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ENERGY-SAVING CONTROL FOR TRACTION FREQUENCY-REGULATED
ASYNCHRONOUS ENGINE OF AN ELECTRIC VEHICLE

Purpose. Development of energy-saving control of a traction frequency-regulated asynchronous engine of an electric vehicle,

investigation of its electro-mechanical and power processes.

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

Findings. Analytical dependencies are obtained to calculate the total power and energy losses for a traction frequency-regulat-
ed asynchronous engine (FRAE) under acceleration and deceleration regimes. With the help of these dependencies, quantitative
assessment of the indicated power and energy losses was carried out, the electromechanical and energy processes of this FRAE for
the proposed energy-saving and known (linear and parabolic) velocity trajectories were investigated.

Originality. Energy-efficient tachograms for traction FRAE with two control zones (with constant and weakened magnetic
flux) are proposed, which allow minimizing its total energy loss in the start-braking regimes. Dependences are obtained which al-
low determining the energy-saving values of the speed of an electric vehicle in steady-state regimes.

Practical value. The application of the obtained results ensures a reduction in unproductive energy losses in the traction FRAE
of the electric vehicle and an increase in the mileage of the latter on a single charge of the battery.

Keywords: traction asynchronous engine, frequency regulation, energy-saving control, electric vehicle

Introduction. Over the past decade, great attention has
been paid all over the world to improving the technical char-
acteristics and mastering the production of electric vehicles,
which are usually created on the basis of frequency-regulated
synchronous machines with permanent magnets or a short-
circuited asynchronous engine. The reason for using a fre-
quency-regulated asynchronous engine (FRAE) is the sig-
nificant operational advantages associated primarily with the
lack of need (as is required in a synchronous machine with
permanent magnets) to conduct regular (periodic) tampering
of the permanent magnets of this machine when operation of
an electric vehicle. Taking into account the FRAE, the re-
search on the energy regimes of this traction engine, the re-
duction of energy consumption in it is relevant and much
needed.

Literature review. Publications, which have appeared in
recent years in the foreign and domestic scientific and techni-
cal literature, offer a variety of approaches to energy-saving
management of electric vehicles, created on the basis of fre-
quency-regulated AC engines. In particular, in the article [1],
by controlling the charge and discharge of the battery, a type of
acceleration and deceleration tachograms was proposed,
which reduced the electric energy consumption by an electric
vehicle. In work [2], types of FRAE tachograms were pro-
posed and investigated, at which the losses of this engine in
acceleration and deceleration regimes with traction load in the
range of super nominal speeds are minimized. In the publica-
tion [3], a strategy for managing a hybrid electric vehicle is
developed and explored, in which a reduction in the total cost
of gasoline and electricity consumed by this electric vehicle is
achieved. In the article [4] for a racing hybrid car, tachograms
were considered and investigated, ensuring its speed-limiting
movement. In [5], scalar and vector control systems for trac-
tion FRAE are considered; experimental tachograms of an
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electric vehicle are shown during its acceleration and decelera-
tion. In article [6], on the basis of completed research studies
on regenerative braking regimes, recommendations for im-
proving the energy efficiency of braking regimes of an electro-
mobile are proposed. An analysis of the well-known publica-
tions suggests that they generally do not pay enough attention
to studying electromechanical and energy processes as applied
to the frequency-regulated asynchronous engine used as a
traction engine for an electric vehicle, as well as to the energy-
saving control of this engine.

Purpose. The purpose of the proposed article is to develop
energy-saving control of a traction frequency-regulated asyn-
chronous engine of an electromobile, the investigation of its
electromechanical and energy-engineering processes.

Results. Basic assumptions:

- an idealized representation of a short-circuited three-
phase FRAE was adopted, supplemented by taking into ac-
count the power loss in the steel of this engine [2];

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

the generalized stator current vector I, (formed by the main
harmonic components of the phase stator currents) of the en-
gine on the axis a 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 regimes of acceleration and deceleration (which
is possible in practice with regard to the mentioned use of vec-
tor ACS due to their high speed and accuracy) [2];

- the object of the study was the energy and electrome-
chanical processes for the traction FRAE with the proposed
energy-saving control during acceleration and electric decel-
eration (with energy recovery in the battery) or uniform mo-
tion in the electric vehicle model (with characteristics from
Table 1) [7];
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- the absence of slipping between the driving wheels and
the road surface was taken;

- FRAE parameters (active resistances of which were
brought to a temperature of 115 °C) were unchanged (present-
ed 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 [2]), were considered;

- mathematical dependencies and subsequent calculations
are performed in the relative system of units common to ma-
chines of alternating current (in which the nominal values of
the stator frequency ®,, and the synchronous speed of the ro-
tor ®,, as is well known, are identical to each other and are
lo.e., and the speeds for the considered FRAE w,,, according
to Table 1, are equal to 4000/1500 = 2.677 p.u.);

- in traction electric drive with acceleration and decelera-
tion regimes by means of ACS, two control zones were imple-
mented: in the first zone (with 0 < ® < ®,) — with a constant
rotor flux coupling module ¥, equal to its nominal value \V,,:
¥, =Y, =const and in the second (with ®, < ©® < ®,) —witha
constant ratio: o, - ¥, = ®,, - ¥,, = const [2].

At the first stage, we present the well-known analytical de-
pendencies for determining the force F, [N] of resistance to the
movement of an electric vehicle, as well as the static moment
of resistance M, [p.u.] and moment of inertia J [kg'm?] of an
electric vehicle driven to the shaft of the traction engine [8]

S:m[rad/s}/u

F,=mg(n+i)+0.5C,p,S v

M,=M, +q-0% J=J, +m/e , (1)
M :M. __CaPuSi0;
Yon, e M, 2, €M,
Table 1

Nominal parameters of the engine and electric vehicle layout

The name of the parameter, measurements Value
I Engine ATM 225 M4U2

- power, kW 55
- effective linear voltage, V 450
- frequency of stator voltage, Hz 50
- rated / maximum speed, rpm 1500/4000
-slip, % 1.5
- torque, Nm 350
- multiplicity of starting moment 1.8
- the multiplicity of the maximum moment 3.5
- efficiency, % 92
- power factor 0.86

11 Electric vehicle layout (based on Geely SC7 car)

- the mass of the electric vehicle in the equipped

state, kg 1400
- maximum speed, km/h 110
- acceleration time to speed of 100 km/h 15¢
- coefficient of aerodynamic drag 0.35
- frontal projection area, m> 2.1
- moment of inertia of rotating masses,kg:m?> 12
- rolling friction coefficient (asphalt) 0.01
- efficiency of the driving mechanism, % 97
- efficiency of the power converter, % 92
- battery capacity, kWh 22
- own power consumption not more than, kW 0.7

where v is the speed of the electric vehicle, m/s; ® is the
angular frequency of rotation (speed) of the rotor of the trac-
tion engine, p.u.; € [rad/m] is the ratio between the respec-
tive speeds o [rad/s] of the traction FRAE and the speed of
the electric vehicle v [m/s] (¢ = const — for a particular type
of electric vehicle); u = 0.01 is the coefficient of rolling fric-
tion; C, = 0.35 is the coefficient of aerodynamic drag; p, =
=1.226 [kg/m?] is the density of air (at a temperature of 15 ° C);
=21 [m?] is the frontal area of the electric vehicle; m [kg] is
the mass of equipped electric vehicle; i [%] is longitudinal
slope of the roadway; g = 9.81 [m/s?] is acceleration of free
fall; n,, is efficiency of the driving mechanism; values M,, M,,,
g and o are given in the system of relative units; o, [rad/s] and
M, [Nm] are basic values (for a relative system of units), re-
spectively, of the rotor speed and the electromagnetic torque
of the engine; J, = 12 [kg - m?] is the moment of inertia of all
rotating parts of an electric vehicle (according to Table 1).

At the second stage, we will consider the analytical depen-
dencies for calculating the total main power loss (TMPL) AP,,
and the total main energy loss (TMEL) for the FRAE in ac-
celeration and deceleration regimes, as well as the proposed
energy-saving control of the electric vehicle in the specified
regimes.

Taking into account the mentioned used two-zone speed
control of the FRAE, the TMEL of this engine is calculated
from the relationship

(zone 1)

AP = s
—-with 0, <0<0, (zone 2)

en

AP 2

en.2

{APMI ~with 0<o<o,

where the values of current power losses AP,, ; and AP, ,, cor-
responding to zones 1 and 2 of regulation, are calculated from
the ratios [2, 9]

APen'lza1+b-(M,+J-m’)2+c (‘I‘m/‘l’mn)zwf"+ 3
+d~m2zal+b-(M,+./~m')2+c~m"+d~c02;
2
g TY 2
AP .= m _Tr=m bZM J-o
en.2 aZ[ o, (1)12 ml} + (Dl( rt (,0) + (4)

+c(‘I’m/‘I’m”)2w{‘ +d-o’.

In expressions (3) and (4), the following notation is used:
o and o, — respectively, the rotor speed and angular frequency
of the engine stator; ' — derivative of rotor speed with respect
to current time; A = 1.3 — a coefficient that takes into account
the change in power loss in steel FRAE from the stator fre-
quency o,; ¥,, and ¥,,, — respectively, the current and nomi-
nal values of the modulus of the generalized magnetic flux vec-
tor in the air gap of the engine. The constant coefficients a,, a,,
b, ¢, d are calculated from [2, 9].
TMEL during acceleration AW, and deceleration AW, for
FRAE are determined from dependencies
AW, =AW + AW ,;

a

AW, =AW, +AW,,

1

tﬂl a2
AW, = JAPen.l dt AW, = J‘APenAz a |, (%)
0 0
T 173
AW, = IAI)en.l dt, AW,y = IAsz dt
0 0

where AW, and AW, are the values of TMEL for FRAE dur-
ing acceleration, corresponding to the 1%t and 2" speed control
zone; AW, and AW, are the values of the engine TMEL dur-
ing deceleration, corresponding to the 1%t and 2"¢speed control
zones; 1, and ¢, are the duration of the acceleration and decel-
eration times for the first speed control zone (for 0 < ® < ®,);
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t,» and ¢, are the duration of the acceleration and deceleration
times for the second control zone (at », < ® < ®,,); s the cur-
rent time, which we determine to count from the beginning,
for and within the limits of the zones of speed and acceleration
(0<7<t, and 0 <1< 1,) ordeceleration (0 <7<z, and 0 <7<
<tz) FRAE.

From the theory of variational calculus (for example,
from the book by Andreeva V. A., Tsiruleva V. M. Variational
calculus and optimization methods) it is known that while
minimizing the integrals from (5) (or to minimize TMEL in
the FRAE during acceleration and deceleration) the inte-
grands of AP,,; and AP,, , from (3, 4) correspond to the Euler
equation

0*(AR,,)
oo - 0w’

0*(AR,,) )
0w 0w’

2(an,) a(an,)
-t oo

1"

=0, (6)

where " is the second derivative of the engine speed with re-
spect to the current time 7.

Substituting the values for the moment of resistance M, from
(1) into the final expression from (3), and then the resulting ex-
pression into equation (6), we transform the last into the form

2 .
o' =K, o+ 29° o + hec !
Jr 2bJ? , 7

where K, =(2bgM,,+d )/bJ>

corresponding to the regimes of acceleration and deceleration
of the FRAE in the first speed control zone.

Due to the nonlinear form of the obtained differential
equation from (7), it does not have an exact analytical solu-
tion. As shown by studies on numerical solutions of this equa-
tion, obtained by the Runge-Kutta method, they can be inter-
polated (with a relative standard deviation of less than 0.6 %)
by velocity trajectories called “quasi optimal”

sh( &', 1)

0=0,"

" sh( &K 1)

e Sh[g*\/?l.(tdl—t)} - ®
Sh( a*\/?l'tdl)
concave or
NG

O=0, sh( é*\/?l"al)
sh( &*\/?l-t) - )

0=0,11-
Sh( (t:*\/?l'tdl)

convex shape.

Fig. 1. Dependences of the MEEL AW,,, AWy, for traction FRAE (with m =
zone with varying acceleration (a) and deceleration time (b) for:

Similarly to the value considered for the moment of resis-
tance M, from (1) to expression (4), and then the resulting ex-
pression to Euler equation (6), considered in [2], quasi-opti-
mal velocity trajectories for the second control zone were ob-
tained FRAE

sh ( )
0= +

o) R

- (10
0)=00+o)—u) [&}\/7 tdz )}
sh( &'VK; 1)
concave or
o +((n . ) _Sh|: é*\/?z( zaz—t)}
O — O, sh( &*\/E,taz) .

sh( &'k, 1)
sh(é\/? rdz)

convex shape, where K, = d-‘an/sz.

Moreover, the first dependencies from the systems (8, 9) and
(10, 11) correspond to acceleration, and the second — to decel-
eration of the FRAE. In these dependencies, the value of the
corrective coefficient & corresponds to the minimum possible
value of the TMEL for the FRAE found from dependencies (3,
4), respectively, for the first and second speed control zones.

After substituting expressions (8—11), dependences 3, 4)
were calculated from (5) TMEL values: AW,,, AW, — by vary-
ing the acceleration #,; and deceleration 7, times in the first
speed zone of the electric vehicle (for v, = 41.25 km/h speed);
AW,,, AW, — by varying the acceleration #,, and deceleration
1, times in the second zone of the electric vehicle speeds (for
v,, = 50 km/h and v,, = 100 km/h speeds), which are depicted
as graphs in Figs. 1 and 2. In these and subsequent figures, we
agree to designate numbers: / and 2 — values referring to qua-
si-optimal trajectories of speed, respectively, of a concave and
convex shape; 3 and 4 — to parabolic trajectories of speed, re-
spectively, of a concave and convex shape; 5 — to the linear
trajectory of speed. Graphic dependencies for the coefficient
&" are shown in Fig. 3.

According to the results of the performed calculations, the
values of the optimal acceleration time £5;, 2, and decelera-
tion #3,, ?7, and the corresponding optimal (minimum) val-

ues of the TMEL AWS, AW/ and AW}, AW/, for FRAE
with considered different trajectories of speed (moreover, in
Table 3 — forv,, =50 km/h and v,, = 100 km/h speeds), as well
as values of specific energy losses Ap,;, Ap,, and Ap,,, Ap, for
FRAE when moving o, o, and oy, o4 its rotor in accelera-
tion and deceleration regimes in the regulation zones /7 and 2

U)O)+((D—(D) -

: : tdlssi
20 25 30

1400 kg, i = 0.02, v, = 41.25 km/h) in the first control

1 and 2 — quasi-optimal concave and convex, 3 and 4 — parabolic concave and convex; 5 — linear tachograms
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Fig. 2. Dependences of the MEEL AW ,,, AW, for traction FRAE (for m = 1400 kg, i = 0.02) in the second control zone (at maximum
speeds v,, equal to:

a, b — 50 km/h; ¢, d — 100 km/h with varying acceleration time (a , ¢) and deceleration time (b, d) for: 1 and 2 — quasi-optimal concave and
convex; 3 and 4 — parabolic concave and convex; 5 — linear tachograms

0 10 20 30 40

a b c

Fig. 3. Dependencies &'(t,,), £"(t,;) and E(1,,), &" (1) for quasi-optimal concave tachograms 1 and convex 2 form at the first (a) and
second (b, c) control zones and speed values:
a—,=41.25 km/h; b — v, = 50 km/h; ¢ —v,, = 100 km/h

and energy (general main power AP,, and energy AW,, AW,

Apay = 01/ Uars APy :AW‘;JI/ %ar losses), transients of the engine, Wthh are shown in Fig. 4.
Ap, =AW, z/aaz, Apyy = AWd"Z/OLdQ Also shown in this figure are transients for the electromagnetic
z o 1, moment M and absolute slip 8, the position s of the electric
o, = J@-dr; oy = J'(D.dz; a,, = I o-dt ¢, (12) vehicle, the modules of the generalized rotor flux linkage vec-
tors \V,, the magnetic flux ¥, in the air gap and the stator cur-
1 rent /; FRAE, calculated from the known dependencies [2]

oy = [ o-dr; 10 =1% +1%; 19=19, +19,

Table 2

Optimum time £, 23, and TMEL AW, AW], specific
losses Ap,;, Apy of energy during acceleration and
deceleration of the FRAE in the first zone of regulation
(for m = 1400 kg, i = 0.02, v, = 41.25 km/h)

where 7, and 7 are the resulting optimal acceleration and de-
celeration time of the electric vehicle.
Table 4 shows the calculated values

AW, =AW, + AW 0;  Ap,= AW, /(0 + 0p);

AWy = AWy + AWp;  Apy= AW, /(0 + o). Nun}ber Regulation zone 1 (with v, = 41.25 km/h)
(&)
TMEL AW,, AW, and specific losses Ap,, Ap,, the energy tachogram | o | AWG | Apa L | AW | Apa
of the FRAE during acceleration and deceleration of an elec- Units S p.u. p.u. s p.u. p.u.

tric engine (for v,, = 50 km/h, i = 0.02) at optimal and non-
optimal acceleration and deceleration time: 7, = f,= 5 s (Where
ty=ty=4s, ty=tp=15). 2 10.2 | 11434 | 0.0714 | 10.2 | 90.30 | 0.0564

For optimal acceleration and deceleration time from Ta- 3 137 | 11359 | 0.0792 | 13.7 | 89.54 | 0.0624
bles 2 and 3 (at v,, = 100 km/h), they are calculated from de- 4 102 | 14741 | 00690 | 103 | 123.4 | 0.0572
5

1 11.4 | 110.94 | 0.0734 | 11.4 | 86.89 | 0.0575

pendencies (1-5), (8—11) electromechanical (speed ® and
position a of the engine shaft, speed v of the electric vehicle)

10.2 | 114.35 | 0.0714 | 10.2 | 90.30 | 0.0564
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Optimal time 2, 3, and TMEL AW,

Table 3

AW}, specific losses Ap,;, Ap,, of energy during acceleration and deceleration

of the FRAE in the second zone regulation (for m = 1400 kg, i = 0.02, v,, = 50 km/h and v,, = 100 km/h)

Number of Zone regulation 2 (with v,, = 50 km/h) Zone regulation 2 (with v,, = 100 km/h)
tachogram 1> AW Aps 13, AW, Apg 12 AW S Apa 13 AWS App
Measurements s p.u. p.u. S p.u. p.u. s p.u. p.u. s p.u. p.u.
1 2.27 50.10 | 0.0636 2.19 38.91 0.0512 24.2 625.41 | 0.0481 22.8 367.05 | 0.0299
2 2.27 50.00 | 0.0632 2.19 38.82 | 0.0509 23.3 615.52 | 0.0469 22.2 358.36 | 0.0287
3 2.77 58.58 | 0.0565 2.53 46.69 | 0.0549 31.0 74191 | 0.0517 28.5 472.79 | 0.0358
4 2.64 56.01 | 0.0592 2.52 44.34 | 0.0491 24.8 674.34 | 0.0444 23.2 412.86 | 0.0291
5 2.27 50.10 | 0.0636 2.19 3891 | 0.0512 24.2 625.41 | 0.0481 22.8 367.05 | 0.0299
Table 4

TMEL AW,, AW, and specific losses Ap,, Ap, the energy of the FRAE during acceleration and deceleration (for m = 1400 kg,
i=0.02,v,,=50 km/h) with optimal and non-optimal durations of acceleration and deceleration times

Number For optimal times Fortimes: #,=1;,=5s
of tachogram 1 AW? Ap, £ AW Apy AW, Ap, AW, Apy
Measurements S p.u. p.u. S p.u. p.u. p.u. p.u. p.u. p.u.
1 13.67 161.04 0.1370 13.59 125.80 0.1087 230.83 0.2615 190.62 0.2537
2 12.47 164.34 0.1346 12.39 129.12 0.1073 230.77 0.2510 190.63 0.2466
3 16.47 172.17 0.1357 16.23 136.23 0.6789 293.23 0.3536 245.46 0.3509
4 12.84 203.42 0.1282 12.82 167.74 0.1063 297.75 0.2920 252.38 0.2906
5 12.47 164.45 0.1350 12.39 129.21 0.1076 231.01 0.2523 190.80 0.2479
_ . _ . 2 where R,and AP, , are stator resistance and nominal power loss
M=M,+Jo’ P=R, M/ ¥ in steel FRAE; P, and n, are rated power and engine efficiency.
¥ - ¥, —forzonel _ ! d This regime corresponds to the optimal value of the abso-
"y / w—for zone 2’ 5= .[ o-at lute slip B, and the angular frequency of the stator @, FRAE,
" 0 (13) calculated from the expressions
L =(¥,+T,-%,)/L,; I, =M[k,L, , s
. 1y 1™ L,+L,
\me:kr(\yr_’—l‘o'r.llx) > LPmy:eror.[Iy Bo:iT|:X:| 5 COl:(D‘FﬁO; T;‘:(mRir), (15)
0.5 0.5 r r
L=(1+12) s ¥, =(¥2, +¥2,)

where I,,, I,,and ¥,,, ¥, are the projections of the gener-

alized vectors of the stator current I, and the flow ¥, in
the air gap of the engine on the axis of the rotating orthogo-
nal coordinate system “x—y”; 7,, L, and k, are electromag-
netic time constant, inductance of scattering and coupling
coefficient of the engine rotor; L,, is magnetization induc-
tance.

At the third stage, we will consider the energy-saving con-
trol of an electric vehicle when it is moving at a uniform speed
(v = const) and with a constant inclination (i = const) of the
roadway. Taking into account the relations from (1), this obvi-
ously corresponds to constant values of the angular velocity
o = const and the static torque M, = const of the engine.

For the steady-state FRAE regimes, we will give (accord-
ing to the book Pivnyak G.G., Volkov A.V. Modern frequen-
cy-regulated asynchronous electric drives with pulse-width
modulation) the optimal (minimum possible) ratio y, between
the main electromagnetic power losses AP,,, and the module
|M| of the developed electromagnetic moment M of this engine

1 =2.(X.Y)°‘5/k,Lm —AP,,/M =min

2 A
X =R +0.00502 42 g +AlunLet Ly
s n r r ‘Pz
Y =R +0.005P, /n, +AP, [0} V2,

where of double characters: the upper character refers to the
engine, and the lower — to the generator regime of the engine.

Based on the second relation in (13) for absolute slip f§ of
the FRAE, we obtain, taking into account (15) for the consid-
ered optimal steady state, the dependence connecting the elec-
tromagnetic torque M and the optimal value ¥,, of the motor
rotor flux linkage

¥, =\/Rr M|/, =\/(L,,,+Lc,)~|M|-[X/Y]V4. (16)

In the specified optimal regime, which minimizes the ba-
sic electromagnetic AP,, and total power losses AP,, of the
engine, these power losses are calculated taking into account
(14) in the form

AP, =1,|M|= 2|M|(X/Y)°‘5/k,Lm
AP, =AP, +d-& '

a7

In the context of an electric vehicle, it is of interest to min-
imize the specific total energy ps consumed when moving the
shaft of the FRAE in installed (with uniform speed ®» = const
and length of time #,,) driving regimes

p): :PE.tSI :PE'tst :i—min
a o, o

P): :(Mr'('o+APen)/npc+Pon

> (18)
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Fig. 4. Electromechanical and energy transient processes of traction FRAE (with m = 1400 kg, i = 0.02, v,, = 100 km/h) with optimal
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convex, 5 — linear tachograms
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where a is the specified movement of the engine shaft during
this steady motion; P,, is the active power consumption of the
own needs (ON) of an electric vehicle (spent on powering the
onboard computer, alarm systems, lighting, etc.).

Note that in the absence of slippage of the driving wheels
of the electric vehicle relative to the road surface, the move-
ment of the shaft of the FRAE is directly proportional to the
movement of the electric vehicle: o = € - 5. From formulas
(13—17), the following dependences are calculated and plotted
as graphs in Fig. 5: parameter y,, optimal absolute slipf3,,
module of generalized rotor flux linkage ¥,, and stator current
I, basic electro-magnetic power losses APy, of the FRAE as a
function of frequency w, of the stator. From (18), the values of
the specific total energy ps consumed by the electric vehicle
are shown for different values of its speed v, engine speed ®
and road slope i in Fig. 6, calculated for the steady state opera-
tion of the electric vehicle. Figs. 5 and 6 show the following: a
solid line of graphics is related to the engine, and a dotted
line — to the generator regime of operation of the FRAE. The
minimum values of the specific energy ps consumed in total
energy in Fig. 6 correspond to energy-saving speeds v* and »*
of an electric vehicle or engine.

In order to proceed with the evaluation of electromechani-
cal and energy processes from relative to absolute values, the
values obtained in relative units should be multiplied by the
basic values given for the FRAE in Table 5.

A quantitative estimate of the possible range of an electric
vehicle (for a specific value of the established speed v and on
one charge of the battery) is determined from the expression

[8]
s:zsa,d +Sst :zsa,d +

(WAB +WG)'npc _ZWa,d _(Pan Mpe +APm0d)'Zta,d (19)
Pon‘npc+Mr'w+APen+APmod ’

+v

where Zs »m 18 the total distance traveled by the electric ve-
hicle in the start-stop regimes, m; s, is the distance traveled
by the electric vehicle in the steady state (at a constant speed:
v = const) regime; W, is initial charge of the accumulator
battery, kJ; Wj; is battery charge replenishment with generat-
ed energy, kJ (in the absence of generation: W;=10); AP,.q =
=1, AP,,, is modulation power losses of FRAE, caused by

80 110 L.km/h

Fig. 6. Specific total consumption (shown by a solid line) and
generation (shown by a dotted line) of the energy of the
FRAE of an electric vehicle

high-frequency harmonics of its phase stator currents
(where t,, = 0.03); AP,, is nominal power loss FRAE; 1, is
efficiency of the power converter that feeds the traction
FRAE.

For the considered model of an electric vehicle (with a
mass of 1.400 kg), moving along a horizontal stretch of road
in the modes of initial acceleration and the next steady mo-
tion with a constant speed of 100, 60 or 16.6 km/h, mileage
on a full battery charge, — read from (19) is 119, 214 and
208 km, respectively, and at the optimum value (from Fig. 6)
of the v* = 29.7 km/h speed, the maximum possible value is
242 km.

Conclusions.

1. The developed energy-saving control in acceleration
and deceleration regimes, which consists in the quasi-optimal
tachogram form (8—11) for the first and second speed control
zones of the FRAE, allows, according to Figs. 1 and 2 com-
pared with other types tachograms, reducing the TMEL en-
gine (depending on the length of time of acceleration and de-
celeration) from 5 to 50 %.

2. According to Figs. 1 and 2, “U”-form of the dependen-
cies of the TMEL AI/I/{II’ AWa2 and AWd], AWdZ for the FRAE
on the duration of its acceleration ¢,;, #,, and deceleration #;,
1, time is installed, for the first and second speed control
zones. As follows from Table 4, during the transition to the

optimum acceleration #; and f; deceleration time, a reduc-
tion in the total effective electrical power output of the traction
FRAE by 30—35 % is provided.

3. It was revealed that with optimal durations of accelera-
tion 27, t7,, t and deceleration 3, f3,, tj time, the small-
est, according to Tables 2—4, ratios Ap,;, Ap, and Ap,, App
from (12) or Ap] between Ap; TMEL and movements of the
shaft FRAE are inherent in the parabolic form of the convex
shape of the tachogram (TG). It should be noted that this type
of TG, due to possible unacceptably high values of the deriva-
tive velocity and jerk at the beginning of acceleration and de-
celeration, may not be applicable for passenger traffic [10]
(their area of use is usually limited to racing cars [4]), and
therefore quasi-optimal TGs are more preferable (with lower
values of the derivative velocity and jerk and good energy-sav-
ing properties).

4. The proposed energy-saving control in steady-state
electric vehicle regimes, which consists in optimal control of
the minimum basic electromagnetic power losses of the
FRAE and setting the optimum speed ®* of the engine or
electric vehicle v* (corresponding to (18) and Fig. 6 mini-
mum ratio py) provides the greatest mileage of the electric
vehicle or generation energy when moving at a uniform
speed.

5. According to dependence (19), the transition from v =
=100 km/h speed to its optimal (energy saving) v* =29.7 km/h
value (using the example of the electric vehicle under consid-
eration, for example i = 0) increases this mileage by 2 times at
the initial charge of the battery.

6. The proposed energy-saving traction control FRAE is
recommended as an economical control in existing electric ve-
hicles, especially those operated in rural areas with low-inten-
sity traffic (when high performance is not required from an
electric vehicle in acceleration and deceleration regimes), as
well as for electric vehicles.

Table 5
Basic values of engine magnitudes
Magnitude 1, M, M, b4 o ® P, AP AW R, R, L J t
Dimension A Nm Wb rad/s rad/s kW J Om mH kg'm? s
Value 126 443 1.17 100m 507 69.52 221.3 2913 9.27 0.00897 | 0.01/x
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Enepro3oepiraioue KepyBaHHsI TATOBHM
YaCTOTHO-PEryJbOBaHMM ACHHXPOHHUM
JIBUTYHOM €JIEKTPOMOOiis

B. O. Boakos

HauioHanbHuii TeXHIYHUIA yHiBepcUTET ,,JIHITPOBCHKA MOJTi-
TexHika“, M. JIHinmpo, Ykpaina, e-mail: green_stone@ukr.net

Mera. Po3pobka eHepro3odepiratouoro KepyBaHHs TAro-
BUM YaCTOTHO-PETyJIbOBAHUM ACUHXPOHHUM JBUTYHOM
eJIEKTPOMOOUISI, MOCTIIKEHHS MOro eJIeKTpOMEeXaHiYHUX i
€HEePreTUYHMX MPOLIECiB.

Mertoauka. MeTtoau BapiauiiiHoro 4uciaeHHs, PyHre-
KyTra, MaTeMaTM4YHOro aHaji3y Ta iHTepHOJLil, KOMII 10-
TEPHOTO MOJIETIOBAaHHSI.

Pesyabratu. OTprMaHi aHAJTITUYHI 3aJI€XKHOCTI U151 pO3-
paxyHKy 3arajJbHUX BTPAT MOTYXXHOCTI Ta €Heprii TATOBOTO
YaCTOTHO-PEryJIbOBAHOTrO acMHXpoHHoro asuryHa (YPAJIL)
TPU pexkuMax pPO3rOHy U TalbMyBaHHS. 3a JOTIOMOTOIO Ja-
HUX 3aJIeXKHOCTell BUKOHAHA KiJIbKiCHA OlliHKa 3a3HaYeHUX
BTpAT MOTY>KHOCTI Ta €HEeprii, 1OCHiIXKeHI eJIeKTpOMEXaHiuHi
Ta eHepreTUyHi npoiecu 1pboro YPAJI mist 3anmponoHoBaHUX

eHepro3oepiraroumx i BimoMux (JiHiliHOTO i MapabdoiyHOro
BUIY) TPAEKTOPIi IIBUAKOCTI.

HaykoBa HoBH3HA. 3aITpONIOHOBAaHI eHepro3oepiratoyi Ta-
xorpamu 111 TsiroBoro YPA/I mpu ABOX 30HAX peTyIroBaHHS
(i3 TOCTIMHUM i 0c/1abJIeHUM MarHiTHUM MOTOKOM), 11O J10-
3BOJISIIOTH MiHiMi3yBaTH B ITyCKO-TaJIbMiBHUX peXXUMax MOro
3arajibHi BTpaTu eHeprii. OTpUMaHi 3aJeXXHOCTi, 110 J03BO-
JISIIOTh BU3HAUYUTHU €Hepro3oepirarodi 3HaYeHHsI IIBUIKOCTI
eJIEKTPOMOOIJIS Y CTAJINX peKUMaXx.

IIpakTyHa 3HAYMMICTh. 3aCTOCYBaHHSI OTPUMAHUX pe-
3yJIbTATiB 3a0e3Ieuye 3HUXKEHHSI HEMPOIYKTUBHMX BTPAT
eHeprii TaroBoro YPAJl enekTpoMo0ijis Ta 30iIbIIEHHS PO~
0iry ocTaHHBOTO Ha OJIHIl 3apsi/illi aKyMyJISITOpHOI O6aTapei.

KurouoBi cioBa: mseoeuii acunxpounnuii 0sueyH, wacmomme
peayntoeants, eHepeozbepiearoue KepyeanHs, eneKmpomooinb

DHeprocOeperaoiiee ynpapjieHHe TATOBbIM
YaCTOTHO-PEryJIMPyeMbIM ACHHXPOHHBIM
JBUTaTEIeEM 3JEKTPOMOOMIIS

B. A. Boakos

HanyoHanbHbli TeXHUYECKU YHUBEPCUTET ,,JIHeTTpoBcKast
nojgutexHuka®“, r. JIHernp, YkpauHa, e-mail: green_stone@
ukr.net

Ilean. Pa3zpaborka sHeprocoOeperaroiero yrnpapieHUs
TSTOBBIM YaCTOTHO-PETYJIMPYEeMbIM aCUHXPOHHBIM JIBUTATE-
JIeM 2JIEKTPOMOOWIISI, UCCIIEIOBAaHNE €T0 DJIEKTPOMEXaHMUe-
CKHUX U 9HEPreTUYECKUX MPOLIECCOB.

Metoauka. MeTonbl BApUallMOHHOTO MCcUuCciIeHus1, PyH-
re-Kyrra, maTemaTuyeckoro aHajausza W WHTEPIOJSILINU,
KOMITHIOTEPHOTO MOJETMPOBAHUSI.

Pesyabrarel. [losydeHbl aHAIUTUYECKUE 3aBUCUMOCTHU
IUTS pacdeta OOIIUX MTOTEPh MOITHOCTA W YHEPTUU TSTOBOTO
YaCTOTHO-PETyIupyeMoro acuHxpoHHoro asuraresst (YPA)
MPU peXXrMax pa3roHa u TopMoxkeHust. C TOMOIIbIO JaHHBIX
3aBUCHMOCTEN BBIMOJHEHA KOJTMYECTBEHHAs OllcHKA yKa3aH-
HBIX TTIOTePb MOIIHOCTUA W SHEPTHH, UCCICIOBAHBI 3JICKTPO-
MeXaHMYeCcKue U dHepreThyeckue rpouecchl 3toro YPAJL
IJIST TIPEITIOKEHHBIX 9HEProcOeperammnX 1 U3BECTHBIX (JIM-
HEMHOTro U MapadoIMYeCKOro Braa) TpaeKTOPHUii CKOPOCTH.

Hayunaa noBu3na. [IpemioxeHbl sHeprocOeperaroime
TaxorpaMmbl it Taroporo YPAJL npu IByX 30HaX peryjimpo-
BaHUA (C IMMOCTOSTHHBIM U OCJIA0JICHHBIM MarHUTHBIM ITOTO-
KOM), MO3BOJISIIOIIME MUHUMM3UPOBATD B ITyCKO-TOPMO3HbBIX
pexkuMax ero obiue morepu sHepruu. [loaydeHbl 3aBUCH-
MOCTH, TIO3BOJISIIOIIME ONpPENeIUTh 3Heprocoeperaroire
3HAYCHUSI CKOPOCTHU 3JICKTPOMOOMIIS B YCTAHOBUBIIIMXCS Pe-
KUMaXx.

IIpakTHyeckas 3HAYMMOCTb. [IpyUMeHEHME TONYYCHHBIX
pe3yJbTaTOB 00ecneuynBaeT CHUXKEHUE HENpPOU3BOAMTE/b-
HBIX MOTepb 3Hepruu TsaroBoro YPAJl anexkrpoMoOuias u
yBeJIMYEHUe Mpobera MmocjaeaHero Ha OMHOM 3apsiaKe akKy-
MYJIITOPHOIT 6aTapen.

KiioueBblie ciioBa: mseosbiii acunxpoHHblil dgueamens, 4a-
CMOmHoe pecyauposanue, 3HepeocOepezarouiee ynpasaeHue,
21eKmpomMoouUnb
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