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O6’ckmom 0anozo dociioxcenis € eleKmpuUHUtl Mpancnopmuutl 3aci6 3 A8MOHOMHUM OHCEPETOM IHCUBTLEHHS.
Ha cv0200m1i nodibni mpancnopmii 3acobu 3aimaioms éce Oiivuly iy na agmomoOiibHOMY PUHKY, BUICHAIOUU
CB0IX KOHKYPEHMIE 3 08UZYHOM SHYMPIUIDO20 320PAHNS 34 PAXYHOK U0i enepzemuunoi egpexmuenocmi. I xoua
Ys nepesaza nad mpancnopmom 3 06UzZYHOM GHYMPIUHDOZO 320PANHI € 0UEBUOHOI0, 3 MOUKU 30PY CACKMPUUHUX
cucmem KK/ exexmpomobinie sanumacmocs 006011 nesucoxum. IIpobemmum micuem, sxe Haxiaoae ui oomexncenms,
€ 0xcepeslo Jeusienms — JMil-ioHHULl AKYMYAIMOP — AKUTL MAE 3HAUHULL 6HYMPTWUHITL ONip.

s ycynenns upozo nedonixy na npukiadi npusoody eaeKmpocKymepa 3 ACUHXPOHHUM OBUZYHOM 3 KOPOMKO3AMKHE-
HUM POMOPOM OOCTIONHCYBALACH CXEMA 3 NIOKTIOUEHHAM NAPATETLHO 00 AKYMYAIMOpa bamapei cynepronoencamopis.
Cyneprondencamopu Maiomy 3HAUHO MEHWUT GHYMPIUHIT onip i momy bepymy na cebe 0CHOBHE MUMMEBE HABAHMA-
HCCHUS NPU NEPEXIOHUX NPOUECAX: PO3ZOHT A 2ATbMYEAHHI, KOIU Yepes 0Hcepeso NPOmiKaomy HaubLibli cmpymid.

Hocnioacenis noxasanu, wo nodibna xoupizypauis nokpawye enepzemuuny eqhexmueHicms mpancnopmiuux 3a-
cobis. [puuomy icnye onmumaivie 3nauenis HeobxXionoi EMHoCmi Cyneprondencamopa 0is 00Csznes Haoiibuol
eexmusrnocmi (naimenuozo cnoycusanis enepezii). Lle nos’ssano 3 mum, wo 6amapes cyneprondencamopis € 0060
eabapummnum 00 €Kmom i Cymmese 30LIbUeHIs EMHOCTIE NPU3BOOUMD 00 3OLILULCHI MACU MPAHCNOPMHOZ0 3AC00Y
i 610n06i010 00 36iIvenHs cnoXcusanis enepeii. /lodamxogo 6yia 00CHIONCEHA NOKPAUCHA CUCTEMA HCUBTCHILS,
8 SAKill CYNePrOHOEeHCAmop NPULLBUOULERO 3aPAONCAEMbCSA N0 YAC NAY3 PYXY MPAHCnopmHozo 3acoby. Bona dosso-
JIUNLA NOKPAUWUMU BICe OMPUMAHT PE3YTbMAMU, Ue SMEHUUBWYU CNONCUBAHNSL eJIeKMPUUHOL eHep2il.

Y nopiensinni 3 nposedenumu paniute 0ocrioxcenmusm 6yio noKA3AH0 SANCIUGICTNG NPABUILHOZO 6UOOPY EMHOC-
mi CYneproHoencamopie ma cucmemu KOHMpPOLo Jcueienns. byra dosedena nassnicmv mouxu onmumymy ma
UUCENLHO NPOOEMOHCMPOBANA PISHULUSL NOKASHUKIE CONCUBAHHS eHepeii 6 Uill Ma 6 THILUX MOUKAX.

Kmiouosi cnosa: cucmema npusody erexmpockymepa, Jmii-ionHuil akyMyisamop, napaieivie 3’ cOnanis cy-
neprondencamopa ma axymyassmopa, Micokuil i3006uil yuK.

1. Introduction veloped recently are gradually displacing their analogs
driven by the internal combustion engine as they are more

Current trend in the transportation industry demon- energy efficient and environmentally friendly. Economic
strates that electric automobiles that have rapidly de- approach when selecting a vehicle shows that the higher
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purchase price of electric cars will be justified by much
less fuel cost. However, from the standpoint of electrome-
chanical systems, the drive of electric cars is still rather
low in terms of performance efficiency. This is linked to
the fact that in addition to losses in the engine, there are
also significant losses in the power source. Therefore, it is
a relevant and promising task to study the improvement
of energy conversion efficiency in the drive of electric
transportation vehicles.

2. The ohject of research
and its technological audit

The object of this research is the drive of electric ve-
hicles with an autonomous power source.

A typical source of energy in electric vehicles is the
lithium-ion or lithium-polymer batteries, which have high
indicators of specific energy. There are several options when
choosing an electromechanical converter for the drive;
however, despite a number of proposals, the induction
motor (IM) with a squirrel cage rotor has steadily oc-
cupied a top place among the manufacturers of electric
cars. Control over such a drive is executed using a pulse
width modulator (PWM) that operates on the system of
vector control.

Such a configuration of the electric drive has sig-
nificant drawbacks: the lithium-ion battery has a high
internal resistance, which significantly limits the starting
current, weakens the dynamics of transportation and in-
creases energy loss. It is possible to solve these problems
by connecting, in parallel to the accumulator, a battery
of ultracapacitors, since the latter have a significantly
less active resistance than the lithium-ion batteries and
are less sensitive to shock currents. However, ultraca-
pacitors bring along additional volume and weight that
a vehicle has to carry, which would lead to additional
energy consumption.

3. The aim and ohjectives of research

The aim of this study is to estimate the effectiveness
of using parallel connection between a battery and an
ultracapacitor to power the electric drive of a vehicle
based on the induction motor with a squirrel cage rotor.

To accomplish the aim, the following tasks have been set:

1. To create a model to study the electric drive of
vehicles and to choose an objective indicator for energy
efficiency.

2. Based on the created model, examine the selected
energy efficiency indicator for drive systems with a dif-
ferent capacity of ultracapacitor and without it at all. To
analyze this study.

3. Based on the study analysis, determine whether it
is possible, by changing only the configuration of a po-
wer supply system, to achieve additional improvement in
energy efficiency.

4. Research of existing solutions
of the prohlem

The idea of using ultracapacitors in parallel with batte-
ries has been proposed in a number of studies. In paper [1],
authors examined the effect which such a connection would
exert on the battery when working for a standard load,

not taking into account the peculiarities of the electro-
mechanical energy transducer. Papers [2, 3] demonstrated
the effectiveness of such a connection when operating in
electric motors, but without indicating specific vehicles.
More detailed study into such a system was reported
in papers [4, 5]. These studies prove the effectiveness
of a given connection in hybrid vehicles. However, the
power system of hybrid vehicles is very different from
that of electric ones with an independent supply, which
is why the described benefits of using ultracapacitors in
hybrids did not prove their presence when used in elec-
tric vehicles as shown in papers [6, 7]. However, only
for the drives with DC engines that at present are rarer
than the drives with induction engines as demonstrated
in paper [8].

Articles [9, 10] reported studies into the system of
independent power supply of electric vehicles with a
ultracapacitor using a tram as an example, which has
its own peculiarities compared to electric cars. In addi-
tion, these papers focused solely on the power source,
while the electromechanical transducer of energy was
disregarded.

The present paper estimates energy consumption ef-
ficiency by a vehicle, which employs as the electrome-
chanical energy transducer the induction motor with
a squirrel cage rotor, for different configurations of po-
wer source: with ultracapacitors of varying capacity and
without them.

5. Methods of research

The study was carried out based the following param-
eters of the elements of a vehicle:

— electric scooter, type Genata Gtle 250 (China): maxi-

mum speed — 55 km/h, maximum travel distance — 80 km

at a speed of 30 km/h, weight — 45 kg, maximum
load — 150 kg;

— two induction motors with the squirrel cage ro-

tor M2AA 080 C2 manufactured by ABB (Sweden),

which operate in parallel with a rated power of 1.1 kW,

a power voltage of 230/400V, a frequency of ro-

tation of 2,870 rpm, with performance efficiency of

80.6 % each;

— abattery of lithium-ion batteries Honcell HCP603650NZC

(China): rated voltage — 370 V, capacity — 1.25 A-h,

internal resistance 13 Ohms, weight — 2.1 kg;

— a battery of ultracapacitors Nesscap ESHSR-0100C0-

002R7 (South Korea), composed of 136-consistently

connected elements whose capacity varies for different
study points within 25-200 F per one element.

To simulate the electric drive, we constructed a model
in the software package Matlab/Simulink, shown in Fig. 1.

Some units and circuits aimed to display the calcu-
lated magnitudes are not indicated in Fig. 1 to improve
its visibility.

To objectively assess energy efficiency of the circuit, we
adopted the standard norms for the evaluation of energy
efficiency of vehicles, specifically the UN/ECE Elementary
Urban Cycle in line with the standards of the European
Union (Fig. 2). This cycle reflects the character of motion
of a vehicle in a city and best describes the load on the
examined electric scooter.

The dependence of speed on time of the urban cycle
is used to assign speed for the PWM vector control.

4
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Fig. 1. Model of the electric scooter drive in the software package Matlab/Simulink:

1 — lithium-ion battery; 2 — induction motor (IM) with squirrel cage rotor; 3 — unit for setting the constant momentum of load (rolling friction force);
4 — circuit for calculating the resistance momentum, proportional to the square of speed (air resistance force); 5 — battery of ultracapacitors
(can be disabled); 6 — electronic transducer based on IGBT-transistars; 7 — unit of vector control over converter; 8 — units for setting the speed
and magnetic current for vector control; 9 — model to account for the magnetic losses in IM; 10 — unit for calculating magnetic losses in IM;

11 — capacitive filter of the converter from the source side

0 /TN

. /T
N 7 7/ \

i 0 100 140 200
t,s

Fig. 2. The UN/ECE Elementary Urban Cycle

6. Research results

When performing an elementary urban cycle, the engine
runs under a repeated-short-term mode. The specificity is
the elevated load at acceleration and deceleration caused by

P1L, W

a high reduced moment of inertia by the electric scooter.
Fig. 3 shows a a dependence chart of the power consumed
on time when the drive is operated under such a load
without ultracapacitor.

Fig. 3 shows that the largest electric energy consump-
tion and, accordingly, the largest losses, are observed during
acceleration of the vehicle. Connecting a ultracapacitor
would allow it to «take over» the load during acceleration
and to perform more effective recuperative braking. It is
obvious that it would improve the performance efficiency of
the electric drive and reduce electric energy consumption.

The greater the capacity of an ultracapacitor, the more
energy will remain in it upon engine acceleration, thus the
efficiency of the electric drive must be greater. A study
into performance efficiency was conducted for batteries of
ultracapacitors with varying capacity. They all consisted of
136 elements, connected consistently, in order to establish
the rated voltage of the battery of 370 V.

i SRl s T e e e B ) S SR R S e M Bl e s vl s TR b e S e

Fig. 3. Time dependence of power consumed by the electric scooter, powered by a source without ultracapacitor
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However, we changed the capacity (and together with
it the active resistance and weight) of the separate item.
Research results are given in Table 1 and Fig. 4.

Tahle 2

Dependence of the electric drive's consumed energy on capacity
of a single ultracapacitor

Table 1 S, F W1, 17
Dependence of the electric drive’s performance efficiency on capacity
. ] 0 75.638
of a single ultracapacitor
50 73.223
5 F Efficiency
75 72.906
0 0.4004
100 72.695
a0 0.4187 125 72.888
75 0.4203 150 73.009
100 0.4224 200 73.475
125 0.4231 . . .
It follows from Fig. 5 that there is a certain value
150 0.4237 of capacity at which the consumption of electricity by
a vehicle is minimal. For a given electric scooter, it is
200 0.4237 100 F per one element, or 0.735 F per a battery. At a
smaller capacity, the ultracapacitor is discharged too much

Fig. 4 shows that the use of a ultracapacitor makes
it possible to improve the averaged performance effi-
ciency of the electric scooter from 40 % to 42.4 %. This
result fully confirms the above assumptions. However,
it is worth noting that performance efficiency is not
a principal parameter when examining

when accelerating, thereby increasing the losses related to
its recharging during further work of the electric drive.
At a larger value, the effect of improved performance
efficiency decreases with an increase in capacity, while
the mass of a vehicle becomes larger; therefore, energy
consumption grows.

——Without a recharge

—a—With a recharge

transportation vehicles. The point is 76000 Wi
that when calculating it, the <useful» 25500 \ ’
load includes overcoming the resistance \
force of a vehicle. In this case, an in- 75000
crease in the mass of the vehicle leads 74500 \
to that this resistance grows, thereby ) \
increasing its «payload». Therefore, the 74000
energy consumed per cycle is a more
objective indicator. 73500

For the same parameters, we studied 73000 -
the energy consumed over an elementary
urban cycle with respect to an increase 72300
in the mass of a vehicle due to the ad- 7009
dition of a battery of ultracapacitors to 0

it. The results are given in Table 2 and

50

100 150 200 250
C,F

in Fig. 5. Fig. 5. Dependence of the electric drive’'s consumed energy on capacity of a single ultracapacitor
0.430 Fig. 6 shows a change in voltage at
Efficiency ultracapacitor over time (when the ca-

0.425 pacity of the element is 100 F).
ﬁ Fig. 6 shows that during pauses in
0.420 motion the ultracapacitor does not have
/ enough time to recharge to its starting
0.415 value, which is why the subsequent acce-
/ ——Without arecharge  leration occurs at the lowered value of the
0410 —=— With a recharge starting voltage. This leads to a reduction
0.405 / in the efficiency of the electric drive. To
T eliminate this drawback, we proposed
0.400 a circuit that allows the ultracapacitor
to evenly recharge during pauses lasting
0.395 : : : : ‘ for 20 seconds (which corresponds to the
0 50 100 150 200 250 averaged pauses during a vehicle motion
C,F in a city) until reaching its rated value.
Fig. 4. Dependence of the electric drive's performance efficiency on capacity Fig. 7 shows the dynamics of voltage at

of a single ultracapacitor a ultracapacitor for this case.
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To assess the effectiveness of a given system, we con-
ducted a study with the results given in Table 3 and

360 //

350 \
N

330 \/

80

| 120

T

160

Fig. 7. Dependence of voltage at ultracapacitor on time with a capacity of a single element of 100 F when using a recharging system
for the ultracapacitor during pauses in motion

shown in Fig. 8.

Tahle 3

Dependence of consumed energy on capacity
of the ultracapacitor element when using
a recharge system and without it

w1, 71 dW, %

5 F|Withouta| Witha |Withouta| Witha

recharge | recharge | recharge | recharge
0 | 75.638 - - -
50 | 73.223 | 73.239 3.19 3.17
75 | 72.906 | 72.858 3.61 3.68
100| 72.6895 | 72.610 3.89 4.00
125| 72.888 | 72.779 3.64 3.78
150| 73.009 | 72.902 3.48 3.62
200 | 73.473 | 73.432 2.86 2.92

The research results (Fig. 8) show
that the use of a recharge system makes

4.5000
4.0000
3.5000
3.0000
2.5000
2.0000
1.5000
1.0000
0.5000
0.0000

dw, %

it possible to slightly reduce the consumption of electric
energy by a vehicle when applying a ultracapacitor. Note
that this system does not require the installation of ad-

ditional large-scale force elements.

—o=Without a recharge

—m=With a recharge

50 100 150

>

200

250

Fig. 8. Dependence of a decrease in the consumed energy compared
with the case without the use of a ultracapacitor on capacity of the element using
a recharge system and without it
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7. SWOT analysis of research resulis

Strengths. Our study has shown that using the parallel
connection of a ultracapacitor and a battery as a power
source for electric vehicles makes it possible to reduce
energy consumption by 4.0 % compared with power solely
from a battery provided the right choice of the source
configuration.

Weaknesses. Reducing energy consumption is not the
only role taken by the ultracapacitor in the electric drive.
Others include the improved vehicle dynamics and protec-
tion of the battery from overload currents. And although it
only highlights the strengths of such a connection, multi-
tasking complicates the choice of the optimal configuration,
which in the present work has been studied exclusively
from the energy point of view.

Opportunities. This study allows us to substantiate choo-
sing the capacity of a ultracapacitor for electric vehicles
and opens the way for the economic evaluation of a given
system. In addition, it is promising to investigate the op-
timum when taking into account the additional tasks for
the ultracapacitor mentioned above: the improvement of
vehicle dynamics and protecting the battery from overload.

Threats. Even though that from the point of view
of energy efficiency this system is absolutely necessary,
there is no guarantee that it would be strong enough
to convince an average consumer since most of the ve-
hicles are driven by private owners. The availability of
an additional system to control distributed power is an
additional consistent element in the chain of reliability.
And while on the one hand a ultracapacitor improves
the reliability of the source by prolonging the lifecycle
of a battery, the additional system that might fail could
possibly be disliked by potential consumers.

1. In the course of this study we applied the software
package Matlab/Simulink to create a model of the electric
scooter based on the induction motor with a squirrel cage
rotor, powered by a parallel connection between a lithium-
ion battery and a ultracapacitor, with the possibility to
adjust capacity or disable the ultracapacitor. To assess
energy efficiency of such a system, we tested the model
according to the UN/ECE Elementary Urban Cycle; the
indicator of energy efficiency was the energy consumed
per a cycle.

2. An analysis of the computer model that we per-
formed has revealed that the use of a ultracapacitor by
itself reduces the consumption of electric energy by the
magnitude above 2.9 %. Moreover, to improve energy ef-
ficiency there is the optimal capacity of a ultracapacitor
at which energy consumption is reduced by 3.9 %. Study
has shown that it is not always that an increase in capa-
city leads to the improvement of efficiency, since, along
with capacity, there is a growth in the mass of a vehicle.

Thus, we have demonstrated the importance of a correct
choice of the required source configuration.

3. We have proposed a power distribution system, in
which a ultracapacitor is charged faster during pauses in
motion. This system has helped improve energy savings
of up to 4.0 %.
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