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Purpose. Finding energy-saving speed trajectories in the acceleration and braking modes for a range of supernormal speeds of
a short-circuited frequency-regulated asynchronous engine in the acceleration and deceleration regimes as well as examining the
total energy losses of this engine in these modes by the example of machine and traction drives.

Methodology. Methods of variational calculus, Runge-Kutta, mathematical interpolation and computer modeling are used.

Findings. Analytic dependencies are obtained for calculating the total energy losses for a frequency-regulated asynchronous
engine (FRAE) under conditions of acceleration and deceleration in the range of its super-nominal velocities. A quantitative esti-
mation of these energy losses for a given engine in this speed range is made with respect to the constant and traction loads for the
proposed energy-saving and known (linear and parabolic) velocity trajectories. Electromechanical and energy transitional pro-
cesses in the range of super-nominal speeds for acceleration and deceleration regimes with the traction load were investigated.

Originality. For the first time, an energy-saving (called “quasi-optimal™) trajectory of speed variation at supernormal FRAE
speeds is proposed, which allows minimizing the general main engine energy losses in the acceleration and braking modes with
constant and traction loads. For the first time, a quantitative estimate of the minimum possible common main losses of this engine
in the modes of acceleration and braking in the range of super-nominal velocities for the proposed energy saving velocity trajec-
tory and a comparison of these losses to linear and parabolic tachograms.

Practical value. The use of the obtained results allows reducing unproductive losses of energy in the modes of acceleration and

braking of the FRAE at super-nominal speeds with constant and traction loads.
Keywords: fiequency control, asynchronous motor, super-nominal speed, energy saving

Introduction. Industrial production of frequency-con-
trolled asynchronous engines with increased (more than three
times) rotation speed and increased torque (up to two-three
times increase compared to its nominal value) are widely used
in various branches of agriculture (mechanical engineering,
metallurgy, electric transport, etc.). Considering the rise in the
electrical energy price observed in Ukraine and all over the
world, leads to a decrease in energy losses when operating in
the super-nominal speed (SNS) range as being topical in-
trend practice.

Literature review. From the analysis of domestic and for-
eign scientific and technical literature, it has been found that in
the majority of well-known publications devoted to the study
of the attenuation regimes of the magnetic field of a frequency-
regulated asynchronous engine (FRAE), the problem of maxi-
mizing its torque is solved. Namely: in [1] — due to the use of
a rational algorithm for modulating the output voltage of the
inverter supplying the FRAE; in [2] — the choice of the re-
quired value of the stator dissipation inductance of the engine;
in [3, 4] — by use, respectively, of direct or predictive FRAE
vector control. In the rest of the well-known publications,
considering the established and transient modes of operation
of this engine under SNS, the following are proposed and in-
vestigated: in [5] — controlling FRAE at maximum values of'its
efficiency factor; in [6, 7] — improving the speed of traction
FRAE (functioning, as is well known, for the main time in
SNYS) as applied to electric vehicles and electric trains, respec-
tively; in [8, 9] and article: Haddoun A., Benbouzid M., Di-
allo D., Abdessemed R., Ghouili J., Srairi K. A Loss-Minimi-
zation DTC Scheme for EV Induction Motors, — reduction of
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power consumption in traction FRAE, respectively, for the
electric train, tram and electric vehicle, achieved when using
energy-saving trajectories of their movement. The analysis of
these publications suggests that nowadays in the existing scien-
tific and technical literature not enough attention has been
paid to the study of the energy saving trajectories of the FRAE
under its acceleration and deceleration regimes in the SNS
range.

Purpose. The purpose of the article is to find energy-saving
speed trajectories for super nominal speeds of a short-circuited
FRAE under acceleration and deceleration regimes and to re-
search the total energy losses of this engine in these modes us-
ing the example of machine and traction drives.

Results. The following assumptions were made:

- the generally accepted idealized representation of the
three-phase FRAE are supplemented by taking into account
the power loss in the steel of this engine [10];

- it is proposed to use a vector type of automatic control
system (ACS) for an electric drive, which provides separate
regulation of the magnetizing /,, and active /;, components

(projections) of the generalized vector of the static current /,
(formed by the main harmonic components of the phase stator
currents) of the engine on the axis of the rotating orthogonal
coordinate system “x—y”, connected by the real axis “x” with

the generalized flux linkage vector of the ¥, FRAE;

- we neglect the free (damped) components of the stator
currents in the acceleration and braking modes (which is pos-
sible in practice with regard to the use of the vector ACS be-
cause of their high speed and accuracy) [8];

- the object of the study for machine and traction electric
drives was: acceleration regimes of the FRAE from nominal
synchronous ®, to maximum speed ®,, and electric braking
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from maximum o,, to nominal synchronous speed ®,, to nom-
inal value: E,,= o, - '¥,,, (where ¥, and ¥, are respectively the
current and nominal values of the generalized flux linkage vec-

tor of the rotor ¥, FRAE; o, and ®,, are the current and
nominal values of the angular frequencies s motor stator;

- for traction drive, there was no slip between the driving
wheels and the road surface;

- FRAE parameters (the active resistances of which were
reduced to a temperature of 115 °C) and the values of the iner-
tia moment of the drive J driven to the motor shaft were as-
sumed to be unchanged (presented in Table 1);

- only the main components of the total power losses and
the energy of the FRAE, caused by the main (first) harmonic
components of the phase stator currents [10]), were consid-
ered;

- mathematical dependencies and subsequent calculations
are given in the relative system of units common to AC ma-
chines [10] (in which the nominal values of the stator frequen-
cy o, and the rotor synchronous speed ®,, as is known, are
equal to one unit, and the maximum speed ,, for the consid-
ered FRAE, according to Table 1, is 4000/1500 = 2.677 p.u.).

At the first stage, taking into account the accepted assump-
tions, we obtain analytical calculated dependences for deter-
mining the total main power and energy losses of the FRAE
operating in the SNS.

As the initial dependencies for finding the total main pow-
erloss (TMPL) AP,, and the main electromagnetic energy loss
(MEEL) AW, and AW, of this engine during acceleration and
deceleration, we use the expressions from [10]

AP, =(R,+0.005P,/n,) I, +(R, +0.005P, /n, + kR, )x
XIL +AP, -} (W, /¥, ) +AP,,, 0%

stn” meh.n

(M

In r:l
AW, =[AP,di and AW, =[AP,dr, Q)
0 0

in which /,, and I}, are the magnetizing and active projections
of the generalized vector I, of the stator current of the engine,

Table 1
Nominal parameters of the engine and drive
The name of the parameter, measurements Value
I Engine AT 250 L4U2:
power, KW 120
active line voltage, V 400
stator frequency, Hz 50
nominal/maximum speed, rpm 1500/4000
slip, % 1.5
torque (M,), Nm 780
multiplicity of starting moment 1.8
multiplicity of the maximum moment 3.5
coefficient of performance, % 94
power factor 0.91
11 Machine drive (model 7B-220-6)

the multiplicity of the static moment (M,/M,) during 0.2
the reverse course of the table
given moment of inertia, kg - m> 3.84

I11 Traction drive (model ZIU 582G—012)

trolley speed, km/h 60
\r/r:lll)l(érsr:lal longitudinal slope, % 8

the mass of the trolley, t 18.2

created by the first harmonic components of its phase stator
currents; ¥,, and \¥,,, are, respectively, the current and nomi-
nal values of the module of the generalized magnetic flux vec-
tor ¥, in the engine air gap; o, is angular frequency of rota-
tion of the magnetic flux of the engine; R,, R, and k, are, re-
spectively, the active resistance of the stator and rotor windings
of the FRAE, the coupling coefficient of the engine rotor; P,
and n,, are the nominal values, respectively, of the useful pow-
er on the shaft and the efficiency of the engine; AP, and
AP,.,, are nominal values, respectively, of power losses in
steel and mechanical losses of the engine; A is the coefficient
taking into account the dependence of losses in FRAE steel on
the frequency w, of changes in the magnetic flux of the engine
(A = 1.3 [10]); t, and ¢, are the duration of the times of accel-
eration and braking modes, respectively; ¢ is the current time,
counted from the beginning and during the considered modes
of acceleration and deceleration: 0 <7<t,and 0 <7<z,

Taking into account the known (for example, from the
mentioned book by Pivnyak G.G. and others) the calculated
dependences for the module /;, magnetizing /;, and active I},
projections of the stator current

L=(ra+13)"”

, 3
L =(¥,+T,-¥,)/L,, I, =M[k¥,
(where L,,and T,= L,,/k,R, are, respectively, the inductance of
magnetization and the electromagnetic constant of the time of
the rotor of the engine) and approximately increasing ratio

O/ C)’ = (V) (G

we convert the dependence (1) in mind

AP, ~a(¥, +T,‘I”,)2 Jrzb(Mz/‘Pf)+ )
+c-w1*~(‘~I’f/‘Pm) +d o

In expressions (3—5), the following notation is used: P} is
the derivative of the modulus of the generalized rotor flux vec-
tor over time, M is the electromagnetic moment of the FRAE.
The coefficients a, b, ¢ in expression (5) are calculated from
the relations

a=(R,+0.005P,/n,)/ L3, d=AP,,

b=(R,+0.005P,/n,+Kk2R.)/k?, c=AP,,

Based on the accepted assumption of maintaining the ra-
tios: ¥, = o,,¥,, = const during acceleration and decelera-
tion of the FRAE in the SNS range, we find for this frequency
range |®,|> o, = 1 p.u. dependencies for changing the modu-
lus of the rotor flux linkage and its time derivative of the sta-
tor’s angular frequency

‘Pr = \Fm/ml and qﬂr = _\Pm '0‘){/(*)12’ (6)

where o] is the derivative of frequency o, over time.
Taking into account the known relation for the electro-
magnetic moment [10]

M=M,+Jo, )

(in which o’ is the derivative of the velocity with regard to
time), taking into account (6) we will put the dependence of
(5) in the form of the function on two variables ®, and ®

2
P
AP, ~a [‘{I”’—T’\P”’w’J +b o (Mr+J-c0')2+
v

en

2 1 2
(Dl 0)1 m

®)

te-o}2+d- o

Moreover, the difference between these variables o, and o,
referred to the nominal value of the angular frequency of the
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stator ®,,, in the frequency control of the FRAE is called ab-
solute slip

B=(0-w)/o,=0 -0, )

and may exceed, as shown below, when the SNS is several
times the nominal slip of the FRAE.

For an exact calculation of the TMPL AP,,, for the FRAE
in the considered modes, we transform the dependence (8) (by
eliminating the assumption made in (4) by introducing into
the last but one term, according to (1), the correction factor
ky) into the form

2
(2
AP, =a (\Pm—m’m@;] Lo (M, +J-0)°
¥

en

+
o o 2 (10)

thy-c-ol?+d o’

The coefficient ky, is calculated (taking into account (3)
and the mentioned book by Pivnyak G.G.) in the form

2 2
\Pm \Pm . ‘Prn. Mn
kw:[‘lf j[‘f’ ]’ D=

mn r

Yo :k’(\y’+LU’[1X); \me =RpLgpdyy,
\P”’x"‘ :k’(qjm +Lcr11x.n); b4 =k.L_1

my.n r~or*ly.n
2 _ w2 2. 2 _ w2 2
EEER CHES G GRS SO 4

mx.n my.n

> (1)

where L., is the leakage inductance of the engine rotor; index
“n” denotes the values related to the nominal mode of opera-
tion of the FRAE.
Based on (6, 7), we define (according to the book by Piv-
nyak G. G. and others) from the relationship
B=R -M/¥?=1-w, where t=R-M/¥2, (12)

m?>

the current value of the absolute slip of the FRAE in the con-
sidered regime of acceleration or deceleration in the SNS. As
follows from (12), the signs for absolute slip $ and coefficient t
are determined by the sign of the developed electromagnetic
torque M of the engine. With positive values of speed this sign
is: positive — in the engine and negative — in the generator
mode of the FRAE operation.

Substituting the first relation from (12) into expression (9),
after equivalent transformations, we obtain an algebraic equa-
tion of the form

0! —o /t+o/t=0,

the solution for which is the dependency
001=(1—\/1—4-‘c-0))/2'r. (13)

Substituting this solution in (12), we will find the calcu-
lated dependence for the absolute slip  of the FRAE in the
considered regimes

p—(1i—awa) /o (14

For the given tachogram () of the FRAE, taking into ac-
count (9, 14), we calculate the current value of the angular fre-
quency o,(#) of the motor stator acceleration and braking
modes, corresponding to the tachogram, for SNS

o(?) = o(?) +B. 15)

Through the value ® of the rotor speed and the current
value o, of the stator frequency calculated from (15), the cur-
rent TMPL values AP,, for the FRAE are calculated from
(10), through which from the ratios in (2) the MEEL values
AW, and AW, are found for this engine also in acceleration and
braking modes.

At the second stage, we will determine the type of energy-
saving paths of the FRAE speed o for the SNS range under
study in acceleration and braking modes at a constant value
(M, = const) of the static moment of the machine drive (using
the example of the reverse motion of the main table drive for
heavy metal-working longitudinal planing machine of 7B-
220-6 type after carrying out the modernization in it, associ-
ated with the replacement of the DC motor on the FRAE).

By the energy-saving trajectory of the change of the speed
of an FRAE, we will further understand this type of its change
during acceleration or deceleration in the range of the SNS,

which ensures minimization of the MEEL AW, =AW, =min

and AW, =AW/ =min for the SNS, calculated from depen-
dencies (2). At the same time, it is known from the theory of
variational calculus (for example, from the book by Andree-
va V. A., Tsirulyova V.M. Variational calculus and optimiza-
tion methods) that when minimizing the integrals from (2),
the integrand function AP,, for them should follow the Euler
equation for each variable in this function.

According to the above, we write the Euler equation for the
TMPL AP,, function from (8) with reference to the variable in
ito

0*(AR,,)
ow' - 0w’

2
s TR PR 0B8R
008 00Ot 0w

where " is the second derivative of the speed with respect to
time.

Substituting the value of the function AP,, from (8) into
equation (16) and calculating (for M, = const) the analytical
expressions of partial derivatives for it, we transform, taking
into account , = , the Euler equation (16) to the form

o'~K/o, where K=d-¥2 /bJ>. (17)

The differential equation from (17) is non-linear and
therefore, as is well known, it does not have an exact analytical
solution. As follows from finding the exact solution of this
equation using the Runge-Kutta method, for the considered
initial and final conditions, it can be interpolated (with a rela-
tive standard deviation of less than 1.1 %) with energy-saving
paths of the FRAE velocity, “Quasi-optimal”:

of concave

sh ij/?-t
w:wn+(wm—m,,)‘()

sh( E_,*\/?-ta)

; (18)
oo +((D Y .Sh|: é*\/?'(td_t)}
O (VK
or convex shape
sh[zg*\/?-(ta —z)}
03=oo”+(0)m—0)n)- l_sh(g*—\/m
(19)

mzw"+(mm7mn)- kM

SN

The first dependences in (18, 19) correspond to the accel-
eration, and the second ones — to the deceleration.

In these dependencies, the value of the correction coefficient
&" corresponds to the minimum possible value from (2) MEEL
for FRAE, found using the updated value (10) for the MEEL and
accurate determination of the angular frequency , value in it.

According to the calculation results from (2, 10), the fol-
lowing relations are constructed in the form of graphs: in
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Fig. 1 — the dependences of the MEEL AW,, AW, in
Fig. 2, a — the change in the correction factor &" for the
FRAE — by varying the durations of the acceleration 7, and
deceleration 7, time of the machine drive (with M,/M,=0.2) in
the considered range of the SNS. In these and subsequent Fig-
ures, curves / and 2 refer to quasi-optimal tachograms, respec-
tively, of concave and convex shapes, curves 3 and 4, to a para-
bolic type of tachograms, respectively, of concave and convex
shapes, and curves 5, to linear tachograms.

For these durations of acceleration and deceleration time,
Table 2 gives the MEEL values AW, and AW calculated from
(2) as well as the calculated specific energy losses Ap, and Ap,
for the FRAE when moving a,, u o, its rotor in these modes

Apa :AWa/aa; Apd :AWd/ad

aa:’fu)-dt; ad:Tm-dt 20)
0 0

At the third stage, we find the type of energy saving paths of
FRAE speeds during acceleration and deceleration in the con-
sidered SNS range with respect to the electric traction drive

200
160

120

80
0

(for example, for the ZiU 682G — 012 urban trolleybus after its
modernization related to traction DC engine on the FRAE).

Let us cite (from the book by Rosenfeld V. Ye., Isaev 1. P.,
Sidorov N.N. Theory of electric traction) the basic mathe-
matical relations (in absolute units) for the trolleybus traction
drive

F=F,=m(1+7)-; v[km/h]/v[m/s]=3.6
M=Ffen,: M,~Ffen,
F,=mg(12+0.004*[km/h] )10 +mg-i [
e= m[rad/s}/v[m/s] ~const, i=sina

21

where F, and F, are forces of, respectively, thrust and the main
resistance to movement, N; v[km/h] and v[m/s] are the speed
of the trolleybus, expressed in (km/h) or (m/s), respectively; &
is the ratio between the angular frequency of the rotor of the
engine and the speed of the trolleybus, rad/m; v’ is time veloc-
ity, m/s%; M and o are, respectively, the electromagnetic mo-
ment [Nm| and the rotor speed [rad/s] of the traction motor;
M, is static moment of resistance [Nm], reduced to the motor

120
80}-

40f---b

Fig. 1. Dependences of the MEEL AW,, AW, for FRAE in machine drive (for M,/ M, = 0.2) with varying durations of acceleration (a)

and deceleration time (b) for:

1 and 2 — quasi-optimal concave and convex; 3 and 4 — parabolic concave and convex; 5 — linear tachograms

*
2§pg

0.5 -
0 N ta,d.si
5 10 15 20 25 30 35

b

Fig. 2. Dependencies ' (t, ;) for machine (a) and traction (b) drives:

1 — for concave and 2 — for convex quasi-optimal tachograms (solid line — during acceleration, dotted line — during deceleration)

Table 2
MEEL values AW,, AW, and specific energy losses Ap,, Ap, during acceleration and braking modes in machine
(with M,/M,=0.2 and t,=t,=4s) and traction (with m = 18.2, i =0.02 and ¢, = ¢, = 25 s) drives
Tachogram view Values AW, AW,, p.u. and Ap,, Apg, p.u.
Machine drive (with K= 1.339 - 107%) Traction drive (with K= 1.615 - 107%)

Regime Acceleration Deceleration Acceleration Deceleration
Values & and &) £ =0.65,&5=0.05 £ =0.76,£5=0.05 £ =0.9,8=0.01 g =1.0,&,=0.01
Magnitude AW, Ap, AW, Apy AW, Ap, AW, Apy
Quasi-opt. (concave) 104.8 0.0470 26.99 0.0120 543.4 0.0440 157.1 0.0126
Quasi-opt. (convex) 105.1 0.0438 27.53 0.0122 544.8 0.0431 159.1 0.0128
Parabolic (concave) 107.9 0.0552 29.13 0.0149 563.5 0.0510 172.6 0.0156
Parabolic (convex) 116.1 0.0456 38.44 0.0145 600.9 0.0422 214.3 0.0150
Linear 105.1 0.0438 27.53 0.0122 544.8 0.0431 159.1 0.0128
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shaft; m is the total mass of the trolley, kg; n,, is the coefficient
of performance (efficiency) of the driving mechanism of the
trolleybus, %; o and i are respectively, the angle of ascent/de-
scent [deg] and longitudinal slope, %; g = 9.81 m/s? is accel-
eration of free fall; y = (1.15—1.2) is the coefficient taking into
account the reduction of the kinetic energy of all rotating parts
of the traction drive (wheel sets, mechanical couplings, gears
of the gearbox, propeller shaft and the engine rotor) to an
equivalent mass equal m(1 + ) to the forward movement of the
trolleybus.

We write the kinetic energy of a moving trolleybus in the
form of two equivalent expressions

W, =0.5m(1+7)-v?[m/s]

W, =0.5] | rad/s |=0.5] -€- v{m/s]}’ (22
where the first corresponds to the reduction of all moving parts
of the drive train to the forward movement, and the second —
to the reduction of all translational and rotationally moving
parts of the drive to the engine shaft. Equating to each other
the equalities of (22), we determine the value of the moment of
inertia of the trolleybus drive reduced to the shaft of the trac-
tion engine

J=m(l +7y) - v [m/s]/w’[rad/s] = m(l +y)/e2.  (23)

After transferring of the absolute values @, M, and J calcu-
lated from (21, 23) from the absolute system of units to the
relative one and their subsequent substitution into expressions
(8, 10), it becomes possible to determine the current values of
the MEEL for FRAE in acceleration and braking modes in the
SNS range from these expressions. In comparison with the
previously considered constant load applied to the machine
drive, the traction drive feature, taking into account (21), is
the variable value of its resistance moment M, from the slope i
of the roadbed and the speed rotor » of the FRAE

M, =M, +q o; m:s~v[m/s}/cob

 mg(0.012+1) 5184105 mge (»  (24)
’ 831’]me

ro

8‘anb

where M, and o, = 1007t/z, are the basic values of the electro-
magnetic moment [Nm] and the rotor speed [rad/s] of the en-
gine, respectively; z, is the number of pairs of fields of the en-
gine (for the considered FRAE: z,=2); n,,=92.8 % is the aver-
age efficiency of the trolleybus driving mechanism (according
to the book by Rosenfeld V.E. and others, its current value for
a trolleybus varies depending on the load from 89.8 t0 95.8 %).
The values o, M,, M,, and q are given in (24) in relative units,
and the values of m and ¢ — in kg and rad/m respectively. For
the maximum mass of the trolleybus and the longitudinal axis
equal to 2 %, the following values correspond: M,, = 0.2743
and ¢ =0.01736 p.u.

From (24), the dependence of the static moment M, of the
FRAE on the values of the speeds of the trolleybus v and the
engine o were calculated in the SNS range and plotted in
Fig. 3 in the form of graphs. Substituting the value for the mo-
ment of resistance M, from (24) into expression (8), and then

Mr.p.u.
L.:_‘ri:[). S_i:LO.Oﬁ i=0.04 i=0.02

1

0.5 =5 =z

0 I
-0.5

i=0 i=-0.02 i=-0.04 i=-0.06 i=-0.08
22.5 33.75 45 56.25 60
1 15 2 25 2.67

Fig. 3. Static load characteristics of the FRAE under SNS for
traction drive (bold dotted line shows dependency: oM,.= P,)

v.km/h
3 @.pL

this expression into equation (16), we transform the last ex-
pression obtained taking into account m; = ® the form

0" = K/o+2M,,qo/J* + 2¢*w* /]2 (25)

Due to the nonlinear form of the obtained second-order
differential (25), it does not have an exact analytical solution.
As research studies of the exact solutions of this equation ob-
tained by the Runge-Kutta method showed, they can be inter-
polated (with a standard deviation of less than 0.6 %) with
analytical dependencies (18, 19) in the form of temporary
functions of the hyperbolic sinus, containing the correction
factor & in their arguments, minimizing the values of the
MEEL for the FRAE for any given value of the durations of
time #, and #,. Graphic dependencies for the coefficient £* are
shown for Fig. 2, b.

For traction load (at m = 18.2¢, i = 0.02, v,, = 50 km/h and
durations of acceleration 7, and deceleration ¢, time of FRAE,
equal to 25 s) there are calculated from dependencies (3, 7, 11,
14, 15, 18, 19, 23 and 24) transient electromechanical process-
es (speed o, absolute slip B, rotor flow coupling module V,,
electromagnetic moment M, module of generalized stator cur-
rent vector /,, coefficient ky) and calculated from expressions
(2, 10) transient energy processes (total main power AP,, and
energy losses AW,, AW,), which are shown in Fig. 4.

For the indicated durations of the acceleration and decel-
eration times, the values AW,, AW, of the MEEL and the spe-
cific energy losses calculated by relations (20) Ap, and Ap,
FRAE are presented in Table 2. According to the results, the
calculations from (2, 10) are plotted in Fig. 5 for the MEEL
graphs for this FRAE with traction load for the durations of
acceleration 7, and deceleration 7, time.

At the fourth stage, we analyze the data from Tables 2 and
3, the graphs in Figs. 1, 4 and 5:

- the smallest values of MEEL during acceleration and de-
celeration of the FRAE in the SNS range are inherent in the

quasi-minimal tachograms (TG): convex (at #,,<f;,) or

concave (at #,, >, ;) shape, where 7, , are optimal (Table 3)
values of acceleration (deceleration) time, corresponding to
the minimum value of the MEEL for the FRAE; moreover, we

note that with 7, ;, >#7 ; aquasi-optimal TG of a convex shape,
it virtually coincides with the linear TG;

- parabolic and quasi-optimal TG of a concave form may
not be applicable in practice during acceleration of the FRAE
because of the incomparably high values of the motor’s stator
current (with this taken into account, the smallest MEELs
during acceleration are actually achieved due to quasi-optimal
convex or linear tachograms);

- the smallest values of the stator current during accelera-
tion are characteristic of a parabolic TG of a convex shape
(which in this regime always has the highest values of MEEL
among all considered types of TG);

- under deceleration regimes, all investigated types of TG
are applicable for FRAE (with the lowest values of MEEL
and engine stator current inherent in a quasi-optimal TG of a
concave shape, and the largest — a parabolic TG of convex
shape).

For the transition in quantitative assessment of electro-
mechanical and energy processes from relative to absolute
values, the values obtained in relative units should be multi-
plied by the corresponding basic values presented for the
FRAE in Table 4.

Conclusions.

1. The energy saving (called “quasi-optimal™) trajectories
of the FRAE speed trajectory in the range of super-nominal
speeds obtained in the form of dependences (18, 19) minimize
the total main energy losses of this engine in acceleration and
braking modes with constant and traction loads. At the same
time, in the specified speed range, the transition from the
known parabolic type of trajectories of speed to the quasi-op-
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1 and 2 — quasi-optimal concave and convex; 3 and 4 — parabolic concave and convex; 5 — linear tachograms

Table 3
Values of optimal time #;, and MEEL AW}/ AW} for FRAE, corresponding to Figs. 1, a, b and Figs. 5, a, b
Number of Figs. Number of curves £ 19 AW? AW
units S S p.u. p.u.
1, a, b (machine drive) 1.5 2.36 2.19 96.50 17.51
2 2.25 2.12 96.00 17.12
3 3.22 2.90 106.2 26.09
4 2.27 2.08 104.8 25.13
5, a, b (traction drive) 1.5 14.7 13.8 498.3 106.7
2 14.2 13.4 496.0 105.2
3 19.5 17.8 551.7 154.2
4 14.7 13.5 545.3 149.9

timal trajectory allows (for example, traction drive) saving
losses of engine energy from 4 to 10 % — when accelerating or
from 9 to 27 % — when deceleration.

2. For the first time, the obtained analytical dependen-
cies (13, 14) make it possible to determine the current val-
ues of the absolute slip B and stator angular frequency o,
while weakening the magnetic field of the FRAE in the

60

modes of its acceleration and deceleration at super nominal
speeds.

3. The proposed dependences from (24) allow calculating the
static load characteristic M,(®) of the traction engine through the
mass load and speed of the trolleybus, the slope of the roadway,
whereas the third ratio from (21) allows finding traction force F, of
the trolley bus through the current value of the engine moment M.
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Fig. 5. Dependences of the MEEL AW, value for the FRAE with traction load at varying the durations of acceleration (a) and dece-

leration time (b) for:

1 and 2 — quasi-optimal concave and convex; 3 and 4 — parabolic concave and convex; 5 — linear tachograms

Table 4
Basic values of engine magnitudes
Magnitude 1, M, M., Y o)) o P, AP AW R, R, L J t
Dimension A Nm WB rad/s rad/s kW J Om mH kg'm? S
Values 286.4 893 1.039 1007 50m 140.27 446.4 1.1402 3.65 0,0181 0.01/n

4. “U”-shaped type of MEEL dependencies for the FRAE
on the durations of acceleration and deceleration times in the
SNS range is determined (according to Figs. 1 and 5), which in-
dicates the presence of certain values of the durations of accelera-
tion and deceleration time, at which these losses are minimal for
all researched types (linear, parabolic and quasi-optimal) of
speed trajectories. With energy saving (quasi-optimal and linear)
speed trajectories, the transition to optimal lengths of accelera-
tion and deceleration time allows, in the SNS range, decreasing
MEEL values additionally for the FRAE with traction load (by
20 % during acceleration and by 50 % during deceleration).

5. It was revealed (according to Table 2) that the smallest
ratios Ap, and Ap, from (20) between MEEL AW, AW, and
movements a,, o, of the shaft of the FRAE (the latter are di-
rectly proportional to the movement of the trolleybus) are
characterized: during acceleration — by a quasi-optimal con-
vex shape and linear TG, and when decelerating — by quasi-
optimal concave shape TG.
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Enepro3oepiraroui TaxorpamMu po3rony
(raJlbMyBaHHS) YaCTOTHO-PEryJibOBAHOTO
ACHHXPOHHOTO JBUI'YHA
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Merta. 3HaxoMKeHHSsT [JIsl Aialla30Hy CBEPXHOMiHAJIbHUX
HIBUIKOCTEN KOPOTKO3aMKHEHOTO YaCTOTHO-PETYIbOBAHOTO
ACMHXPOHHOrO JIBUTYHA €Hepros0epiraloumux TpPaeEKTOPii
IIBUAKOCTI B peXXuMaX PO3rOHYy i TaJbMyBaHHS Ta HOCTi-
TDKEHHST 3araJIbHUX BTPAT €HEprii 3a3Ha4€HOr0 IBUTYHA B LIUX
peXuMax Ha MPUKIIai BEPCTAaTHOTO ¥ TSTOBOTO MTPUBOIIB.

Meroauka. Bukopucrani MeToau: BapialliitHOTO YK CJICH-
Hs, Pynre-KyTra, MaTreMaTnuHOl iHTEPITONALII Ta KOMIT FO-
TEPHOTO MOJETIOBAHHSI.

PesympraT. OTpriMaHi aHATITUYHI 3aJI€KHOCTI IJIST PO3-
paxyHKYy 3arajJbHUX BTpaT €HEeprii JAJIs1 YaCTOTHO-PEryaboBa-
Horo acuHxpoHHoro aBuryHa (YPAJI) 3a pexxnMiB po3roHy it
rajibMyBaHHS B [ialla30Hi IOro CBEpXHOMiHAJIbHUX IIBUIKO-
creil. BukoHaHa KijibKicHa OLliHKa 1IMX BTpAT €Heprii Ais aa-
HOTO NIBUTYHa B 3a3HAYEHOMY Jiara3oHi LIBUIKOCTE CTO-
COBHO IO TIOCTilTHOTO ¥ TATOBOTO HaBaHTAXXEHb IJIST 3aMpo-
IMOHOBAHOI eHepro3oepiraryoi Ta BitoMux (JIiHilHOTO i ma-
paboJliyHOrO BUAY) TPAEKTOpiii MMBUIKOCTI. JlocmimkeHi
eJIeKTpOMEeXaHiuHi Ta eHepreTuyHi nepexiaHi npouecu YPAL
y Aiana3oHi CBEPXHOMiHAJIbHUX LIBUAKOCTEN IJIsI PEXMMIB
PO3rOHY il raJIbMyBaHHSI 3 TATOBUM HAaBaHTaKEHHSIM.

Haykosa HoBM3HA. YTiepiie 3alporoHOBaHa eHepro3oe-
piraioua (Ha3BaHa ,,KBa3iONTUMAIbHOIO ) TPAEKTOPIis 3MiHU
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mBuakocti YPAJl npu cBepXHOMiHAIBHUX IIBUAKOCTSIX, 11O
JI03BOJISIE MiHIMi3yBaTW 3arajbHi OCHOBHI BTpaTW €HEprii
NBUTYHA B PEXMUMaxX PO3TOHY i1 TAJIbBMYBaHHS 3 ITOCTIHUM i
TSTOBMM HaBaHTaXKCHHSIMM. YTepllle BUKOHAHA KiJllbKiCHa
OlliHKa MiHIMaJIbBHO MOXJIMBUX 3arajlbHUX OCHOBHUX BTpPAaT
€Heprii 1IbOro IBUTYHA B peXXUMax pO3TOHY I TalbMyBaHHS B
niama3zoHi CBEpXHOMIHATBHUX IIIBUIKOCTEH TSI 3aTTPOITOHO-
BaHOI eHepro30epiraloyoi TPaeKTOpii IBUAKOCTI Ta IMOPIB-
HSIHHS LIMX BTPAT 3 JIiHiIHOIO 1 MapaboJliYHOI0 TaXoTpaMaMu.

IIpakTyna 3HaymMicTb. BuKopucTaHHS OTpUMaHUX pe-
3yJIBTATiB JO3BOJISIE 3SMEHIITUTH HETIPOLYKTUBHI BTPaTH eHep-
rii B pexxumax po3rony it raabMmyBaHHs YPAJL ipu cBepxHO-
MiHQJTbHUX IIBUIKOCTSIX 3 TMOCTITHUM i TSTOBUM HaBaHTa-
JKEHHSIMU.

KimouoBi cioBa: uacmomne peeyntogamHs, acUHXpOHHULL
d6ueyH, C6ePXHOMIHANbHA WIBUOKICIb, eHepe030epelceHH s

DHeprocoOeperaronme TaXorpaMmMbl pa3roHa
(TOpMOKEeHHS) YACTOTHO-PeryJMpyeMoro
ACHHXPOHHOIO JIBUTaTeIs

B. A. Boakoe

HaumoHanbHbIN TEXHUYECKUIT YHUBEPCUTET ,,JIHETTpoBCcKast
nosutexHuka“, r. JAnenp, Ykpauna, e-mail: green_stone@
ukr.net

Heas. HaxoxneHue aj1st [uana3oHa CBepXHOMUHATbHBIX
CKOpOCTEll KOPOTKO3aMKHYTOIO YacCTOTHO-PEryJIupyeMoro
ACHHXPOHHOIO ABUTATelIs DHEProcOeperarolx TPAeKTOPUiA
CKOPOCTH B peKMMax pasroHa v TOPMOXEHHUsI U MCClleoBa-
HHYe OOLIMX IOTEPh SHEPTUM YKA3aHHOIO IBUTATENIS B OTUX
pekrMMax Ha MpUMepe CTAaHOYHOTO U TSTOBOTO MIPUBOJIOB.

Meromuka. Vcronb30BaHbl METOIbL: BapHALMOHHOTO
ucunciaenus, PyHre-Kyrra, MaTreMaTH4ecKOW HHTEPITOJsI-
LMY 1 KOMITBIOTEPHOTO MOJEIUPOBAHMSL.

Pesyabrarel. [losydeHbl aHaIUTHYECKUE 3aBUCHUMOCTHU
IUTSE pacdyeTa OOIIUX MOTePh IHEPTUU JIUIST YACTOTHO-PETyJTr-
pyeMoro acuHxpoHHoro asuratenst (YPAJl) mpu pexkumax
pasroHa ¥ TOPMOXEHUs B TUAIa30HE er0 CBepXHOMUHATb-
HBIX CKOpOCTeii. BrimosiHeHa KOIMYeCTBEHHAs OLICHKa 3TUX
TOTepb SHEPTUHU [UTSI TAHHOTO ABUTATENST B YKa3aHHOM JIHa-
Ma30HE CKOPOCTEM MPUMEHMUTEILHO K MTOCTOSIHHOU U TSTO-
BOI1 Harpyskam Iijis MpeIioXXeHHON 3Heprocoeperaiomein u
M3BECTHBIX (JIMHEWHOTO U MapaboJUYecKOro BUIa) TPaeKTo-
puii ckopoctu. KcciemoBaHbl 3JIEKTpOMEXaHUYECKue U
sHepreTuyeckue nepexoaHbie npoueccol YPAJL B ninanazoHe
CBEPXHOMMWHAJIBHBIX CKOPOCTEHl [UISI PEeXMMOB pa3roHa |
TOPMOXKEHUSI C TATOBOM HAarpy3KOou.

Hayunasa noBusHa. BriepBbie npejioxeHa sHeprocoepe-
raroniasi (Ha3BaHHasl ,,KBa3MONTUMAJIbHON “) TpaeKTOpHSI U3-
MeHeHus ckopoct YPAJI Tipy cBepXHOMUHAIIBHBIX CKOPO-
CTSIX, TO3BOJISIIONIAS MUHMMU3UMPOBATh OOIIME OCHOBHbBIC
IOTEPU SHEPTUM IBUTATENIS B PEXKMMaX pa3roHa U TOPMOXKe-
HMSI C TOCTOSTHHOM UM TSITOBOM Harpy3kamu. BriepBbie BbIO-
HeHa KOJIMYECTBEHHAsI OLIEHKAa MUHWMAJIbHO BO3MOXKHBIX
001X OCHOBHBIX MTOTEPb SHEPTUU ITOTO IBUTATENS B PEXKU-
Max pa3roHa ¥ TOPMOXKEHMS B IUara3oHe CBEPXHOMMHAb-
HBIX CKOPOCTEI i MpenioKeHHON »Heprocoeperaoiei
TPAcKTOPUU CKOPOCTU U CPpaBHEHUE STUX MOTEPhb C JUHEH-
HOI1 1 mapaboIMyecKoil TaxorpaMMaMu.

IIpakTHyeckas 3HAYMMOCTh. M CToyb30BaHME TTOTYYEH-
HBIX PE3Yy/IbTaTOB MO3BOJISIET YMEHbBLIUTD HEMTPOU3BOIUTE b~
HbICe TTOTEPHU SHEPTUM B PeXMMaxX PasroHa M TOPMOKEHMS
YPAJI npu cBEpXHOMUHAIbHBIX CKOPOCTSIX C MOCTOSTHHOM 1
TSATOBOI HAarpy3KaMu.

KinioueBsbie cioBa: uacmommoe pezyauposanue, acuHxpoH-
Hblll déueamend, CEEPXHOMUHAAbHAS CKOPOCMb, SHepeocOepe-
JceHue
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