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OPTIMIZATION OF TIMES OF START-BRAKING REGIMES
OF FREQUENCY-REGULATED ASYNCHRONOUS ENGINE
WITH PUMPING LOAD

Purpose. Obtaining the frequency-regulated asynchronous engine (FRAE) with the pumping load of the calcu-
lated analytical dependences for the major electromagnetic energy losses of the engine and determining the optimal
values of its acceleration and deceleration time for minimizing the loss concerned, as well as checking the feasibility
of their optimal values of time in hydraulic systems.

Methodology. The methods of mathematical analysis and determinants, of theories of similarity and of hydraulic
shock, of computer simulation were used.

Findings. Analytic dependencies for the calculation of the MEEL for the FRAE loaded with a centrifugal pump
(CP) are obtained, with respect to the start-braking regimes for various existing types of the velocity variation. As a
result of solving the optimization problem, analytical dependencies are obtained that ensure the calculation of the
minimum possible (optimal) values of the MEEL of this engine in the start-braking regimes with the indicated differ-
ent types of speed variation and allow calculating the optimum time for acceleration and deceleration of the engine
corresponding to them. An engineering technique is proposed and with its help based on the permissible value of the
hydraulic shock in the hydraulic system, a check on the feasibility of the optimum acceleration and deceleration time
for the FRAE loaded with a CP in the start-braking regimes with the mentioned speed trajectories is carried out.

Originality. For the first time, analytical dependencies have been obtained that allow one to quantify the minimum
possible MEEL in the start-braking regimes with a pumping and fan load, and also to determine the optimum ac-
celeration and deceleration time values corresponding to these energy losses for linear, parabolic and quasi-optimal
velocity trajectories. For the first time, a method has been developed for calculating the maximum value of a hydrau-
lic shock in a hydraulic system when using a centrifugal pump with FRAE.

Practical value. The introduction of the obtained results allows reducing unproductive losses of electric energy in
the start-braking regimes of the FRAE, and also increasing the operational reliability of the hydraulic systems with a

CP equipped with a frequency- regulated asynchronous engine.
Keywords: frequency control, asynchronous engine, electromagnetic energy losses, start-braking regimes

Introduction. Taking into account the widespread in-
troduction of frequency-regulated asynchronous elec-
tric drives (of which up to 25 % falls on pumps) and the
growing cost of electric energy in many sectors of the
economy of Ukraine and other countries of the world,
the task of energy saving in these electric drives becomes
very topical and in demand. At the same time, the most
effective way to solve the energy saving problem is to re-
duce unproductive electricity, most of which in the elec-
trical part of the electric drive under consideration is, as
is known, electromagnetic energy losses in an asynchro-
nous engine.

Analysis of the recent research and publications. De-
spite the large number of works devoted to the study and
calculation of energy losses in a centrifugal pump (CP)
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and frequency-controlled asynchronous engine (FRAE)
in domestic and foreign scientific and technical litera-
ture, the vast majority of these publications are limited to
the consideration of only established regimes. In partic-
ular, with respect to steady-state regimes: in [1] — the
power consumption of speed controllers of one or two
parallel-working CP is analyzed, an energy-saving con-
trol strategy is proposed; in [2] — power losses in a fre-
quency-regulated pump under speed control are investi-
gated, the energy consumption of the CP is analyzed
taking into account the typical schedules for changing its
load; in [3] — they consider the power consumption at
the pump plant, consisting of several CPs controlled by
the velocity, the efficiency coefficient of the frequency-
regulated asynchronous engine is estimated when the
pump load is changed, energy-saving control is pro-
posed; in [4] — taking into account the typical load
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schedules of a water supply network of a multi-storey
house, the losses of power and energy are calculated, as
well as the efficiency for a centrifugal pump with a FRAE.

Only a very small part of the well-known publica-
tions is devoted to the issues of energy saving in the re-
gimes of the FRAE and optimization of its time of start-
braking. The following works are devoted to the issue
considered: [5] — for the constant and [6] — for the fan
torque of the engine load. Moreover, the analytical cal-
culations of the major electromagnetic losses of energy
in [6] and the investigation of the optimum acceleration
and deceleration times for the FRAE with fan load are
performed for the value of the initial moment of the load
resistance equal to zero. Therefore, the calculations and
dependences obtained in [6] are not applicable in prac-
tice for most centrifugal pumps, which in their work are
characterized by a non-zero value of the initial moment
of load resistance (caused by the presence of back pres-
sure in the hydraulic system).

The carried out analysis of the state of the investigated
matter indicates that at the present time, despite such a
demand, there are no applications for a FRAE loaded
with a centrifugal pump: the analytical dependences for
the calculation in the start-braking regimes of the major
electro-magnetic energy losses (caused by the main har-
monic components of the stator voltages and current)
and the optimum acceleration and deceleration time that
minimize these losses, and also the verification of the
feasibility of these optimum times in hydro systems.

Objective of the article. Obtaining of the frequency-
regulated asynchronous engine (FRAE) with the pump-
ing load of the calculated analytical dependences for the
major electromagnetic energy losses of the engine and
determining the optimum values of its acceleration and
deceleration time providing the minimization of these
losses, and also — verification of the feasibility of this
optimum time in hydraulic systems.

Presentation of the research and explanation of scien-
tific results. In the course of research, we accept the fol-
lowing assumptions:

- starts and braking of the CP occur with the throttle
fully open;

- we take into account the generally accepted ideal-
ized representation of an induction engine [2], while
taking into account the loss of power in steel (inherent to
an undeveloped engine) in one-time [5];

- we neglect the free (damped) components of the
stator currents in the start-braking regimes [3];

- the automatic control system by the electric drive
supports the law of frequency control that is most wide-
spread for vector control: with the constancy of the
module W, the linkage of the rotor of the engine, equal
to its nominal value ¥,, [2];

- the value of the moment of inertia J of the pump
drive is assumed to be unchanged and equal to J =
=~ 1.15J,,, where J,, is the moment of inertia of the engine
(this ratio is given from the book by Florinskiy M. M.,
Rychagova V. V. Pumps and pumping stations);

- analytical dependencies and calculations are given
in the conventional for AC machines relative to the sys-
tem of aggregates [5];
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- the subject of the study included the regimes: ac-
celeration of the FRAE from zero to maximum o,
speed and deceleration from the maximum ®,, speed to
zero speed (where in calculations the value ®,, in relative
units was assumed to be equal to unity: ®,, = 1 p.u.,
which corresponds to the nominal synchronous speed of
this engine in relative units);

- studies were carried out for linear, parabolic and
energy-saving quasioptimal control [6], with a speed
FRAE applied to the parameters (Table 1) of an asyn-
chronous engine of A03-315M-4U3 type with a power of
200kW and a centrifugal pump of SD 450/95-2a type [7].

To find and analyze the major electromagnetic losses
of power AP,,, FRAE in the vector control with constant
flux linkage of the engine rotor, we use the dependence
from [5]

AP, =a+b- (M, +Jo') +c- o', )

in which the constant coefficients are calculated through
the parameters of the FRAE from the relations

a=(¥,/L,)" (R +0,005-P,/n,)
b=(R, +k2R.+0,005-B,/n,)/(k292) ;- P
c= APFe.n

The following notation is used in formulas (1) and
(2): M, and J are, respectively, the moment of resis-

Table 1
The basic passport data of the electric engine and cen-
trifugal pump
g
Parameter name g % of p\zal?zlllrfz ters
=f-
I Engine ?8?3151\4_
Nominal power kW 200
Nominal speed rpm. 1480
Nominal line / phase voltage A" 660/380
Nominal phase current A 351
Nominal coefficient of efficiency | % 94
Nominal power factor p.u. 0.92
Moment of inertia of the rotor | kg - m? | 4.75
II Centrifugal pump SD 450/95—2a
Nominal power rpm. 1500
Nominal output (consumption) | m3/h 400
Nominal head m 78
Rated power at the engine shaft | kW 200
Nominal coefficient of % 58.5
efficiency
Diameter of inlet/outlet nozzle | mm 200/150
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tance and the moment of inertia of the drive; ¥, and ®
are the rotor flux-linkage module and the angular rota-
tional frequency (speed) of the rotor of the engine, re-
spectively; R, and R, are active resistances, respectively,
of the stator and rotor (driven to the stator) phase
windings of the engine; P, and m, are nominal values
respectively, the useful power on the shaft and the coef-
ficient of efficiency of the engine; APg.,, and k, are the
nominal value of steel losses and the rotor coupling ra-
tio of the engine, respectively; o' = dw/dt is the first
time derivative of the velocity. In this case, by means of
a term equal to 0.005 - P,/n, and contained in the first
and second formulas of (2), are included in the power
loss AP,,, including additional power losses of the en-
gine [5].

The determination of the major electromagnetic en-
ergy losses (MEEL) for the FRAE in the regimes of ac-
celeration and deceleration is carried out from the de-
pendencies

1, Iy
AW, =[AP,,-dt and AW, =[AP,,-dt, (3)
0 0

where 7, and 7, are duration of time of acceleration and
deceleration of the engine, respectively.

Substituting (from the above-mentioned book by
Florinsky M.M. et al.) into (1) the value of the moment
of resistance M, for centrifugal pump (CP)

Mr = Mro + (Mrn - Mm) : (w/(’on)k’ (4)

(where coefficient k can take values from 1 to 5), we ob-
tain a dependence for calculating the loss of electromag-
netic power in the FRAE, loaded with a CP

APBm:a+b'(Mm+Q'(Dk+J(D')2+C-(D]‘3‘ (5)

In the expressions (4, 5) the following notation is
used: M,, is the initial moment of resistance of CP,
which in practice is usually from 0.05 to 0.3 of the nom-
inal moment M,, of resistance load (according to the
mentioned book by Florinsky M. M., etc.); coefficient
value ¢ is across the nominal speed value ®,, moment
resistance M,, and power P,, pumping load

q:(Mm—Mm)/(,Oﬁ and Mrnzpm/(’on' (6)

In this case, the values of the initial resistance mo-
ment M,, and coefficient k for a static mechanical char-
acteristic M,(w) CP from (4) can be determined (ac-
cording to the book by Ilyinskyi N. F., Moskalenko V. V.
Electric drive: energy and resource saving) through the
experimentally obtained static characteristic of mechan-
ical power P,,,.,(®) of that pump.

At the first stage, we calculate the MEEL in the start-
braking regimes of the FRAE for linear tachograms of
its acceleration and deceleration, respectively

m:mm-[LJ and m:mm-(td_t} @)
ta ta’

Here and now the current time 7 at acceleration and
braking is counted from the beginning and during the
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intervals of acceleration or deceleration, respectively:
0<t<t,and0<t<t,

From (7) we find the values of the velocity derivatives
for the time series for linear acceleration and decelera-
tion tachograms, respectively

o' =w,/t, and o =-0,/t, )

Substituting (7, 8) in (5), we obtain the dependences
for calculating the major electromagnetic losses of pow-
er FRAE during acceleration or deceleration

, 2 T2
APemaz(a+b-M,20)+2b 0, MyJ | bl
' t, A
+bh- 2q'Mro '(Dlr(n o+ 2qwfn+l']tk 4
tk tk+1
2bg* - wyf 12k 4 ¢, /13
12k /13
a a (9)
22 [°
APemd:(a+beo) —Zb.m’"M"’J+b'(D”’J +
' Ig 1
2q-M,, -0t Kk 2qokty k
+b-{#(td—t) - 5’;’1 (t,-1) |+
2bg? - w2k % o 13
+ 12k (td—t) + /13 (td—t)
d d

where the subscripts “a” and “d” here always refer to the
values of FRAE or time durations corresponding to the
regimes of acceleration or deceleration.

In accordance with the relations in (3), taking defi-
nite time integrals of # from expressions (9) being from 0
to ¢, 4, we obtain an analytical expression for the calcula-
tion of the MEEL in the start-braking regimes of the
FRAE with a linear change in the velocity

2

bgM o +
k+1

AW, =[a+b-Mfo+

+

1.3
btk +E2m |p x 10
2kl 1O Ty [l (10)
2 72
i(Zb-memJ +§bqw’rf1”J j+%
a,d

where here and further from double signs: a sign
“+”always corresponds to acceleration, and a sign
“—” — to deceleration; #, , is acceleration and deceler-
ation time.

The analysis of the expression (10) indicates that the
MEELs under acceleration and deceleration contain
three terms (components): the first is directly propor-
tional to the time value 7, , of acceleration (or decelera-
tion); the second represents a constant value (indepen-
dent of the acceleration and deceleration times); the
third depends inversely on the value of time ¢, ; of ac-
celeration (or deceleration). Expression (10) is charac-
terized by the fact that with a significant decrease or in-
crease in the duration of time #, , there is an increase in
the value of the MEEL AW, ,. This causes the presence
of an extremum (minimum) of these MEELSs at certain
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Fig. 1. Dependencies for the major electromagnetic energy losses of the A03-315M-4U3 engine, loaded by a centrifugal
pump SD 450/95-2a, in the regimes of acceleration (a, c, e, g) and deceleration (b, d, f, h), for linear (L), parabolic
(P), and quasi-optimal (Q) trajectories of velocity variation:

a,b—forM,=0;c,d—forM,=0.-

(optimal) values of acceleration (deceleration) time of
the engine (as confirmed by the graphs of these depen-
dences constructed from (10) for k=2 in Fig. 1 and de-
noted by the letter L).

To find the optimal values of acceleration (or decel-
eration) time, we take the derivative from the expression
(10) in time 7, , of acceleration (or deceleration) and
equate it to zero

d(AW,
M:a+b~Mr20 qummm+
dt,
. bgret + co b(ofng -0,
2k 11 23 2,

From the last expression, we will define equal values
(for identical parameter values M,, and g static moment
M,) of optimum acceleration time 7, and f; FRAE,
corresponding to a linear change in the velocity

©=19=12,=Jo,x

X’ bk 292k 13° (1)
\/a+b-Mr20+2qu"’m”’ bg o -0,

m

k+1 2k+1 2.3

At the second stage, we calculate the MEEL of the
engine in the start-braking regimes with parabolic
tachograms of acceleration and deceleration, respec-

tively
1 ? t,—t :
m:com-[—j and oo:o)m(d—J . (12)
ta ta’

From (12), we determine the velocity derivatives
with respect to the time for the parabolic tachogram
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M., e f—for M,,=0.2 -

M,

m

g, h—for Mro=0.3-M,,

FRAE in the acceleration and deceleration regimes, re-
spectively

o' =20,t/t2 and o' =-20,,-0)/. (13)

Substituting the values from (12, 13) in (5), we find
the calculated dependences for the major electromag-
netic losses of power FRAE in the parabolic tachograms
of acceleration or deceleration

em.a

4Jo M
AP :a+b~[Mfo+%‘t+
ta
I:n I 4qulr(n+l.t2k+l+

o 12k 2k+2
ta ta

+2gM

2. 2% 2.2 13
L4 O 't4k+4'] ‘;w”’-t2J+c.m’" 126
1t

AP,  =a+b- (M? —‘”‘”—’;Mm.(zd—t)+ (14)
d
ok % 4JgokH 2+l
+2qu 12k (d_) - 1242 'td_t) +

+%~(td -1)" +@~(td ~1) 2J+

13
+%~(td—t) 2

Taking definite time integrals of the expressions in
(14) in the range from 0 to 7, ,, we obtain, according to
(3), the analytical dependence for calculating the MEEL
in the start-braking regimes of the FRAE with parabolic
velocity variation
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2
2k +1

AWa,d:(a+b‘Mfg+ bgM o +

(15)

1.3
+Lq2(o,2nk +o-Dm =
4k +1 36 ) ¢

| 26JM, o, +Lqum’,‘n+l +ibJ2mfn /ta g
k+2 3 ’

To determine the durations of the optimal accelera-
tion (or deceleration) time of FRAE, we calculate the
time derivative 7, ; acceleration (or deceleration) from
the expression (15) and equate it to zero

d(aw,
M:a+b~Mfo+iqumm’;+
di,, 2k+1
)3 2,2
N quo)fnk+c o, _4bJ O .
4k +1 3.6 32,

From this expression, we determine the optimum
acceleration time # and ?; FRAE, corresponding to
the parabolic change in velocity

10=15=12,=Jo,x

4
) 30 (16)
k 2 2k . 13"
a+b~Mr20 N 20gM o, bg o, c-o,
2k +1 4k +1 3.6

By substituting the optimal time values 7; ; accelera-
tion and deceleration from (11) to expression (10) or
from (16) into expression (15), we obtain analytical de-
pendencies for calculating the optimal (minimum) val-

ues AW, of MEEL in the starting and braking regimes
of FRAE, respectively, with a linear or parabolic change
in its speed.

From the analysis of the obtained dependences it
follows that in spite of the previously noted equality (at
identical values of the static moment M,) between the
optimal acceleration time ] and deceleration #; of
FRAE, because of the mentioned different double signs,
the optimum values of the MEEL in the acceleration re-

gimes (AW?) differ according to Fig. 1 and Table 2 be-
fore the series of terms entering into (10, 15) and decel-

eration (AW;) We draw attention to the fact that this

conclusion applies not only to the considered linear and
parabolic tachograms of FRAE, but also extends to a
quasi-optimal kind of change in the speed of an induc-
tion engine.

At the third stage, we calculate the optimal time for
the start-braking regimes of the FRAE for quasi-opti-
mal tachograms [6]

_, ShEVK -1 a7
m Sh(ﬁ*\/?Ja)’
when accelerating, or
sh[a*«/? , —r)}
0O=0, - , (18)

sh(z' VK -1,)

when decelerating, where the value of the coefficient &*
corresponds to the smallest standard deviation of the
quasi-optimal tachogram from the optimum [6], and
the coefficient Kis found through the engine parameters
from the relation [6]

B 0.65c-k2 -2,
(R, +k2-R.+0.005P,/n,)-J%

Starting from (17, 18), we calculate the current values
of the velocity derivative with respect to time

e R o, HEVE D) 9
B e "
when accelerating, or
ch g*\/f (t,-1)
w=-t.VK o, [ ‘ } (20)

sh(e'VK -1,)

when decelerating.

Having determined the current value of the moment
of resistance M, from (4) taking into account (17, 18)
and substituting it into the relation (1), we find from the
latter the dependence for the major electromagnetic
losses of the power of the FRAE with the quasi-optimal
trajectory of the velocity variation during acceleration or
deceleration taking into account (19, 20)

Table 2
Optimum values of the MEEL and the acceleration and deceleration times of FRAE
) ) Optimal values of the MEEL AW?,,, p.u.
Value, p.u. Optimal time #2,, s ; ' : &, p.u.
’ acceleration deceleration
M,, q L P 0 L P 0} L P 0} 0

0 0.8846 | 0.9564 | 1.387 | 1.261 13.40 12.66 12.52 4.654 3.928 3.787 1.89
0.1M, | 0.7961 | 0.9256 | 1.332 | 1.335 14.57 13.88 13.73 4.079 3.394 3.251 1.95
0.2M, | 0.7077 | 0.889 | 1.259 1.22 15.83 15.26 15.11 3.590 3.021 2.875 1.97
0.3M, 0.6192 | 0.8485 | 1.176 1.02 17.17 16.78 16.57 3.177 2.793 2.584 1.97
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AP, =a+b| M2 +20,M,J &K x
ch(af )+J2(0) éf)

sh(E.. JK 1 )
chz(‘: \F’) 1,3 sh1*3(§*\/E-t)

AP, =a+b-{M?~20,M,J &K x

§ Ch[é*\/?-(td—t)}-’_']z(w .{:*\/?)ZX

sh(£'VK -1,)
chz[i VK (1,-1)] s VK (1, -1)]
sh"3(§*\/E~td)

shz(é, JK -1 )

+e-ob

The complex form of the dependences (21) does not
allow us to calculate definite integrals in a general ana-
Iytic form, and the presence of hyperbolic functions (in
the numerator and denominator of a number of its
terms) makes it difficult to differentiate these depen-
dences after finding an extremum. This, in turn, pre-
vents the finding in the general form of analytical depen-
dencies for calculating the optimal acceleration and de-
celeration time corresponding to minimizing the power-
less effect of the engine under the quasi-optimal velocity
trajectory. Therefore, in order to obtain a more simple
form of the calculated analytical dependencies for find-
ing these optimum acceleration and deceleration time,
we use the similarity method (for example, considered
in the book by V.A. Venikov, Theory of Similarity and
Modeling). In the case under consideration, the similar-
ity of the analytical dependences (11, 16) for calculating
the optimal values of the time # and ¢ for linear and
parabolic tachograms, the FRAE consists in the simi-
larity of the general form of these dependencies, which
can be represented by a single expression

10=15=12,=Jo,x

o pb (22)
a+b-M2+ybgM, o +zbq*0?* +sc- o}

The difference in these dependencies (11, 16) or in
(22) is only in the various numerical values of the coef-
ficients p, y, z and s, given in Table 3. This similarity is,
obviously, explained by the general properties of the ob-
ject under investigation — the FRAE. Proceeding from
the similarity method, we will assume that the general
form of the dependence (22) is preserved even in the
case of calculating the optimal acceleration time ¢, and
deceleration time #; with a quasi-optimal form of the
change in engine speed, and a possible difference will
consist only in other numerical values of the coefficients
2, Y, Z, s in dependence (22).

In view of the above-mentioned impossibility of the
analytical integration of the obtained complex expres-
sion (21), after substituting this expression into (3), they
were calculated by numerical integration methods for
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Table 3
The numerical values of the coefficients p, y, zand s

Values of the coefficients, p.u.

Type of tachogram
p y K4 K
Linear 1 D) 1 L
k+1 2k +1 2.3
Parabolic 4 b 1 1
3 2k +1 4k +1 3.6
Quasi-optimal 0.3094 | —0.1812 | 0.0146 | 1/18.18

the start-braking regimes of the A03-315M-4U3 engine
under consideration, loaded with the SD-450 / 95-2a
pump , the dependence of MEEL AW, and AW, on the
duration of the acceleration time #, and deceleration
time #,, for a quasi-optimal trajectory of the change in
engine speed, which are plotted as graphs (for k = 2) in
Fig. 1. Analysis of the graphs shows that each of them
has also a “U”-like appearance (as with linear and para-
bolic tachograms) and is characterized by a single ex-
treme (minimum) value. The minimum values of the

MEEL AW/, and the corresponding optimal values
to4 of time of acceleration and deceleration of the
FRAE are presented in Table 2.

A technique is proposed for finding the values of the
coefficients in the universal calculated dependence (22)
for a quasi-optimal tachogram FRAE:

1) using the pre-numerical methods defined from
Fig. 1 for quasioptimal tachograms, the optimal accel-
eration (deceleration) time' toa — for M,,; 17 ,, — for
M,; togs — for M5 10,4 — for M, (the values of
which are given in Table 2), in accordance with the rela-
tionship (22) we will compose a system of algebraic
equations

2 2k

(a+b-Mr201 )+ybq1Mmlco’:n +zbgio’t +

i 2
+scol =p szo)fn/(t;”dl) }

(a+b M?

ro2

2
+sco = p| bJ*® fn/(tfj’dz)
(a+b M,203)+ybq3 M, 0k +zbq32c02" +
Jzooz/ tgd3

(a+b M,204)+ybq4Mm4(o’,; +zbgioX +

2.2k

)+ybq2M Lok +zbgiek +

ro

+scwl2 =p| b

A
+scold=p szo)fn/(tg,d“)

containing four equations and four unknown variables p,
y, zand s, where ¢, ¢,, ¢; and ¢, are coefficient values ¢
from Table 2, corresponding to the values of the initial
moment of resistance, equal to M,,;, M,,, M,,;and M, 4;
2) we transform this system of algebraic linear equa-
tions of the fourth order to the canonical form of the
algebraic system of linear equations of the third order;

95




ELECTRICAL COMPLEXES AND SYSTEMS

3) by the method of determinants we find the values
of the required coefficients: p, y, zand s (Table 3).

For centrifugal pumps in which the initial value of the
resistance is present in expression (4): M,, = 0 (which is
also known for centrifugal fans [6]), the universal design
dependence (22) for determining the optimum accelera-
tion and deceleration times for linear, parabolic and qua-
si-optimal velocity trajectories is simplified to the form

_j0_g0 _ pb
’g—’3—tg,d—J‘Dm'\/a+zquwzk+scm1.3’ (23)
m

m

where for linear, parabolic and quasioptimal tacho-
grams, the values of the coefficients p,z,s from Table 3
are preserved.

With respect to quasi-optimal tachograms of FRAE,
loaded with a fan load, the methodology for determin-
ing the coefficients p, z, s for the dependence (23) is
transformed to a different form:

1) using the previously determined numerical meth-
ods determined from Figs. 1, a, b for quasioptimal tach-
ograms, optimal acceleration (deceleration) time: #. ,,
17 ,» and t 45, corresponding to three different values of
the coefficients calculated from (6) ¢,, ¢, and g5 (for ex-
ample, with respect to the maximum values of the fan
load moment, which are equal to: 0.5M,,; 0.75M,, and
M,,), — a system of algebraic equations is constructed
with allowance for (23)

i 2
a+zbgto** +sc-old=p szu)fn/(ta.dl) }

i 2
a+zbgio* +sc-old=p szu)fn/(taﬁ) } ,

2
a+zbgio** +sc-old=p szu)fn/(tgm) }

containing three equations and three unknown vari-
ables: p, z, s;

2) after transformation of the given system to the ca-
nonical form, the values of the sought coefficients p, z
and s are found by the method of determinants.

At the fourth stage with the help of Fig. 1 for the con-
sidered FRAE and CP (Table 1) on the approximate
measure of the linear tachogram, we estimate the ex-
pected annual energy savings during the transition in the
start-braking regimes from the time 7, ;, equal to 10 s, to
optimal time #{ ;, equal to 0.8485 s. This energy savings
at the sewage pumping station (with an annual pump
operating time of 8700 h and an average annual number
of pump inclusions per hour of five) will be for one
pump, kWh

_ 4,-8700-5
Y3600
+AW,,(1,) =AW, (15) | ~ 894,

[AW, (1)~ AW, (1)) +

where A, = 0.7367 kJ is the basis energy value;
AW (t,)-AW, (t7)= 50.2 p.u. is energy saving at one
acceleration (Fig. 1, g); AW, (t,)— AW, (t5)= 50.2 p.u. —
energy saving with one deceleration (Fig. 1, 4); 3600 —
conversion factor (from kJ to kWh).
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At the fifth stage, it is possible in the start-brake re-
gimes, proceeding from the permissible value of the hy-
draulic shock in the hydraulic system, to check the feasi-
bility of the optimum acceleration and deceleration time
for the FRAE (for the example of the considered engine
and the pump from Table 1, installed at the sewage pump-
ing station with the parameters of the hydraulic system:
the density of the pumped liquid p = 1100 kg/m?, highest
working pressure Po=0.2MPa at the inlet of the pump and
the input iron pipe of Ductile iron with an internal diam-
eter d = 200 mm, wall thickness 6 = 6.3 mm, length L =
=20 m and permissible operating pressure P,, = 6.2 MPa).
The phenomenon of hydraulic impact is considered only
for the braking regime, since during acceleration with a
fully open throttle the hydro-impact does not occur.

The essence of the calculation procedure (in abso-
lute units) is:

1) to determine the velocity of propagation of the
shock wave in the input tube (using here and further
analytical relationships for hydraulic calculations from
the book by Agroskina I.I, Dmitrieva G.T., Pikalo-
va F. 1. Hydraulics), m/s

C=1425/\1+(d[3)-(E, [E,) = 1115, (24)

where 1425 m/s is speed of sound in water; E,/E,,, Pa is
the ratio of the elastic moduli of water and the material
of the pipe walls (for cast iron E,,/F,, = 0.02);

2) to determine the duration of the phase of hydrau-
lic shock, s

1,=2L/C=0.0359; (25)
3) to find the cross-sectional area of the inlet pipe, m?
S=mnd?/4=0.03142; (26)

4) from the data in Table 1, we calculate the nominal
flow (feed) per second, m?/s

0=400/3600=0.1111; @7

5) to determine the maximum speed of the pumped
liquid in the inlet pipe, m/s

V, = 0/S=3.536; (28)

6) taking into account the directly proportional rela-
tionship between the speed of the pumped liquid and the
angular frequency of rotation @ FRAE, we calculate the
velocity (in m/s) of the pumped liquid in a time interval
equal to the phase of the hydraulic shock, after the pump
starts to brake for linear, parabolic and quasi-optimal
velocity trajectories

Vi) =V, (1-1,/1,)=3.39

Vo) =V, (17, /t,) =3.32 :(29)
sh[ &' VK (1, -7,)

Vo(r,) =V, ~3.31

sh(é*\/?-td)

7) to determine the maximum values of pressure in-
crease (in MPa) with a hydraulic shock for linear, para-
bolic and quasi-optimal velocity trajectories
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AP, =p-C-[V, -V,(1,)]~0.18
AP, =p-C-[V, V,(x,)|=0.26 ; (30)
APy =p-C-[V, ~V,(z,)]~0.28

8) to check the feasibility of the optimum accelera-
tion times, based on the condition

P,+AP<P,. (31)

The pressure increase charts calculated from (24—
30) for a hydraulic impact (in MPa) for linear, para-
bolic and quasi-optimal velocity trajectories with a
variation in the length of the input pipe from 20 to
400 m are shown in Fig. 2. Condition (31) for the ex-
ample under consideration (with L = 20 m) is satisfied
with a margin equal to: 5.82, 5.74 and 5.72 MPa, re-
spectively, for linear, parabolic and quasi-optimal tach-
ograms of FRAE.

4APMPa
S S o S
S
B 1 S U S S
ol j j j Lm|
020 100 200 300 400

Fig. 2. Maximum values of pressure increase in a hy-
draulic impact, depending on Pipe length at pump
inlet

Conclusions.

1. The obtained analytical dependences (9, 10), (14,
15), (21, 3) allow calculating the current electromagnet-
ic power losses AP,,, and basic electromagnetic energy
losses AW, and AW, in the start-braking regimes of the
FRAE with pump loading for linear, parabolic and qua-
si-optimal trajectories of its speed. The necessary infor-
mation for performing these calculations includes the
passport data and parameters of the pump and its drive
engine, the value of the static head of the hydraulic sys-
tem.

2. The analytical dependences (11, 16, 22, 23) ob-
tained as a result of the solution of the optimization
problem ensure the calculation of the optimum values of
acceleration and deceleration time of the engine and al-
low calculating the corresponding minimum possible
(optimal) values of the basic losses of electromagnetic
energy AW? and AW, FRAE with pump and fan loads
in the start-braking regimes with the mentioned differ-
ent speed trajectories.

3. The proposed engineering technique allows for
any trajectories of the change in the speed of the drive
engine, proceeding from the possible occurrence (in
case of unsteady fluid flows) of the formation of a hy-
draulic shock in hydraulic systems, to verify the feasibil-
ity for centrifugal pumps of the optimal time for their
acceleration and deceleration.
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OnTumizanis yaciB mycKo-rajJbMiBHUX pPeXUMiB
4aCTOTHO-PEryJJb0BAaHOT0 ACHHXPOHHOIO
JBUTYHA i3 HACOCHMM HABAHTAXKEHHSIM

B. O. Boakos

HauionanbHuii TeXHIYHUI YHiBepCcUTET ,,JIHIMpOBChKa Mmosti-
TexHika“, M. JIHinpo, YkpaiHa, e-mail: green_stone@ukr.net

Meta. OTpuMaHHSI CTOCOBHO NIO0 MYCKO-TaJIbMiB-
HUX PEXMMIB YaCTOTHO-PETryJIbOBAHOIO ACUHXPOHHO-
ro neuryHa (YPAJI) 3 HACOCHUM HaBaHTaXKEHHSM PO3-
PaXyHKOBUX aHAIITHYHUX 3aJICKHOCTEH 11T OCHOBHUX
enekTpoMarHiTHUX BTpaT eHeprii (OEBE) mBuryHa ta
BU3HAUYCHHST ONTUMAJbHUX 3HAUYCHb MOT0 Yacy po3ro-
Hy i raJIbMyBaHHS, 1110 3a0€3I1e4yl0Th MiHiMi3allito 1a-
HUX BTpaT, a TaKOX — TIEepeBipKy peasti3allil iX onTu-
MaJIbHUX 3HAYeHb Yacy B riIpocucTeMax.

Metoauka. MateMaTUYHOIO aHaJli3y Ta BUSHAUHU-
KiB, Teopii MOmiOHOCTI I TigpaBAiYHOIO yaapy, KOM-
T’ IOTEPHOTO iMiTaLliiHOTO MOJETIOBAHHSI.

Pesyabratu. OTpuMaHi aHaJITUUHI 3aJIEXKHOCTI TSI
pospaxynky OEBE st YPAJI, HaBaHTaXKe€HOTO Bill-
eHTpoBuM HacocoM (BH), cTocoBHO mycKo-TajibMiB-
HUX PEXUMiB PU Pi3HUX iICHYIOUMX BUAAX 3MiHi LLIBU/I-
KOCTi. Y pesyinbTaTi pillleHHS ONTHUMIi3alliiiHOrO 3a-
BIIAHHSI OTPMMAaHi aHaJIITUYHI 3aJIeXKHOCTI, 1110 3a0e3-
MEeYyIOTh OOYMCICHHST MiHIMAJIbBHO MOXJIUBUX (OITH-
MmanbHux) 3HaueHb OEBE mporo gsuryHa B Imycko-
raJlbMiBHUX peXMMax MpU 3a3HAYEHUX Pi3HUX BUIAX
3MiHM IIBUIKOCTI 1 JO3BOJISIIOTH pO3paxyBaTH Bilmo-
BiIHi 1M ONTUMAaJIbHI 3HAUYEHHS Yacy pO3roHYy i rajb-
MyBaHHS ABUTYHA. 3alpoIlOHOBaHA iHXXEHEpHA METO-
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JIMKa Ta 3 1 JOIIOMOTOI0 3/IiliICHeHa TlepeBipKa, BUXOISI-
Y1 3 JOMYCTUMOTO 3HAYEeHHS TiApaBIiuHOTO ymapy B
rigpocucrteMi, MOXJIMBOCTI peaiizallii LIMX 3HaYe€Hb
yacy po3roHy i ranbmyBaHHs YPA]L, 1110 HaBaHTaXXEHO
BH, y nycko-raibMiBHMX pexkUMax 3i 3ralaHUMHU Tpa-
€KTOPISIMU 3MiHU IIBUAKOCTI.

HaykoBa HOBHM3HA. Yrepille OTpUMaHi aHaJiTUYHI
3aJIEXKHOCTI, 1110 JIO3BOJISIIOTh KiJIbKiICHO OLIIHUTH MiHi-
MasibHO MoOxJuBI OEBE B mycko-rajibMiBHUX pPeXU-
max YPAJI i3 HAaCOCHUM i BEHTUJISITOPHUM HaBaHTa-
JKEHHSIM, a TaKOX BU3HAYMUTH BiATOBIIHI LIUM BTpaTam
€Hepril ONTUMaJIbHi 3HAYEHHS Yacy PO3rOHY i TajibMy-
BaHHS IBUTYHA JJIsl JIiHilAHOI, TTapaboJIiyHOol Ta KBa3i-
ONTUMAJIbHOI TPAEKTOPI 3MiHU IIBUAKOCTI. YIiepiie
po3pobiieHa METOAMKA PO3PaxXyHKy MaKCUMaJbHOTO
3HAYEHHSI TiIpaBIiYHOro yaapy B TiIpOCHUCTeMi Ipu
BUKOPUCTAHHI B Hili BimlieHTpoBoro Hacoca i3 YPAJI.

IIpakTHuHa 3HAYMMICTB. YTIPOBaIKEHHS OTpUMa-
HUX PE3yJIbTaTiB TO3BOJISIE 3HU3UTU HENPOMYKTHUBHI
BTPATU €JIeKTPOEHEPrii B MYyCKO-TaTbMiBHUX PEXMMaXx
YPAJl, a TakoX MiABUILMTU eKCIIyaTaliiiHy Hamiii-
HicTh TigpocucteM i3 BH, 3abe3neyeHrMMU 4acTOTHO-
peryjiboBaHUM aCUHXPOHHUM JIBUTYHOM.

KmiouoBi cnoBa: vacmommue pecynto6anus, acuHxpoH-
HUll 08U2YH, eNeKMPOMAcHIMHI empamu eHepeii, nycKo-
2ANbMIBHI pedcumu

OnTumMu3anms BpeMeH MyCKO-TOPMO3HbIX
PeXNMOB 4aCTOTHO-PEryJIMpyemMoro
ACHMHXPOHHOTO JBUTaTeNIsi C HACOCHOM
HArpy3Kou

B. A. Boakoe
HanyoHanbHbli TeXHUYECKUIT YHUBEPCUTET ,,JIHEMpoBCcKast

nosutexHuka“, r. JInenp, Ykpauna, e-mail: green_stone@
ukr.net

Henb. [TonyyeHre MPUMEHUTEIBLHO K ITYCKO-TOP-
MO3HBIM peXUMaM YaCTOTHO-PETyJIUPYEMOIrO acHH-
xpoHHoro asuratenst (YPAl) ¢ HacocHOIt Harpy3Koit
pPaCUYETHBIX aHAJTUTUYECKUX 3aBUCUMOCTEM TSI OCHOB-
HBIX BJIEKTPOMArHUTHBLIX ToTepb dHeprun (ODI1D)
IBUTATEIST U OIpeelIcHNe ONTUMAJIbHBIX 3HAUYCHWA
€ro BpEMEHU pa3roHa W TOPMOXEHUsI, 00eCIIeunBa0-
VX MUHUMHA3ALWIO JAaHHBIX TIOTePh, a TAKXKe — IIPO-
BepKa pean3yeMOCTH WX OINTUMAaIbHBIX 3HAYCHUIA
BPEMEHH B TUIPOCHUCTEMAX.
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MeTtoauka. MaTeMaTUYECKOro aHajaud3a U ompene-
JIUTeNel, TeOpUit Mogoous U TMAPaBIMYECKOro yaapa,
KOMITbIOTEPHOTO UMUTALIMOHHOTO MOJAEIUPOBAHMSI.

Pesyabratbl. IlonydeHbl aHaJIUTUYECKUE 3aBUCH-
Moctu i pacueta ODI1D mig YPA/L, Harpy>XeHHOTO
1eHTpoOexkHpIM HacocoM (IIH), mpuMeHUTEIBRHO K
IyCKO-TOPMO3HBIM peXXMMaM MPU Pa3INIHBIX CyIIIe-
CTBYIOIINX BUIAX U3MEHEHMSI CKOPOCTH. B pesynbrare
pellleHus] ONTUMM3AaIIMOHHOM 3a1auyl MOJydYeHbl aHa-
JINTUYECKHUE 3aBUCMMOCTH, 00ECIIeYMBAIOIINE BHIYUC-
JICHe MUHUMAJIbHO BO3MOXKHBIX (ONTUMAaJbHBIX) 3HA-
yeHuit OBIID sToro aBuraressi B MyCKO-TOPMO3HBIX
pexyMax MpM YKa3aHHbIX Pa3IMYHbIX TPACKTOPUSIX
CKOPOCTHU 1 TTO3BOJISIIOIINE PACCUMTATh COOTBETCTBYIO-
IIME UM OTNTUMAJIbHbIC 3HAUEHUSI BpEMEHU pa3roHa U
TopMOXeHMs1 nBuratess. [lpemnoxeHa MHXeHepHast
METOAMKa 1 ¢ ¢¢ TTOMOIIBIO OCYIIECTBIEHA ITPOBEepKa
(Mcxomst U3 IOITyCTUMOTO 3HAUCHUS TUAPABINIECKOTO
yaapa B TUAPOCHUCTEME) PEaM3yeMOCTH 3THX 3Hade-
HUIT BpeMeHU pa3roHa u topmoxkeHuss YPAJl, Harpy-
xeHHoro LIH, B mycKo-TOPMO3HBIX pexXrUMax ¢ yIIoMsI-
HYTBIMU TPAeKTOPUSIMU U3MEHEHMST CKOPOCTH.

Hayunas HoBu3HA. BriepBble mosydeHbl aHAIUTUYC-
CKME€ 3aBUCUMOCTHU, KOTODBI€ ITO3BOJSIIOT KOJIMYE-
CTBEHHO OLIEHUTh MUHUMAaJIbHO BO3MOXHbIe OBIID B
MMyCKO-TOpMO3HBIX pexknmax YPAJI ¢ HacocHOI 1 BeH-
TWISITOPHOI Harpy3kamu, a Takxke OINpeaeuTh COOT-
BETCTBYIOLLIME ITUM IOTEPSIM SHEPTUU ONTUMAaJbHbIE
3HAYCHUST BPEeMEHU Pa3roHa M TOPMOXKECHUS TBUTATEJIST
IUISL TAHEWHOM, MmapadoIndYecKoil M KBa3UOIITUMAaJlb-
HOM TpaeKTOpHit U3MEHEHUSI CKOpOCTU. BriepBrie pas-
paboTaHa METOAMKA pacuyeTa MaKCHUMaJIbHOIO 3HAYe-
HUS TUAPABINIECKOTO yIapa B THAPOCUCTEME TIPU UC-
MOJIb30BaHUU B Hell LIeHTpoOexxHoro Hacoca ¢ YPA/L.

IIpakTHyeckas 3HAYMMOCTb. BHeapeHue mMmojyJyeH-
HBIX PE3YJIbTATOB IO3BOJISIET CHU3UTh HEMPOU3BOIM-
TeJIbHbIE TOTEPU 3JIEKTPOIHEPTMU B IyCKO-TOPMO3-
HbIX pexkrumax YPAJI, a Takke TMOBBICUTh 3KCILTyaTa-
LIMOHHYIO HaZeXXHOCTb ruapocuctem ¢ ILIH, cHabxeH-
HBIMM YaCTOTHO-PETYJIUPYEMbIM aCUHXPOHHBIM JIBU-
raTejicM.

KimoueBble clioBa: yacmommoe peeyauposanue, acuH-
XPOHHbLIL d8ueamens, 31eKmMpoMacHUmMHble NOmepu SHep-
eul, NYCKO-mopmo3Hble Pelcumbl

Pekxomendosano 0o nybaikauii dokm. mexH. HayK

C. M. Tuxosodom. lama HaoxoddyceHHs — PYKORUCY
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