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Analysis of design features of systems and
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Abstract. Problem. The article analyzes the design features of the systems and components of the Tesla
Model S electric car, which allows choosing the initial characteristics for the mathematical model of
the acceleration dynamics of the electric car, determines the cost characteristics of its power plant
(electric motor) and battery. Goal. The purpose of the work is to determine the initial characteristics of
the systems and components of a modern electric vehicle for their further use in a mathematical model
of the acceleration dynamics of an electric vehicle. Methodology. The approaches adopted in the work
to achieve the set goal include understanding the peculiarities of the initial characteristics of the systems
and components of electric vehicles, which are the world leaders in the market of such vehicles. Results.
In the work, a comparative analysis of the layout schemes for the implementation of transmissions in
the designs of modern electric vehicles, the characteristics of their power plants (electric motors), the
characteristics of energy converters (inventories), and the features of the power plant power plant of a
modern electric car are determined. Originality. The conducted analysis of the design features of sys-
tems and components of the Tesla Model S electric car made it possible to form a general idea about
the features of the implementation of work processes in the electric drive of an electric car, which can
be used as initial parameters or characteristics during the simulation of the acceleration dynamics of
an electric car. Practical value. The obtained results make it possible to formulate recommendations
for the use of the characteristics of the systems and components of the electric vehicle during the simu-
lation of the dynamics of its acceleration and to determine the energy consumption in the power system
of its traction electric drive.

Key words: electric car, power, power supply system, battery, energy capacity, characteristics of the
electric drive.

Introduction

At the current stage of the development of vehi-
cles with an electric drive, their sales in the auto-
motive equipment market in the world are grow-
ing rapidly, as evidenced by the analysis con-
ducted by the BloombergNEF company [1].

According to forecasts of this company, by
2025 the number of sales of electric vehicles will
reach 10 million, and by 2030 - 28 million, while
the projected percentage of sales of electric vehi-
cles is expected at the level of 57% [2] of the total
number of vehicles with traditional power units
(internal combustion engines).

Since electric cars have started to be sold more
often on the automotive market, it is important to
determine the features of the structure of their
components and systems.

Analysis of publications

The relevance of this study lies in the fact that
to model the acceleration dynamics of an elec-
tric vehicle, it is necessary to have the initial
characteristics of its electric drive, which at this
stage of the development of electric vehicle de-
sign technologies are a secret of leading com-
panies and corporations that manufacture elec-
tric vehicles [3-5].

It is known from the scientific and technical
literature [3-15] and the Internet [16] that mod-
ern electric cars, thanks to the peculiarities of
the implementation of their electric drives and
power systems, allow an electric car to acceler-
ate to 100 km/h in almost 2 seconds, for exam-
ple, the Tesla Model S Plaid electric car [3],
while modern electric cars can reach speeds of
up to 300 km/h [3, 16].
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From the analysis of works [5-7, 13-15], it is
known that electric vehicles of leading compa-
nies [3] have a reserve of electric energy for
840 km of mileage according to the NEDC
cycle [17, 18].

Such electric cars have an additional option of
quick charging in a time of about 15 minutes to
ensure the mileage of the electric car at a distance
of up to 300 km [12].

Purpose and Tasks

The purpose of the work is to determine the initial
characteristics of the systems and components of
a modern electric vehicle for their further use in
a simulated mathematical model of the accelera-
tion dynamics of an electric vehicle.

To achieve the goal, the following tasks must
be solved:

—to perform an analysis of layout schemes for
the implementation of transmissions in the de-
signs of modern electric vehicles;

—compare the characteristics of power units
(electric motors) of modern electric cars;

—to determine the features of the characteris-
tics of energy converters (inverters) in the power
system of an electric vehicle;

—to determine the features of the implementa-
tion of the power system of the power unit of a
modern electric vehicle.

Materials for the analysis of design features
of systems and components of the Tesla
Model S electric car

In modern Tesla electric cars, the traction
electric drive is structurally performed as a
unit that cannot be mechanically separated and
which consists of three main elements: a
power unit (electric motor), a mechanical
gearbox and an energy converter (inverter).
The component parts of this node are highly
integrated and use common unified connec-
tions and interfaces, which simplifies the
structure of the system and increases its relia-
bility.

Depending on the implementation of trac-
tion electric drives of modern electric vehi-
cles, different dynamics of electric vehicles
and consumption characteristics of their
power supply systems can be implemented.

As confirmation of what has been said, we
will provide comparative technical character-
istics of various models of the Tesla Model S
electric car, in the form of Table 1, for the con-
venience of their comparison and analysis.

Table 1. Technical characteristics of some Tesla
Model S electric cars

The parameter |60D | 75D |85D | 90D |P100D|Plaid
Battery
capacity, kWh 60 | 75 | 85 | 90 | 100 | 100
Power, kW 245|350 | 311|311 |568 | 750
[Total torque, Nm | 525 | 600 | 660 | 660 | 950 |1428
IAcceleration to
100 km/h, s 5414440382420
Max. speed, km/h | 209 | 225 | 250 | 250 | 250 | 320

Mileage on the
NEDC cycle, km 408 | 490 | 528 | 557 | 613 | 840

Analysis of layout schemes for the
implementation of transmissions in the
designs of modern electric vehicles

Let's consider the features of the structure of trac-
tion electric drives using the example of layout
schemes for the implementation of transmissions
of the Tesla Model S electric car (Fig. 1).

\ J, Wil | / \ TS / \ [ YSm— /

Fig. 1. Implementation scheme of electric vehicle
transmission Tesla Model S [20]

It can be seen from Figure 1 that structurally,
the traction electric drive of the wheels of an elec-
tric car can be presented in three versions: rear-
wheel drive, all-wheel drive, reinforced all-wheel
drive.

Asynchronous electric motors (Fig. 2) are
used for the Tesla electric car transmission imple-
mentation options (Fig. 1).

Frig. 2. Aparance of Tesla asynchronous
electric motors: single (left); double
(right) [20]

In the case of prospects for the development
of drives (Fig. 1), in order to reduce the cost of
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electric vehicles while preserving their dynamic
characteristics, schemes (Fig. 3) with a smaller
number of options for the implementation of
electric drives are considered.

So, for example, for some models of Tesla
electric cars, it is proposed to use PRMS (Raven)
synchronous electric motors, which are also
called impulse jet motors with permanent mag-
nets. In this case, the implementation scheme of
the electric car transmission can be presented in
two versions (Fig. 3): reinforced rear-wheel drive
and reinforced all-wheel drive.

Fig. 3. Implementation scheme of Tesla electric
car transmission with PRMS (Raven)
synchronous electric motors [20].

i - Jﬁ.i- i

Let's consider the peculiarities of the imple-
mentation of the characteristics of the electric
drive of the wheels of the electric car Tesla Model
S P100D [4, 5]. For the front drive of the wheels
of such an electric car, a 270 HP type electric mo-
tor with a capacity of 200 kW with max revolu-

tions (n;™) — 18.000 rpm. For rear-wheel drive,

a more powerful engine is a 503 HP type, which
has a power of 370 kW and a maximum revolu-
tions of 16.000 rpm.

Since the rotation of the wheels of an electric
car with revolutions of 16.000 — 18.000 rpm is
not advisable and can provoke their skidding, a
reducer is installed after each of the electric mo-
tors, which reduces its revolutions by approxi-
mately 10 times, thanks to the ratio (i, ) of the re-

ducer 9.73. A simpler calculation, performed ac-
cording to equation (1), based on the data shown
in Figure 5, shows that the maximum speed of the
electric vehicle, which has wheels with a radius
of ry = 0.34 m, is limited only by the revolutions
of the electric motor at the selected ratio of the
reducer 9.73.

Vinax . Vinax
Vp = LB 0377 T (g
el I

r

The construction of the gearbox is shown
in Figure 4.

Fig. 4. Construction of the reducer: 1 — crown
gear; 2 — gearbox housing; 3 — bevel
gears; 4 — reducer of the intermediate
shaft; 5 — oil pump; 6 — cardan shaft seal;
7 — bearing

The reducer in the transmission of the electric
car also allows to increase the torque on the
wheels in relation to the torque on the electric
motor shaft, which allows to reduce the load on
the bearings of the traction electric motor, espe-
cially in conditions of maximum loads that occur
from the side of the road on the driving wheels of
the electric car.

Comparison of the characteristics of power
units (electric motors) of modern electric cars

A comparison of the results of the calculation of
the maximum speed of the electric car with the
real characteristics of the electric motors (Fig. 5)
confirms the judgments given above.

600

Tesla Model S Power and Torque

— ] $60 Nm —  — MS60 kW
e [ 585 NM —  — M 585 KW
s [ 8P N —  — MSP kW
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Power, kW
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Fig. 5. Comparison of external speed characteris-
tics of Tesla Model S electric motors
(model 60, 85, P85) [19].

From the external speed characteristics of the
asynchronous electric motors used on the Tesla
Model S electric cars with the transmission
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implementation schemes shown in Figure 1, it
can be seen that, other things being equal, the dy-
namic properties of the electric drive of the Tesla
car are slightly different.

From the characteristics shown in Figure 5, it
can be seen that when Tesla Model S60 and Tesla
Model S85 electric cars are moving at a speed of
up to 70-80 km/h, their torque is almost the same,
which is provided by the same power of electric
motors. The situation changes significantly for
these cars in the case of their movement at speeds
of more than 100 km/h, it can be seen from Figure
5 that the power of the electric motor of the Tesla
Model S60 decreases, which leads to a decrease in
the torque and a decrease in the traction force on
the wheels of the electric car. The Tesla Model
S85 electric car loses power at a higher speed,
around 128 km/h, which allows it to accelerate to
a top speed of 200 km/h, which is 4.5% faster than
the top speed of the Tesla Model S60 electric car.

Comparing the external characteristics of the
electric motors of the Tesla Model S85 and Tesla
Model S P85 electric cars, it can be seen that with
a slight increase in the power of the electric motor
on the Tesla Model S P85 electric car by 6.5%, its
torque is increased by 27%. The increase in torque
allows for greater tractive forces to be realized on
the wheels of the Tesla Model S P85 when driving
at speeds up to 100 km/h. Comparing the external
speed characteristics of the electric motors of these
cars at speeds of more than 128 km/h, it can be
seen that the power of the electric motors of these
electric cars become the same and the Tesla Model
S P85 electric car can accelerate, like the Tesla
Model S85, to a speed of 200 km/h. It should be
noted that due to the power reserve of the Tesla
Model S P85 electric car, its maximum speed can
be increased to 209 km/h, which cannot be done
on the Model 85.

Determination of the features of the
characteristics of energy converters
(inverters) in the power system of electric
vehicles

The inverter (voltage converter) receives power
from the traction battery with a voltage of 400 V
and converts direct voltage into alternating cur-
rent to power the electric motor. The peak values
of the current can reach 1400 A. Such a current,
such as the maximum compatible power of elec-
tric motors of 570 kW, is only peak and rather
short-lived. During movement, in practice, lower
power and supply current are observed.

The inverter in the Tesla Model S electric
car is also designed to create a negative torque
and the corresponding current to charge the
battery in regenerative braking mode. Regener-
ative braking is allowed only when the stability
control system and the anti-lock braking sys-
tem are activated. Thrust control is imple-
mented in the stability control system with
torque limitation commands sent to the inverter
when thrust is reduced.

The voltage converter contains two digital
signal processors (DSP) on the control board.
The main DSP controls the engine, monitors
the performance of the drive system and pro-
cesses the driver's requests. The second DSP
(called the "Pedal Monitor") is a safety monitor
that can stop torque generation if motor cur-
rents, speed, or accelerator pedal conditions in-
dicate that the primary DSP is malfunctioning.
A programmable gate array (FPGA) on the con-
trol board controls various security and protec-
tion schemes at the hardware level.

The inverter monitors the temperature of the
motor and power electronics. It sends requests
to the thermostat to cool the engine and internal
electronics. When the inverter is working, there
is no direct control of the flow of coolant or the
speed of rotation of the fan from the converter.
The thermostat controls the system for targets
that are optimized for range and efficiency. If
the temperature limits are exceeded, the drive
inverter limits the torque of the electric motor
until the temperature returns to the nominal op-
erating range.

The electric motor, gearbox and inverter
have a common liquid cooling system. The
cooling liguid enters the side of the electric mo-
tor and passes through the reducer into the in-
verter through the internal cavities of the elec-
tric drive housing. A mixture of glycol and wa-
ter is used as a coolant, which circulates in the
cooling circuit of the electric drive. The scheme
of the cooling system of the traction electric
drive of the Tesla Model S electric car is shown
in Figure 6. From the stator, the coolant flows
through the drive converter, and then exits the
drive through the coolant outlet. Heat is trans-
ferred from these components to the coolant.
The coolant is returned to the radiator, where
the temperature of the coolant is reduced by the
air passing through the fins of the radiator be-
fore it flows around the circuit again. The sys-
tem temperature is maintained below 85 °C.
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Fig. 6. Cooling system of the electric drive:
1 —air removal; 2 — breather; 3 — coolant
pipe; 4 — coolant inlet; 5 - coolant collec-
tor; 6 — rotary fan; 7 — stator cooling
jacket; 8 — plug for draining transmission
oil; 9 — transmis-sion oil level plug

The cooling liquid enters the shaft, returning
back along the inner wall. This direct cooling of
the rotor is a new innovation for the Model S. The
coolant returning from the rotor exits the top of
the manifold and flows through the coolant pipe
to the gear cooler before exiting through the cool-
ant outlet. The air vent tube connecting the top of
the stator cooling jacket and the coolant outlet re-
moves any air pockets present in the drive unit.

Determination of the features of the
implementation of the power system of the
power unit of a modern electric vehicle

The success and growth of the introduction of

electric vehicles is due to the use of advanced

lithium-ion batteries with improved performance,

long service life and reduced cost (Fig. 7).
Lithium-ion battery price outlook

Lithium=-ion battery pack price (real 2018 $/kWh)
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Fig. 7. Evolution of battery prices over the last 10
years and future projections (Goldie-Scot
2019). BloombergNEF 2019 [7]

It is known from operational practice that the
Tesla Model S electric car is equipped with bat-
teries of different energy capacities from 40 kWh
to 100 kwh [6].

Fuel cell vehicles (FCV) are a revolutionary
innovation [8]. But due to the limited network of
gas stations for such cars and the high cost, they
have little demand. Therefore, the most popular
today are classic electric cars, the electric drive of
which receives power from a rechargeable lith-
ium-ion battery [9-15].

Power systems of various modifications of the
Tesla Model S differ in battery capacity (see Ta-
ble 1), but have the same design (Fig. 8).

Fig. 8. Design of the power supply system:
1 - battery; 2 — on-board charger
(10 kw); 3 — charging port; 4 — distribu-
tion box; 5 — the main charger; 6 — volt-
age converter (inverter)

The Tesla Model S60 battery consisted of 12
or 16 sections. The 16-section battery received
the designation "NEW" and was significantly
modified. The 70/75 kWh battery was installed
on the Model S60 (S60D), it was also installed on
the S70 (S70D) and S75 (S75D), but with en-
hanced features. The 60 kWh battery for the 60th
model was distinguished by the absence of 77
batteries, for the 70s Model S all 16 sections were
completely filled with batteries, due to which the
total battery capacity was increased.

The Tesla Model S 85, 90 and 100 kWh bat-
tery consists of 16 sections. Each cell consists of
444 hatteries and has its own battery management
system (BMS) board, which controls the balanc-
ing of all batteries. The most popular battery
comes with the Tesla Model S 85 (85 kWh), con-
taining 7104 18650 batteries.

In 2015, Panasonic changed the anode design,
increasing the battery capacity by about 6%, al-
lowing the battery packs to store up to 90 kWh of
energy. As a result, a 90 kWh battery differs from
an 85 kWh battery not only in capacity:

- a Panasonic 18650 battery with an energy ca-
pacity of 85 kwWh weighs 46 g, and a 90 kWh bat-
tery weighs 48.5 g;

- current output in the 85 kWh battery is 10C,
in the 90 kWh — 25C (for this reason, the
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Ludicrous mode is available only in Model S 90
and 100, so the technical capabilities allow to
give the car more lively dynamics);

In the 100 kWh battery, the internals were re-
configured to accommodate 516 Panasonic
18650 batteries in each module. In total, the bat-
tery housed 8,256 batteries capable of storing just
over 100 kWh of energy and allowing the EV to
travel over 600 km.

To further improve battery efficiency and
lower costs, Tesla has built a large battery factory
in Sparks, Nevada, called Gigafactory 1. The fac-
tory produces a new battery design called the
2170. It has a diameter of 21 mm and a height of
70 mm, and was originally used in Tesla
Powerwall and Powerpack, as well as in the new
Tesla Model 3 sedan, which is smaller and
cheaper than the Model S. The 2170 battery is
46% larger than the 18650 and 15% more energy
efficient.

An electric vehicle has a 12V battery that pro-
vides a power source for the 12V electrical sys-
tem when the high voltage system is inactive. In
the event of a high-voltage system failure, it acts
as a power reserve for the entire 12 V system, but
its main task is to supply critical vehicle control
and safety systems. Such systems include:

- external and internal lighting;

- windshield wipers;

- door handles and glass lifters;

- electric power steering;

- anti-lock braking and dynamic stability
control,

- instrument panel.

The 12V battery is lead-free, maintenance-
free, and charged with high-current battery power
via a DC-to-DC converter.

The level of battery charge and statistical data
on the consumption of electrical energy allow
you to calculate the approximate mileage of the
Tesla Model S before the complete failure of the
power system of the electric vehicle. This calcu-
lation does not take into account altitude differ-
ences and possible wind. It is known from the re-
search of leading companies that the slower a car
moves, the less air resistance it has and the longer
its mileage.

The graph (Fig. 9) shows the comparative de-
pendence of Efficiency and Range for Tesla
Model S 85 kWh and Tesla Roadster.

The graphs show that the most economical
movement of electric vehicles occurs in the range
from 15 km/h to 60 km/h. A speed of more than
120 km/h is economically unprofitable in terms
of efficiency and mileage.

5000 T T ‘

Range vs. Constant Speed
400.0 . + T + + ‘ + } il +

Range [miles)
Battery Consumption [Wh/mile]

“Battery Whi/mile vs. Constant Speed
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Fig. 9. Tesla Model S Efficiency and Range [21].

Conclusion

An analysis of the design features of systems and
components of the Tesla Model S electric car
showed that:

- in recent years, the energy capacity of elec-
tric vehicle batteries has increased (from 40 kWh
to 105 kWh), while the range on a single charge
has increased from 224 km to 840 km. It was de-
termined that, in order to increase the range of an
electric car, it must move at a speed of up to 60
km/h, since increasing its speed to 120 km/h and
above reduces the range by more than 2 times,
from 640 km to 320 km;

- to reduce the acceleration time of electric
cars with asynchronous motors, it is necessary to
increase the power of electric motors.

The maximum speed of electric vehicles is
limited by a mechanical gearbox installed be-
tween the wheels and the electric motor, with a
gear ratio close to 10.

The peak current values of the Tesla Model S
P100D inverter can reach 1400 A. Such a current,
as well as the maximum compatible power of
electric motors of 568 kW, is only peak and rather
short-lived. During movement, in practice, lower
power and supply current are observed. Regener-
ative braking is achieved by using an inverter to
create negative torque and a corresponding cur-
rent to charge the battery.

The peculiarity of the Tesla Model S P100D
power system is that its battery consists of 8.256
Panasonic 18650 batteries. This allows the elec-
tric car to travel more than 600 km.
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AHani3 0co0MBOCTell KOHCTPYKIIT cMcTeM Ta
KOMIIOHEHTIB ejiekTpoModiast Tesla Model S

Anomauyin. Ilpoénema. B nyonixayii gukonaHo ananiz
ocobnugocmel KOHCMPYKYIl cucmem ma KOMHOHEH-
mie enexkmpomobina Tesla Model S, sikuii 0036015€ 06-

pamu 8UXiOHi Xapakmepucmuky 0 MAmemMamuyHoi

MoOeni OUHAMIKU PO320HY eleKmpoMOOiis, 6U3HA-
YUMU GUMPAMHI XAPAKMEPUCIUKY 11020 CUNO80T yC-
MAHOBKU (eeKmpPoOsUcyHa) ma aKymyismopHoi oa-
mapei. Mema. Mema po6omu noasieae 6 momy, woo6
BUBHAYUMU  BUXIOHI XAPAKMEPUCMUKU CUCmem ma
KOMROHEHMIE ~ CYYACHO20 — eNeKmpoMobiist — Ons

nOOAIbULO20 IX GUKOPUCMAHHSA 8 IMIMAYIUHIU Mame-
MAMuyHiti MOOei OUHAMIKU PO32OHY eNeKmpPOMOOLsL.
Memooonozia. Ilpuiinami 6 pobomi nioxoou onsa 0o-
CSCHEHHsl NOCMABNEHOI Memu NONA2AI0Mb 6 OCMUC-
JIeHHi ocobaueocmell UXIOHUX XAPAKMEPUCUK CUC-
mem ma KOMHOHEeHMI8 eleKmpomooinie, AKi € nide-
pamu 8 ceimi Ha PUHKY MAKUX MpancnOPMHUX 34Co-
6i6. Pesynomamu. B pobomi 6ukonano nopieHsibHul
AHANI3 KOMNOHYBANILHUX CXeM peani3ayii mpaHcmicil
8 KOHCMPYKYIAX CYYACHUX e1eKMPOMOODIni8, xapakme-
PUCMUK X CUTOBUX YCMAHOBOK (e1eKmpOoO8U2YHiB),
Xapaxmepucmux nepemeopiosavie enepeii (ingenma-
Pis), sU3HAUEHI 0COONUBOCMI CUCIEMU HCUBTICHHSL CU-
JI08OI YCMaHOBKU cyHacHo2o eiekmpomobins. Opuczi-
HanvHicms. [Iposedenuil ananiz ocobrugocmeri KOHC-
mpyKyii cucmem ma KOMNOHEHMI8 eNeKmpomMoOis
Tesla Model S oo3z6onue cghopmysamu 3azanvhe ysi6-
JIeHHsl npo 0cobugocmi peanizayii poboyux npoyecie
8 eIeKMponpusooi eneKmpomMoOLis, Ki MONCHA BUKO-
pucmamu 8 AKOCmi BUXIOHUX nApaAMempie abo Xapax-
MepucmuK nio 4ac MOOent08aAHHA OUHAMIKU PO32OHY
enrexkmpomotina. Ilpakmuune 3nauenns. Ompumani
pe3yibmamu 0036075110Mb CHOPMYS8amu peKkoMeHOa-
Yii w000 BUKOPUCAHHA XAPAKMEPUCTHUK CUCeM Md
KOMNOHEHMIB eNeKMPOMODLNL Ni0 YaAc MOOeN08aAHHS
OUHAMIKU 1020 PO320HY MA GUSHAYUMU eHeP2emUYHi
BUMpPAMU 8 CUCMEMI JHCUBTLEHHS TI020 MA208020 elleK-
mponpueooa.

Knrouosi chosa: enexmpomodine, nomysicHicmo, cuc-
mema JHCUBNEHHs, AKYMYIAMOp, eHep2OEMHICIb, Xa-
PAKMEPUCMUKA eeKMPOnpusood
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