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ABSTRACT

BACKGROUND: Currently, the problem of making wheeled vehicles more environmentally-friendly is one of the most relevant,
as using electric vehicles with on-hoard traction batteries becomes the most popular technical solution. However, the batteries
capacity remains relatively low, so efficiency of using them depends on selection the most optimal components of traction
electric equipment and implementing the most advanced algorithms of traction electric drive control. Therefore, development
of the methods helping to achieve maximal energy efficiency at all stages of design, manufacturing and operation is highly
important.

AIM: Development of fundamentals and methods of improvement of wheeled vehicles energy efficiency at the design stage
with the use of virtual mathematical modelling.

METHODS: The study was conducted with the MATLAB/Simulink software package.

RESULTS: Theoretical basis of the improvement methods with the use of mathematical modelling of virtual operation
of the vehicle’s digital twin in the MATLAB/Simulink is given in the paper.

CONCLUSIONS: The practical value of the study lies in ability of using the proposed methods in development of prosperous
wheeled vehicles.

Keywords: operation modes; traction electric drive; probability distribution; mathematical modelling; virtual operation;
efficiency.
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ODVII'VIHaJ'IbHOG nccneaposaHme

UccnepoBaHue MeToi0B NOBbILLEHUS
3Hepro3apeKTUBHOCTU C YHETOM peXKMMOB paboTbl
TAroBOro 3NeKTPONpuBoAa MeToAaM1 BUPTYaJIbHOI O
MaTeMaTU4yecKoro MoAeaupoBaHus

A.B. Knumog' 2

1 YHHoBaumoHHbIN ueHTp «KAMA3», Mocksa, Poccuiickas Oepepauns;
2 MOCKOBCKMI MONMTEXHUYECKIA YHMBEpCuTeT, Mockea, Poccuiickas ®epepaums

AHHOTALMA

06ocHoBaHMe. Bonpoc NoBbILLEHUS 3KONOTMYHOCTU KONECHBIX TPAHCMOPTHbIX CPEACTB ABMAETCA OHUM U3 CaMbIX aKTyab-
HbIX Ha JaHHbIA MOMEHT, B CBA3M C YeM, Haubonee NonynsapHLIM TEXHUYECKUM PELLEHWEM CTaHOBUTCSA NPUMEHEHME 3MIEKTPO-
TpaHcnopTa € TATOBLIMU aKKyMyNATOPHbIMM baTapesmu Ha bopTy. OfHaKo, EMKOCTL baTapeli no-npexHeMy OCTaeTcs OT-
HOCWTESTbHO HEBBICOKOW, N03TOMY 3 (EKTUBHOCTL NMPUMEHEHMUS 3aBUCUT OT noAbopa Hanbonee oNTUMasbHBIX KOMMOHEHTOB
TArOBOTO 3HEPreTUYecKoro 0bopyaoBaHNUA U NPUMeHeHUs Haubonee coBepLLEHHBIX alIrOPUTMOB YNPaBEHUS TATOBbLIM 3/1eK-
TponpuBoaoM. [o3ToMy BecbMa BaxkHO pa3spabatbiBaTb MeTOAbl NO3BONAILIME HA BCEX CTAAMSAX MPOEKTMPOBaHMS, NpoOU3-
BOACTBA U 3KCMJTyaTaLum A06MBaTLCA MaKCUMyMa 3HeproaddeKTUBHOCTM.

Lienb pabotbl — pa3paboTka TEOpPETUYECKMX OCHOB M METO/0B MOBbILLEHNS 3HEPro3QeKTUBHOCTH KONECHBIX TPAHCMOPTHBIX
CPeLCTB Ha CTaAWW NPOEKTUPOBaHMA C NPUMEHEHUEM BUPTYasIbHOr0 MaTeMaTUYECKOr0 MOJLENMPOBaHHUA.

Martepuansl u MeToabl. MiccnepoBaHme BbinoiHeHo B nporpaMMHoM KoMnnekce Matlab Simulink.

Pesynbtathl. B cTaTbe NpuBOASATCA TEOPETUYECKME OCHOBBI METOAOB MOBBILIEHUS C MCMOMB30BAHMEM MaTeMaTU4eCKoro
MOJE/MPOBaHNUA BUPTYaslbHOI 3KCMyaTaLmm uMdpoBoro ABoiiHMKa MallmHbl B Matlab Simulink.

3aksitoueHme. MpakTuyeckas LEHHOCTb UCCNEA0BaHNSA 3aK/TI04aAETCS B BO3MOXHOCTM UCMO/b30BaHUA NPEeJIOMEHHBIX METO-
[L0B Npy pa3paboTKe NepcrneKTUBHBIX KONMECHBIX TPaHCMOPTHBIX CPELCTB.

KnioueBble ciioBa: pexkuMbl paboTbl; TArOBbIN 371EKTPONPUBOA; pacnpesesieHne BEpOATHOCTEN; MaTeMaTUYECKOe MOoLEeNN-
poBaHue; BUPTYasbHas 3KCMyaTauums; 3GpGeKTMBHOCTD.
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BACKGROUND

The most pressing and serious issue currently involves
environmental standards and requirements for vehicles.
Therefore, electrified vehicles with a traction battery
on board are introduced as an alternative to internal
combustion engine vehicles.

The efficiency of converting the energy of the
storage system into mechanical energy on the shaft of
traction electric motors, which depends on operating
conditions, is a crucial issue in the use of transport
in all sectors of the national economy of Russia and
in the world. Therefore, the most optimal components
of traction power equipment are selected, and the
most advanced algorithms for controlling the traction
electric drive are developed to implement energy-
efficient movement. The use of wheeled vehicles with
environmentally friendly electric traction drives is
increasingly observed.

These vehicles have a limited range per charge,
restricting their widespread use, while consumer
requirements for this key consumer property are
becoming increasingly rigid. Reducing the total cost
of ownership of such equipment is also important.
Therefore, designers must consider various methods
for increasing range, one of which involves minimizing
energy loss. Overall, improving the energy efficiency
of wheeled vehicles is highly relevant. Examining this
idea in the early stages of vehicle creation is also crucial.

APPROACHES TO THE CREATION
OF ENERGY-EFFICIENT WHEELED
VEHICLES

A wheeled vehicle is considered energy efficient if it
has energy-efficient units and systems that control them,
thereby providing energy-efficient operating modes, and
minimizing energy losses.

Fig. 1. Main view of the vehicle (a) and the drivetrain diagram (b).
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When organizing energy-efficient control of the
traction electric drive of the driving wheels of a
wheeled vehicle, information regarding the magnitude
of the moment of resistance to movement on the driving
wheels is required, and such information is determined
by solving the differential equation that describes
the dynamics of the drive:

Jo=M,-M_,

where J is the moment of inertia of the rotating parts
of the drive reduced to the traction electric motor shaft;
o is the angular speed of rotation of the electric motor
shaft; M, and M, are the traction electromagnetic
moment and the moment of resistance on the electric
motor shaft, respectively [1].

As discussed in [2], a method for developing
a resistive torque observer is constructed based on the
quadratic integral quality criteria containing the object
and control coordinates [3, 4] and the theory of analytical
design of optimal controllers [5]. The simulation
methods of mathematical modeling of the work of an
observer in the control system during the movement of
a wheeled vehicle (Fig. 1) are performed using a digital
twin of the vehicle [6-8]. Simulation results revealed
that acceptable prediction accuracy is realized after the
attenuation of transient processes caused by starting
or stopping the vehicle. Table 1 shows the main
characteristics of the object under study.

Fig. 2 presents the general view of the mathematical
simulation model of the movement of a digital twin
of a vehicle.

Thus, considering the moment of resistance on the
drive wheels, optimal control of the traction torque
on the shaft of electric motors becomes possible,
avoiding ineffective operating modes.

The energy method with high accuracy and operational
speed can be used to estimate the traction torque

OO

L

OO

[T

Puc. 1. 06wwmin BUA TpaHcnopTHoro cpeacTsa (a) u cxeMa npusopa (b).
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Table 1. Technical specification of the vehicle

Tabnuua 1. TexHuuyeckue XapaKTepUCTUKM TPAHCMIOPTHOTO
cpencTea

Parameter Value
Wheel configuration 4x2
Gross weight, kg: 8100
- on the front axle, kg 3100
— to the rear axle, kg 5000
Dimensions:
Height, m 2,40
Width, m 2,45
Wheelbase of the motor vehicle, m 4,475
Steering axle track, m 1,710
Drive axle track, m 1,650

Tire rolling radius, mm 215/75 R175

in the construction of a drive control system [5, 10, 11].
This method is based on the equation for the instantaneous
balance of the active power of electrical machines:

P(t)=M,(t)o@)+F, (1),

where P(t) is the consumed electrical power, P, ()
is total power losses, M, (¢) is mechanical torque
on the motor shaft, and (¢) is the angular speed
of the electric motor rotor shaft.

Calculating the drive efficiency to determine
the control strategy is feasible by estimating
the electromagnetic torque, determining the resistive
torque, adjusting the operating mode, and eliminating
unnecessary losses [12].

DETERMINATION OF THE MOST
PROBABLE OPERATING MODES
OF A TRACTIONAL ELECTRIC DRIVE

The characteristics of transport vehicles must best
comply with the operating conditions to use energy-
efficient units and systems in their design. This task is
most relevant at the design stages because the basic
characteristics of the vehicle and its components are
specified in these stages. If an engineer makes a mistake
at this stage then he will fail to create an energy-
efficient, competitive machine. The traction electric drive
may be of considerable interest due to the occurrence
of main losses in the traction chain from the energy
storage system to the drive wheel. Developing methods
for determining the characteristics of components or
requirements for these vehicles is also relevant, and
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their application subsequently enables the creation
of energy-efficient technical solutions.

The method for investigating operating modes can be
developed based on a statistical study of the functioning
of units and systems using a virtual digital twin
of the designed vehicle (Fig. 2) and basic motion cycles or
motion cycles received from the customer or consumer.

Describing the operating modes in which the
equipment is used is often difficult for a customer or a
consumer due to several reasons. Therefore, at the initial
stage, developers only have requirements for maximum
mileage, speed, and possibly the type of roads. In this
case, standardized cycles can be used.

Vehicles used in agriculture are generally driven
at low speeds. Fig. 3 shows an example of the
dependence of the speed of movement on a wheeled
vehicle.

As shown in Fig. 4, the most probable speed limit is
in the range of 20—35 km/h. In addition, most of the time,
the vehicle remains steady (speed 0 km/h).

Considering such a motion cycle, the developer obtains
a database of operating modes after performing a virtual
operation through the use of a model and mathematical
simulation (Fig. 2). The most probable operating modes
are determined after statistical processing.

In the case of the object under study (Fig. 1),
the distribution of probability densities for the traction
electric drive is presented in Figs. 5 and 6. At the early
design stages, considering the operating parameters
of rotation speed, torque, and power on the drive axle
or drive wheels is rational; thus, these parameters can
be used to determine the equivalent loading modes
of the drivetrain and its key parameters, such as the
gear ratio [13].

As shown in Fig. 5, for the vehicle under study
(Fig. 1), the most probable rotation speeds of the drive
wheels range from 150 rpm to 225 rpm, with a maximum
of 350 rpm. The engine shaft displays the most probable
rotation speeds of 1,434-2,151 rpm at 3,346 rpm
of movement at a maximum operating speed of 52 km/h.

For the traction electric drive, Fig. 6 shows a positive
traction torque and a negative regenerative torque
on the wheels, corresponding to the electrodynamic
braking mode. The most probable values of the
traction torque range from 260 Nm to 520 Nm, and
from 1000 Nm to 1,500 Nm, with maximum values of
2,660 Nm. These values correspond to the torque on the
engine shaft considering Udr = 9.56 and the previously
accepted drivetrain efficiency of 95%, ranging from
28.6 Nm to 57.3 Nm and from 110.1 Nm to 165.2 Nm.
The regenerative torque at the wheel most probably has
a value in the range of up to 1,100 Nm, with maximum
values of 3,200 Nm and 109.3 Nm at the engine shaft.
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Fig. 2. The simulation model of vehicle motion in the MATLAB/Simulink: 7 — ground surface; 2 — the vehicle dynamics block; 3 —
traction electric motors; 4 — a driving cycle; 5 — inverters; 6 — drivetrain; 7 — climatic conditions; 8 — an electricity storage system;
9 —a wheel; 10 — front suspension; 17 — rear suspension; 12 — a control system; 13 — a rear axle.

Puc. 2. mutaumoHHas Mofenb ABUKEHUs TpaHcnopTHoro cpeacTsa B Matlab Simulnk: 7 — onopHoe ocHoBaHWe; 2 — GnoK AMHAMUKK
IBUXeEHWS; 3 — TAroBble 3NEKTPOABMraTeNM; 4 — LMK [BUMKEHUS; 5 — TAroBble MHBEPTOPbI; 5 — TpaHCMUCCUS; 7 — KIMMaTUYecKue
ycnoBus; 8 — cucTeMa XpaHeHUs aNeKTpUYeckon aHeprum; 9 — Koneco; 10 — nepepHas nopgecka; 11 — 3aaHas noasecka; 12 — cu-
cTeMa ynpaenenus;; 13 — banka 3agHero MocTa.
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Fig. 3. Time-domain motion velocity of a wheeled vehicle. Fig. 4. Probability density distribution of motion velocity.
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Fig. 5. Probability density distribution of wheel rotation velocity.
Puc. 5. PacnpegeneHue nnoTHOCTH BEPOSTHOCTW YacToThl BpaLLe-
HMs Koneca.

DETERMINATION OF THE OPTIMAL
TYPE OF ELECTRIC TRACTION MOTOR

Fig. 7 shows the distribution of operating points
of the drive referred to the drive wheels.

Next, determining the following maximum required
engine characteristics using well-known equations [1, 6]
is necessary: n,,,,, @ maximum rotation speed to ensure

kinematic traveling speed; N,,, as maximum power
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Fig. 6. Probability density distribution of torque at wheels.
Puc. 6. PacnpepeneHve nAOTHOCTU BEPOATHOCTW KpYTALLEro
MOMEHTa Ha Konécax.

to provide maximum consumer speed (for example,
for driving a motor vehicle on a highway); and M,,,,
as maximum torque in traction and regenerative modes
to overcome maximum road resistance and provide
deceleration during electrodynamic braking, respectively.

For the vehicle in question, the maximum speed is
90 km/h, the wheel rotating velocity is 685 rpm, and
the engine speed n,,,,=6520 orpm; considering the 10%

reserve, it is 7,172 rpm. The required maximum torque

0 25 50 75 100 125

Fig. 7. Distribution of operation points of torque at driving wheels.
Puc. 7. PacnpepeneHune pabounx Touek, NpUBeAeHHbIX K Konecy.
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at the wheel to overcome maximum road resistance
(a 25% rise) is 7,725 Nm, and 850 Nm at the engine shaft.

The type of traction electric driving motor should
then be determined by ensuring maximum efficiency in
the most probable operating conditions. The work [14]
provides typical performance characteristics of electric
motors, which can be used to determine the required
type of motor.

The type of drive motor should be determined after
identifying the areas of most probable operation and
the maximum required parameters. By superimposing
the distribution of operating points (Fig. 9) on typical
characteristics, the IPM synchronous reluctance engine
is regarded as the most suitable for driving the drive
wheels of a wheeled vehicle used in agriculture because
the zone of its maximum efficiency is in the region of low
and medium torque speeds, thereby maximizing energy
efficiency.

CONCLUSIONS

Methods for increasing the energy efficiency of
wheeled vehicles using observers in the control system,
as well as the utilization of energy-efficient units and
systems, are considered.

Considering the operating features of real transport
facilities using mathematical simulation modeling
through the virtual operation of a digital twin, a method
is proposed for determining the key characteristics and
types of traction electric drives.

Analysis of operating modes shows that the traction
electric drive of a wheeled transport vehicle used

Mumax

g

1 Peak mod
7 \\ﬁea mode

2. Nominal mode
5

Fig. 8. Typical electromechanical performance diagram of
a traction electric motor and areas of the highest efficiency
of various types of electric motors: SPM — permanent-magnet
synchronous motors; IPM — internal permanent magnet motors;
IM — induction motors; SR — switched reluctance motors.

Puc. 8. TunoBas anekTpoMexaHWYecKas XapaKTepPUCTUKA TArOBO-
ro anexkTpoABuratens u 3oHel Haubonbwero KN ansa pasnuuHbix
TMNOB 3nekTpogsuratenelt: SPM — CUHXPOHHbINA C NOCTOSHHBIMM
MarHutamu; IPM — cMHXpOHHO-peaKTUBHbIM € NOCTOSHHBIMW MarHu-
TaMu IM — acuHXpOHHBINA; SR — BEHTUNBbHO-MHAYKTOPHBIN.
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in agriculture mainly operates in the zone of partial
characteristics in the range of rotation speeds up to n,,,,,
and torque up to M, ...

For the machines under consideration, the most
energy-efficient technical solution is the IPM synchronous
reluctance motor because its maximum efficiency zone is
in the region of low and medium torque speeds, allowing
maximization of energy efficiency.

The practical value of the study includes the possibility
of using the proposed methods for increasing energy
efficiency and the proposed method for identifying
the key characteristics and types of electric motors for
the development of a control system for the traction
drive of transport vehicles and their diagnostics.
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Education of the Russian Federation within the framework
of the “Development of the mathematical model of
chassis operation (transmission, chassis and control
mechanisms) in static and dynamic state and creation
on its basis of a digital twin of a passenger car platform”
project).

AOMO/IHUTE/IbHAA! UHOOPMAL UA

Bknap aBtopa. A.B. KnuMoB — paspaboTka Teope-
TMYECKMX OCHOB, pa3paboTka ™meToda, pa3paboTka
MaTeMaTW4ecKoW MOAenu, MNpoBefeHWe MaTeMaTtuye-
CKOro MOAENVMpOoBaHMA, NMPOBEAeHMEe PacyEToB MOMCK
nybavKaumii no TeMe CTaTbW, HanMcaHWe TeKcTa py-
KOMUCK, peAaKkTMpOBaHWe TeKCTa PYyKOMWCW, cO3fa-
HWe n30bpaxeHnin. ABTOp NOATBEPM/AAeT COOTBETCTBME
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