, a on these graphs: for
the first speed range, the duration of acceleration and
deceleration time was set as optimal (providing, accord-
ing to Fig. 4, the minimum values of TEL for the corre-
sponding types of PA tachograms or could be calculated
from [9]) and for the second speed range — the durations
of acceleration and deceleration time varied.
Additionally, in Fig. 5, b the graphs of the TEL are
depicted and applied to the smooth type of tacho-

l/Vpal(tal) +A
W () T A
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0 02 04 086 0.8 77 OO 02 04 06 0.8 1 00 0.2 0.4 06 0. 1
a b c d

Fig. 2. Types of the researched broken (a, b) and smooth (c, d) PA tachograms (1 — quasi-optimal; 2 — linear; 3, 4 —
parabolic concave and convex shapes; 5 — optimal) during acceleration (a, c) and deceleration (b, d)

E_,* E_,* E_,* p.u. ®jim» 141, 141 TESPECtively, by o, 7,, 7;. At the same time,

1. 1’2”* Fig. 3 shows calculated values (with varying durations

P&y, 5 : ; 1,4 of acceleration and deceleration times) of the cor-

1.25F--F----- Ponemmene- :r---,'; ------ EREEEEEEEE foronananas | rection factor &* for a quasi-optimal smooth type of

: EJ] tachograms, corresponding to minimizing the value

: AW,, of TEL for PA in acceleration and deceleration

g* regimes.

; ; t Let us calculate the specific value k, of the volume of

; i t?sdhta,qz ,ta,d,S_g the pumped-over liquid through the PA to the TEL con-
0 2 4 6 8 10 sumed in it during the start-braking regimes

0.75}~-

0.5

Fig. 3. Dependencies & (t,4,), & (l,4,) and & (1,,) » f]_,uQ .,
a.n : : t
™2 :

grams shown in Fig. 2, ¢, d with corresponding quasi- ky=— 0

. . . . 0 AW >
optimal, linear, parabolic concave and convex trajec- 0, pa
tories of the PA rate calculated from: the first depen- p p p
dencies in (19, 20), the first and third dependencies in Abyun=0Fpn + AR,
(22, 23, 24) when replacing in them the parameters AP, = Pen_n<1/ne”_n _1) ’

Fig. 4. Dependences of the TEL AW, (1, s1) and AW, (1, p) at Hy/H, = 0.3 of the speed ranges:

a — for 0< o < @y b — for o, < o < o, different tachograms (1 — quasi-optimal; 2 — linear; 3, 4 — parabolic concave and
convex shape, shown during acceleration by a solid line, when braking — dotted line)

Fig. 5. Dependences of TEL AW,(t, ;) at Hy,/H, = 0.3 for broken (a) and smooth (b) types of tachograms:

1 — quasi-optimal; 2 — linear; 3, 4 — parabolic concave and convex shape (shown at start by a solid line, when braking — by a
dotted line)
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where AP,,, and AP,,, are the nominal values of the
TEL, respectively, for the PA and the engine; P,,, and
Nenn are the nominal values, respectively, of the power
and efficiency of the engine. And, we note, for the estab-
lished nominal regime PA: ky= 1.

The numerical values of the optimal (minimum)
TEL AW, for PA in the start-braking regimes and the

corresponding optimum acceleration £, 7, and decel-

eration 77, tJ, time, as well as the specific value, are pre-
sented in Table 2.

At the fifth stage, calculations are made of the previ-
ously presented analytical dependencies: hydraulic Q(7),
H(f) and electromechanical w(7), M(#), M(?), I,(f) and
transient processes, as well as energy transients process-
es AP, (1), AP,(1), AP, (#) and the current efficiency
n,,(?) of the pump. To translate the values of these quan-
tities from relative units into absolute ones, the first ones
should be multiplied by the basic values for these quan-
tities (which are given in Table 3).

Conclusions.

1. The obtained analytical dependences (11) for in-
stantaneous power losses of a variable-speed regulated
CP and their mathematical interpolation proposed in
(14) (in the more limited speed range of speeds) makes it
possible to carry out subsequent optimization of the to-
tal energy loss by using the methods of variation calculus
PA in the start-braking regimes.

2. From Figs. 4, 5, it follows that for all values of the
durations of acceleration and deceleration time, the
largest values of the total energy loss PA are characteris-
tic of the parabolic convex shape of the speed trajectory
(therefore, its use is inappropriate) and the smallest —
trajectories in the form of a hyperbolic sine with a vari-
able value (according to Fig. 3) of correction factors &],
&5, &, in the argument (this trajectory is called “quasi-
optimal”).

3. It has been established that in both considered
speed ranges (lower and more boundary speeds), the de-

pendences of TEL AW,,,i(1,1), AW ,,5(1,0) and AW, 1 (2,),
AW, (1) for PA, have a “U”-shaped type character-
ized by certain (optimal) values of acceleration £, ¢,
and deceleration #j;, Z7. time, these losses are minimal
for any kind of considered trajectories of speed (quasi-
optimal, linear, parabolic concave or convex shape).

4. The total values of optimal time of # acceleration
and ) deceleration are in the form of the sum of the
corresponding optimal times for the first and second
speed ranges: )=t +tJ, and t;=tj +tJ,. For the
same types of tachograms (according to Figs. 4, 5 and
Table 2), equality is established between themselves of
the optimal acceleration and deceleration time: #; =17,
1, =13, t2,=13. According to Fig. 5, with the same
types of tachograms and identical values of the accelera-
tion and deceleration times, the corresponding TEL val-
ues for PA are close to each other.

5. According to Table 2, it follows that with optimal
durations of acceleration #, and deceleration #j time and
a broken form of the trajectories of speed PA in actuat-
ing regimes, due to the transition from a linear, para-
bolic concave or convex tachograms to a quasi-optimal
trajectory of speed, the total (in one cycle: “accelera-
tion —deceleration”) EPR in these regimes, respective-
ly, by 5; 2 and 41 %. With the deviation of the lengths of
the acceleration 7, and deceleration ¢, time from their
optimal values, the achieved decrease in total TEL when
moving from a linear, parabolic concave or convex tach-
ograms shape to a quasi-optimal trajectory of speed in-
creases (according to Fig. 5, a with 7, =7, =5 s respec-
tively by 3.8; 2.6 and 5.1 times).

6. It was revealed that the use of the optimal broken
(according to Fig. 2, a, b) of the speed trajectories in the
starting-brake regimes instead of the optimal smooth
appearance of these trajectories (according to Fig. 2, c,
d) allows from Table 3, reducing the optimal values of
the TEL for centrifugal PA in the start-braking regimes
by (20—-35) %.

Table 2
Optimum values of total energy losses and durations of acceleration and deceleration times, PA
Regime Acceleration Deceleration
Tachogram smooth broken smooth broken
Magnitude AW, ? AW |t 4 ko AW, 19 AW, | g 15 ko
Dimension p.u. S p.u. S S p.u. p.u. S p.u. S S p.u.
quasi-optimal 17.30 | 0.76 14.29 | 0.39 0.64 | 0973 | 11.74 | 0.76 | 8.737 | 0.39 0.64 1.60
linear 20.42 | 0.34 | 14.84 | 0.31 0.53 | 0.929 | 14.87 | 0.34 | 9.283 | 0.31 0.53 1.49
parab.(conc.) 18.21 | 0.52 | 14.63 | 043 0.67 | 0.777 | 12.65 | 0.52 | 8.881 | 0.43 0.73 1.28
parab.(conv.) 30.14 | 0.30 | 19.05 | 0.29 0.51 | 0.874 | 24.59 | 0.30 | 13.49 | 0.29 0.51 1.23
Table 3
Basic values
Magnitude H (0] ® M, M, | P,AP AW v 1, R, R, J t
Dimension m m?3/s rad/s N'm J Wb A Om kg'm? s
Value 78 1/9 157.1 1473 231.3 737 1.71 287 1.873 | 0.0299 | 0.01/=
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7. It has been established that when optimizing the
total energy losses of the PA in the start-braking re-
gimes, the values of the optimal acceleration #; and de-
celeration 7 time is smaller compared to the optimal
time from [9], which minimizes the main electromag-
netic energy losses FRAE. With this in mind, it is neces-
sary to check the obtained values of the optimal time,
based on the hydraulic impact created during them. If
the optimum time corresponds to an unacceptable
amount of water hammer, then the braking time should
be increased to such values at which the created value of
the water hammer becomes acceptable.

8. From the analysis of the value &, in Table 2, it was
found that in the start-braking regimes with optimal ac-
celeration and deceleration time, the best (largest) ratio
between the volume of the PA liquid to its value TEL is
characteristic of quasi-optimal and linear forms of tach-
ograms, whose advantage also includes, according to
Fig. 6, the smallest maximum values of the stator cur-
rent of the /; engine developed in these regimes, equal to
2.5 and 1.8 p.u., respectively).
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OnTumizanis 3araibHUX BTPAT €Heprii
Y4aCTOTHO-PEryJbOBAHOT0 HACOCHOTO arperarty
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Meta. AHATITUYHUI po3paXyHOK i oNTUMIi3allist 3a-
TaJIbHUX BTPAT €HEPril IS YaCTOTHO-PEryJIbOBaHOIO
BiILIEHTPOBOTO HACOCHOTO arperary Ipu MyCKO-rajb-
MiBHUX peXnMax.

Mertoauka. BapialliliHOro 4mMcjieHHs, MaTeMaTh4-
HOI iIHTepIOJISLIT 1 KOMIT’ IOTEPHOTO MOJETIOBAHHS.

Pe3ynbTaTu. OTpriMaHi aHATITUYHI 32JIEXKHOCTI, 110
JI03BOJISIIOTh PO3paxyBaTU Ta OINTUMIi3yBaTU 3arajibHi
BTpaTH €HEPTii YaCTOTHO-PEryIhOBAHOIO BilIICHTPO-
BOTO HACOCHOTO arperary B ITyCKO-TaJIbMiBHUX PEXKM-
Max. BusHaueHi KBazionTUMaJbHUI BUI Taxorpam i
ONTUMAJIbHI 3HAYEHHSI TPUBAJIOCTI 4Yacy pO3rOHY W
raJIbMyBaHHSI IIbOTO arperary, 3a sIKUX 3a0e31eUy€eThCs
MiHimi3allisl Moro 3araJibHUX BTpaT €Heprii B MycKO-
rabMiBHUX pexkrMmax. BuUKoHaHi mpukiaau po3paxyH-
Ky IMX BTpaT, a TaKOX TiIpaBIidyHUX, eIeKTPOMEeXaHiu-
HUX i eHePreTUYHUX MePeXinHMX MTPOLECiB 15 BidlEH-
TPOBOT'O HACOCHOTO arperary.

HaykoBa HOBM3HA. Ymepile OTpUMaHi aHaAJTITUYHI
3JIEKHOCTI JJI1 PO3PAXYHKY B IMyCKO-TAIbMiBHUX pe-
KMMaX 3arajJlbHUX BTPAT €HEPTii YaCTOTHO-PEryJIhOBa-
HOTro HacocHoro arperary. BcranosneHno “U”-momio-
HUI BUI 3aJICXKHOCTEH 3arajIbHUX BTPAT €HEPTil TaHOTO
arperarty Bijl TPMBAJIOCTI Yacy MOTro po3roHy i rajbmy-
BaHHSI U151 Pi3HOMAHITHUX TPAEKTOPIN 3MiHU LIBUIKO-
CTi. 3arporioHOBaHa KBa3ioNTUMallbHA TPAEKTOPIs 3Mi-
HY IIBMIKOCTI Y BUIJISIAI YacoBoi (PyHKILii rirmepOostiu-
HOTO CHHYCa 3 BapilioOBaHWM 3HAa4eHHIM KoedillieHTa B
il apryMeHTi, 3a SIKOT0 3arajibHi BTpaTh HACOCHOTO arpe-
raty B MyCKO-TaJbMiBHUX peXMMax MiHiMasIbHi. Buko-
HaHe TMOPIiBHSHHS 3arajlbHUX BTpaT eHeprii HaCOCHOTO
arperary JUisi KBa3ioNnTUMaIbHOI TPAEKTOPIT IIBUIKOCTI
3 BITOMUMU iHILIMMM TPAEKTOPISIMU TPU Pi3Hili TprBa-
JIOCTi 9acy MyCKO-TaTbMiBHUX PEKMMIB, 11O TO3BOJIMIIO
OLIIHUTH JOCSITHYTE TIPU IIbOMY €Hepro30epeskeHHSI.

IIpakTyna 3HauMMmicTb. BripoBamXeHHsI oTpuMa-
HUX pe3yJbTaTiB MO3BOJISIE 3HU3WUTU 10 MiHIMaJIbHO
MOXJIMBUX 3HAUYE€Hb HEMPOMYKTUBHI BTpPAaTU €HEpril
IIJIS1 BIALIEHTPOBOI'O HACOCHOTO arperaTy B ITyCKO-TaJlb-
MiBHUX peXuMax.

Kmouosi cioBa: wacmomuo-pezynvoéanuili HacocHuil
azpeeam, 3a2anbHi empamu eHepeii, NycKo-2aabMi8HI pe-
cumu

OnTumMu3amus o0IKUX NOTEPb SHEPTUI
YaCTOTHO-PEryJMpyeMoro HaCOCHOTO arperata
NpH MyCKO-TOPMO3HBIX PeXNUMAX

B.A. Boakoes

HanyoHanbHbBIM TeXHUYECKUIT YHUBEPCUTET ,,JIHeTIpOoBCcKast
noiautexHuka“, r. JlHenp, YkpauHa, e-mail: green stone@
ukr.net
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Heab. AHaTUTUYECKUIT pacyeT U ONTUMU3ALMS 00-
IIUX ITOTEePh YHEPTUU IS YaCTOTHO-PETYIUPYEMOTO
LEHTPOOEKHOTO HACOCHOI'O arperara Ipu ImyCcKO-TOp-
MO3HBIX PeXUMaXx.

MeTtoauka. BapraiimoHHOro MCUMCIeHUS, MaTeMa-
TUYECKOW MHTEPHOJISILAU Y KOMITBIOTEPHOTO MOJE-
pOBaHUs.

Pesyabratbl. [lonayyeHbl aHaJIUTUYECKUE 3aBUCH-
MOCTH, TTIO3BOJISIOIIME PACCUUTATh U ONITUMU3UPOBATh
o01IMe MOTepyu BHEPrud YacTOTHO-PETyJIUpPyeMOro
LIEHTPOOEXKHOTO HACOCHOTO arperaTa B IMyCKO-TOPMO3-
HBIX pexkuMax. OmpeneneHbl KBa3UOITUMAIbHBIN BHII
TaxorpaMM U ONTHMAaJIbHbIC 3HAYCHUS TUTCIHHOCTH
BPEMEHHM pa3roHa U TOPMOXKEHUsI 3TOTO arperara, Ipu
KOTOpOM O0ecIieurMBaeTCss MUHUMU3ALMUS €ro o0IIuX
MOTePb YHEPIUU B IyCKO-TOPMO3HBIX pexXuMax. BbI-
TOJIHEHBI TIPUMEPBI pacyeTa 3TUX MOTEPh, a TAKXKE M-
JIPaBINYECKUX, DJEKTPOMEXaHUUECKUX 1 dHEpPreTuye-
CKUX MEePEXOAHBIX MPOLIECCOB ISl LIEHTPOOEKHOTO Ha-
COCHOTO arperara.

Hayuynas HoBu3Ha. BriepBble moyyeHbl aHaIUTUUE-
CKMe 3aBUCUMOCTHM IS pacyeTa B MYCKO-TOPMO3HbBIX
pexuMax oOIIUX MOTepb YHEPTUM YACTOTHO-pEerysv-
pYyEeMOro HacOCHOTO arperaTta. YCTaHOBJEH ,,U“-00-
pa3HBIN BUI 3aBUCHMOCTEI OOIIMX TOTEeph SHEPIUU
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MAHHOTO arperaTta oT [UTMTSIILHOCTH BPEMEHH €TO pa3-
TOHA ¥ TOPMOXKECHMUS IJIT Pa3IMYHBIX TPACKTOPHI 13-
MeHeHUs cKopocTu. [IpenmoxeHa KBa3uonTUMaJIbHAS
TpaeKTOPMSI U3MEHEHUSI CKOPOCTU B BUIIC BPEMEHHOM
(GYHKLIMM TUTIEpPOOJUUYECKOTO CMHYCA C BApbUPYEMbIM
3HauYeHUEM KOa(p(pUllMeHTa B ee apryMeHTe, IIPU KOTO-
poii ob1IMe MoTepyu HACOCHOTO arperara B IMyCKO-TOp-
MO3HBIX PEXXMMaX MIUHUMAaJTbHEI. BBITIOTHEHO CpaBHE-
HHMe OOIINX MOTeph SHEPTUM HACOCHOTO arperata IJIsT
KBa3WONTUMAJIEHOMN TPaeKTOPUM CKOPOCTH C M3BECT-
HBIMU IPYTUMU TPACKTOPUSIMU TIPU Pa3TAIHON -
TEJIbHOCTH BPEMEHHM MMYCKO-TOPMO3HBIX PEKIMOB, UTO
ITO3BOJIMJIO OLICHUTH JOCTUTAEMOE TIPA 3TOM SHEPIroc-
OepexeHue.

IIpakTuyeckasi 3HaYuMocTb. BHenpeHue mosydyeH-
HBIX PE3YJIbTaTOB ITO3BOJISIET CHU3UTh O MUHUMAJIbHO
BO3MOXHBIX 3HAYEHMII HEITPOU3BOAMUTEIbHBIC TOTEPU
SHEPIUM IJIs1 LIEHTPOOEKHOIro HACOCHOrO arperara B
MMyCKO-TOPMO3HBIX peXKUMaXx.

KiioueBble ciioBa: uacmommno-peeyaupyemulii HACO-
CHblll azpeeam, obujue nomepu dHepeull, NycKo-mopmo3-
Hble pedcuMbl

Pexomendosarno 0o nybaikauii 0oKm. mexH. HayK
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