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With the help of cyber-physical modeling, the main features of the movement of the master-
slave communication of self-driving electric vehicles are determined. Leading electric car leader
made in the form of a light tricycle. A driven electric car realized on a heavy caterpillar platform.
There is no mechanical connection between the master and the driven electric car. Both electric
cars have a microcontroller that controls the speed of rotation of the wheels. It uses the driving
control principle similar to driving a tractor. The main information is the value of the master and
slave electric vehicle speeds, which measures every 0.1 s. Both microcontrollers equip with a
Bluetooth module. The most crucial part of implementing the cyber-physical model of the leader-
driven electric car is the need to introduce a human-driver team into the model. It proposes to give
the driver the ability to remotely control the movement of the leader-driver of the car via Bluetooth
radio on a smartphone. The connection between the leader and led of electric vehicles in the joint's
movements and the human control team is based on the Mesh Network (Flood) principle.

Kniouosi cnosa: cyber-physical system, control, master-driven electric cars, self-driving
electric cars, safe distance between vehicles.

Introduction.

When modeling the movement of motor transport, the required safe distance considers the
distance front, side, and rear according to different movement directions. In-vehicle tracking
modeling, each vehicle is independent, but it also affects the other. Concerning the leader, each
car is a follower, while it is the leader of the car behind him. There is an equilibrium distance,
which is of necessary safe distance between vehicles. It is enough to consider the pair movement
- the leader and the driven to identify the peculiarities of the car's movement in the flow. A
required safe distance for the car movement's simulation based on molecular dynamics.

It provides that the braking efficiency of vehicles is the same, and the braking distance is
affected only by speed [2]. The method of preventing a rear-end collision is given [3]. The safe
distance model is your base. The movement-driven car following the leading model, which
includes the concept of exceeding the critical speed, is considered [4].

In this paper, using cyber-physical modeling, the features of the joint movement of the leader
and the driven electric cars are considered. The man driving an electric car is a leader. A self-
driving electric car is a led. The mechanical coupling between the electric vehicles is absent. The
necessary information to control the safe movement of the self-driving led the electric vehicle to
transmit from the leading electric vehicle via the Bluetooth radio channel. The driven electric car
state is transmitting to the leading electric car state on the same radio channel feedback and at
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the same time. It is determined based on the parameters of electric vehicles in space (road), travel
time, and relative speed of vehicles.

Theoretical fundamentals of movement of electric vehicles pair - leading and drove.

The model of the safe distance between vehicles on a single-lane road in conditions where
vehicles continue to move at a constant speed can be described as follows: during longitudinal
driving, the safe distance is a critical maneuver for the driven electric vehicle. It depends on the
vehicle's speed and the distance between them because the master vehicle can stop suddenly, and
the master has a speed limit.

Both vehicles are moving at a certain speed range or limited speeds, and the sudden braking
of the leader's vehicle is due to the driver's reaction. The self-driving electric car brakes using
automatic emergency braking (AEG). The driving and driven vehicles have the same braking
process. Taking into account the model of safe distance based on the movement course and
braking process the safe distance is presented by the formula

Dt =(Bpy + D) =(Dya) (1)
where: Dy is the safe distance between the leader and the driven electric cars, D, and Dy, -

braking distance of the driven and leading vehicles, respectively, D,, — critical distance (at real
conditions is within 2-5 m).

The driven electric car is located at the required distance behind the leader and moves at
the same speed as the leader. As for the leader's speed, the minimum safe space that the leader
expects and adheres to is called the back distance. When the driven electric vehicle detects a
change in the state of movement of the leader, there is a necessary minimum safe distance to
which it responds by braking. But he will not lag long due to the process efficiency. And will
not be too close given the next procedure safety.

The vehicle operation results show that the reaction time and the braking coordination time

t, are from 0.8 to 1.0 s, and the deceleration time t; is in the range from 0.1 to 0.2 s. You can
get the braking distance X, which is determined by (2)
2
X =vp| t, + 3|+ Yo, @)
2) 2a,

where v, is the initial speed, a,, is the maximum deceleration.

Let v, and vp be the initial speeds of the master and the slave electric vehicle,
respectively, a,, and ag, are, respectively, the maximum decelerations, and the relative speed
Vy =Vg -V

The following situations are possible here.

If ve =v_ and the driven electric vehicle moves with steady motion or uniform

acceleration, it can easily continue to follow in a safe state. It will move at its initial speed for a
while to avoid colliding with the leader as long as the leader maintains a steady motion. The
driven electric car always tries to reach the speed close to the leader to increase the travel
efficiency.

If ve >v, and the distance between adjacent vehicles exceed the required safe distance,

then two vehicles can maintain a safe condition for a certain time, but until the space between
adjacent vehicles exceeds the critical distance by about twice. Then the master electric vehicle
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performs a uniform deceleration. The driven electric vehicle's required safe distance should be
analyzed for changes in vehicle speed before and after the leader maneuver.

Provided vp >v,_ that the speed of the driven electric car is higher than the speed of the

leader, the slave car can collide with the leader without timely deceleration. This process will
continue until the distance between adjacent vehicles reaches a critical space D,,, which in real
conditions is within 2-5 m depending on the leader speed and the weight of the loaded driven
electric vehicle.

The required safe distance Xy between the leader and the driven electric vehicle can be

obtained as follows (3):

2VEVy +VE . VE v
2a, 28, 2

Xg = Vg (t +t,)— +d, 3)

where d - the minimum clearance between adjacent vehicles after stopping, ranging from 2 to
5 meters.

Implementation of movement control system of electric vehicles in pair-leading and
drove.

Following the principles of construction of cyber-physical systems [5, 6] the model of the
control system of movement of the leading and driven electric cars is realized. The electric car
leader is made in the form of a light three-wheeled chassis weighing 0.5 kg with dimensions of
17*25*6 cm. The driven electric car is implemented on a heavy tracked platform weighing 2.2
kg with dimensions of 21*36*8 cm. Each electric car has a microcontroller that controls the
speed of rotation of the wheels. The driving control principle is similar to driving a tractor used
here. The electric vehicle speeds v, and v measures every 0.1 s.

The microcontrollers equipped the Bluetooth modules. Fig.1 illustrates the model of the
control system of movement of the leading and driven electric cars. Antenna 1 of the
microcontroller of the driven vehicle is a printed receiving antenna of the wave channel type.
The antenna 2 of the microcontroller of the leading vehicle is the wave channel type printed
transmitting antenna. The antenna 3 of the microcontroller of the leading vehicle is the wave
channel type printed receiving antenna.

1 i B

Fig.1. Model of the control system of movement of the leading and driven electric cars.

The microcontroller of the slave vehicle with printed receiving antenna 1 type wave channel
receives a new speed setting (Motor Service) from the microcontroller of the leading vehicle
with printed transmitting antenna 2 type wave channel.
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The most difficult part of implementing a cyber-physical model of a leader-driven electric
vehicle is the need to introduce human teams into the model. It is proposing to give the driver
the ability to remotely control the movement of the leader-driver of the car via Bluetooth radio
channel on a smartphone. The microcontroller of the leading vehicle with a printed receiving
antenna 3 type wave channel receives a new speed setting (Motor Service) from the smartphone
of a human driver.

In the joint movement of the driving and drover electric vehicles, the connection between
them and the human control team is based on the principle of Mesh Network (Flood).

Mesh Network is a communication topology where all devices can connect to all other
devices on the network. This network model does not use a specific central node. For Bluetooth,
the Mesh Network is becoming an important feature that will allow devices to be integrated into
the 10T and effectively increase the range and convenience of Bluetooth connectivity.

Because there are no Bluetooth SIG specifications for the Mesh Network yet, there are
different ways to implement Bluetooth Mesh. Each method has its pros and cons and is better
suited to one program than another.

This project implements a Mesh Network with a Flooding mechanism via Bluetooth.
Flooding means, that there is no routing when transferring data from one node to another, and
each node can receive the transmitted data. Bluetooth connections mean that nodes connect via
Bluetooth before data can be transmitted. Thus, there is no limit to the amount of payload that
can be transferred between nodes.

The project supports the central and peripheral profile roles. The default state is the
peripheral profile where the nodes are advertising. Ad data contains its data counter, which has
a value from 0 to 100. When each time new speed parameters are transmitted to the node, then
this counter value increases and is later announced. This project uses a connection method where
a Bluetooth connection is established between two nodes before data transfer. When the data is
received by a node, then the node switches the profile role to connect to other nodes and transmit
the same data. Mesh Network allows you to transmit certain signals to each node in this network.

Implemented cyber-physical model consists of master and slave electric vehicles. The
leading electric car leader is made in the form of a light tricycle weighing 0.5 kg with dimensions
of 17*25*6 cm. The driven electric car is realized on a heavy caterpillar platform weighing 2.2
kg with overall dimensions of 21*36*8 cm. The driven electric car is controlled by Bluetooth
device signals from the leading electric car. The leading electric vehicle is controlled by signals
from the human driver. New speed settings (Motor Service) are sent by a central Bluetooth
device, such as the CySmart PC Tool or similar, for example, by a smartphone. The implemented
cyber-physical model of the joint movement of the master and the driven electric car showed
satisfactory results when driving in a straight line in one lane with remote control of a human
driver at a distance of up to 62 m.

Conclusion

Cyber-physical systems' internal heterogeneity, parallelism, and time sensitivity pose many
problems. Implemented cyber-physical model of joint movement of leading and led electric cars
showed satisfactory results.
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BignosigHo 10 mpuHOMIIB MOOYI0BH Kibep-(hi3WIHNX CHCTEM peajli3oBaHa MOJENh CHCTEMH
YOpaBIiHHS PYyXOM BEIy4YOrO 1 BENEHOTO eJNeKTpoMOoOimiB. Bemyumii enekTpomMoOinb-migep
BUKOHAHWH y BHIJIAAL JIETKOTO TpPUKOJICHOro maci Macoro 0.5 xr 3 rabapuTHHMH poO3MipaMu
17x25x6 cM. Benenuii enekTpoMo0ine peanizoBaHuii Ha BaXKKii ryceHHYHiH miatdopmi Macoro 2.2
Kr 3 rabaputHUMH posMmipamu 21x36x8 cM. MexaHiuHUI 3B’S30K MDK BEIYYHM 1 BEICHUM
CNIEKTPOMOOUIAME BiACYTHIH. AKyMynsiTopHi Oartapei 3a0e3MedyroTh €IEKTPHYHE >KUBICHHS
KOXKHOTO 3 eNleKTpoMoOiniB. Ha Ko)KHOMY eleKTpoMoOiii BCTaHOBICHHH MiKPOKOHTPOJIEp, SIKHH
Kepye MIBUIKICTIO oOepTaHHs Kouic. TYT BHUKOPHUCTOBYETHCS HPHUHIMII KEPYBaHHS PYXOM
MOAIOHMM 10 KepyBaHHS TPakTOpOM. I'0JIOBHOI iH(opMali€lo € 3HaYeHHS IMIBHIKOCTEH PyXy
BE/IydOT0 1 BEICHOTO eJIEKTPOMOOLTIB, sIKi BUMiproroTscs koxkHi 0,1 ¢. O6naBa MiKpOKOHTpOJIEpH
obnagHaHi MoayseM Bluetooth. HaiiBaxxnusimoro yactuHO peanizamii kidep - ¢izudnoi Moxeni
CIapKH JTijIep-BeACHU eIEKTPOMOOLTI € HEOOXiTHICTh BBECTH B MOJIENb KOMaH/I! JIFOMHU-BO/IS.
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[IporoHyeThCS HamaTH JIFOIMHI-BOAII0 MOXIIMBICTD IUCTAHIIHHOTO YIPaBIIHHSI PyXOM Jiaepa-
Be/lydJ0oro aBToMoOLIs 1o paniokanany Bluetooth Ha cmapTtdoHni. [Ipu crimsHOMY pyci Bexydoro i
BEZICHOT'O eJIEKTPOMOO1IIIB 3B’ 130K Mi’K HUIMH, a TAKOXK KOMaHH YIPaBIiHHS JIOIUHOIO 0a3yeThCs
na npuamun Mesh Network (Flood). Mesh Network nossosiste mepenaBaTu KOKHOMY BY3I1y B Ll
Mepexi neBHi curHany. Hosi napamerpu mBuakocti (MotorService) HaICHIAIOTHCS LEHTPATILHUM
npuctpoem Bluetooth, takum sik CySmart PC Tool a6o momiGHUM micist miAKITOYeHHS 10 0y/Ib-
SIKOTO By3na. Y 1IbOMY IIPOCKTi BUKOPHCTOBYETHCS METOA MinkimroueHHs, ne Bluetooth 3'ennanus
BCTAHOBIIIOETHCS MDK JJBOMA By3JIaMH Iiepes nepenadero maHux. Omicis Toro, sk MaHi Oynw
OTpHMaHI BY3JIOM, By30JI TIEPEMHUKAE POJIb IPODUITIO IS IMiIKIFOYSHHSI 10 1HIINX BY3IIB 1 epeadi
THX caMHX JaHWX. PeamizoBaHa KiOep-¢i3uvHa MOJENE CIUIBHOTO PYXy BEIy4YOro i BEICHOTO
€JIEKTPOMOOLTIB MOKa3aja 3aJ0BUIBHI Pe3yJIbTATH I Yac pyXy B OIHIA CMy3i IO HpsMill 1pH
IUCTAaHIIHHOMY yNPaBIiHHI JIIOAUHOWO-BOIIEM Ha Bifmaii 10 62 M.

Knrouosi crosa: xibep-¢hizndaHa cucteMa, KOHTPOIIb, €IEKTPOMOOLII 3 KepyBaHHIM JIFOAUHOIO,
€JIEKTPOMOO1JIi 3 aBBTOHOMHIM KepyBaHH:AM, Oe3euHa BiZICTaHb MK TPAHCIIOPTHUMH 3aCO0aMU.
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