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Abstract: The current state and prospects of the
development of cyber-physical systems for the conversion
of energy of mechanical motion into electric energy have
been analyzed; the design scheme of the mechanical energy
conversion of the rolling parts of the artillery cannon into
electrical energy has been developed; the initial
characteristics of the linear generator have been analyzed;
a mathematical model of the eectromechanical converter
has been outlined.

Index Terms: cyber-physical energy conversion system,
linear generator, magnetic fied, scattered energy.

I. INTRODUCTION

The present state of civilization is characterized, first
of all, by the full penetration of computerization into all
spheres and fields of human activity. Increasing
computing capabilities along with micro-miniaturization
leads to a wider application of artificial intelligence
systems, their integration into artificial and natural
technical and physical systems, and the creation of
cyber-physical systems. Despite theincredible variety of
al these systems, they retain a number of common
features. In the first place, these are the principles of
functioning, the radio-eectronic basis for ther
implementation, and obligatory availability of the source
of eectricity. Considering the latter, it is worthwhile to
discuss it in more detail, since no cyber-physiological
system is able to function without power.

Cyber-physical systems of military use, depending
on their purpose, have rather complicated architecture
and are sorted into many types. However among them, in
our opinion, the most promising are those systems that
directly control and manage the means of fire damage. In
order to ensure their uninterrupted functioning, it must
be ensured that an affordable and reliable source of
dectrical energy isavailable.

As an example in this paper, the principles,
theoretical and applied aspects of the creation of
autonomous power supply sources of cyber-physical
systems of artillery units based on the use of energy
scattered during artillery shots will be considered.

In the previous papers of the authors [1, 2] the issue
of increasing the energy independence of artillery units

through the recovery of energy dissipated during the shot
of an artillery cannon was considered. It was determined
that one of the main methods for obtaining useful types
of energy isthe transformation of the mechanical motion
of the rolling parts of the artillery gun during the firing.
It was also theoretically and practically substantiated that
the most effective way to convert the reciprocating
energy of therecail parts of an artillery cannon isto use
alinear generator on permanent magnets (LGPM).

The purpose of the work is to carry out an analysis
of theoretical and practical aspects of the conversion of
mechanical energy of the movement of rollback parts of
an artillery gun during a shot into the e ectric energy and
its subsequent use in cyber-physical systems. Aswell as
the development of a mathematical model and design of
a linear geneator of the reciprocating motion on
permanent magnets, determination of eectromagnetic
characteristics and energy efficiency of the proposed
LGPM.

1. PRESENTING THE MAIN MATERIAL

At present, in order to provide power to cyber-
physical systems there are many different ways of
converting energy of motion, oscillation, vibrations into
dectric energy by means of devices based on the use of
high-precison permanent magnets with high final
magnetic induction Br (up to 1.5 T). These devices are
characterized by the stability of their own features at
temperatures up to 400 °C, aswell as a small volume per
unit of energy, resistant to the effects of demagnetization
fields.

Consequently, eectromechanica  converters  of
cyber-physical systems on permanent magnets are not
only competitive with their electromagnetic anal ogues,
but also have functiona advantages.

The main advantages of dectric machines with
excitation from permanent magnetsare [3]:

1) the simplicity of the design due to the absence of
the winding of excitation;

2) reduced overall dimensions and improved weight
characteristics;

3) increased energy efficiency due to the absence of
loss of excitation;
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4) increased reliability;

5) the dability of the magnetic flux — its
independence on fluctuations in temperature, network
voltage, frequency of rotation;

6) improved cooling conditions.

One of the subspecies of contactless dectric
machines is linear motors (generators) with excitation
from permanent magnets.

In view of the obvious advantages over rotor motors,
linear motors have received a fairly limited application.
The reason for this is their low power, due to the small
size of the moving part (rotor), which prevents the
placing of more powerful permanent magnets (PM) of
large size and relatively little span of rotor motion
(amplitude of oscillation).

At present, power eectromechanica converters of
cyber-physical systems with high-precision permanent
magnets are used in virtualy all industries. For a
generalized analysis in order to choose the optimal
design of LGPM there is a need to outline ther
classification.

Linear generators can be classified:

1) by purpose:

— measuring generator;

— power transformer.

2) by the principle of operation:

—DC generators,

— dternators.

3) by the nature of the motion:

—trandational;

—reciprocating.

4) by constructive execution:

—flat shape;

—cylindrica shape;

—amultifaceted form.

5) by the design of the moving part:

—with amovable winding (stator with PM);

—with amoving magnetic core;

—with amoving rotor.

Considering the fact that constructively, as proposed
in [1, 2] the LGPM is supposed to be installed on the
existing model of armament, so the final version of its
implementation depends on the features of the design of
the artillery system.

The greatest advantage of the proposed approach is
that the use of LGPM allows, without any mechanical
connections, to directly convert the trandational motion
of therecail parts of the gun into e ectrica energy.

The proposed construction of LGPM cyber-physical
system is shown in Fig. 1. It consists of a movable rotor
1, the basis of which is the band 2 fixed to the barrel
of the gun 3 together with the magnetic core 4 and the
pairs of permanent magnets 5, the stator 6, which is
stationary mounted on the gun 7, surrounded by the
inductive coils 8.

It should be noted that the gun barrd has a tapered
shape, and the rope band is cylindrical, which leads to
the creation of a gap between the barrel and the bandage,
which will act as a diamagnetic seal and will reduce the

heating temperature of the rotor, which is a sgnificant
factor, since permanent magnets have a certain range of
operating temperatures and lose magnetic properties
when exceeding a certain critical temperature value.
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Fig. 1. Construction of a linear generator
on permanent magnets (LGPM)

The proposed generator works as follows. During the
shat, therollback parts of the gun under the action of jet
forces move to the rear position (the phenomenon of
recoil force). Alongside with them, the rotor in the
middle of a stationary stator is moved and fixed to the
barrel, due to which, according to the law of
dectromagnetic induction, the induction coils of the
stator are driven by an €dectromotive force which
magnitude depends on the velocity of the rotor, the
number of turns in the coils, and the magnitude of the
magnetic flux permeating the cail [4, 5].

The motion of therollback parts has a pulse form and
lasts a very short time. For example, when shooting at
maximum charge with a high explosive shell of 122 mm
howitzers M-30, the speed of recoil at the moment of the
greatest pressure of the powder gases is 5.17 m/s, the
speed of recoil at the moment of departure of the
projectile from the canal of the barrel —12.33 m/s; length
of recoil —0.816 m; rollback time— 0.155 sec.

An important feature of the movement of rollback
parts is that the workflow during which the conversion
of mechanical energy into electrical energy takes placeis
solely due to recail. The motion of these parts aimed at
returning to the initial sate must be carried out fredy
without any braking effects from the LGPM system.

The magnitude of the magnetic flux in a certain area
of space above the magnet depends on the
characteristics of the permanent magnet — the residual
magnetic induction Br, the coercive force Hc, the
magnetic energy kIm?, the shape and size (volume) of
the permanent magnets, and the method of placement of
permanent magnets.

There are three options for excitation of magneto-
electric linear generators (arrows show the direction of
the magnetic flux) [6]:
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— with axially magnetized permanent magnets
(Fig. 2);

— with radially magnetized permanent magnets
(Fig. 3);

—with radial-tangential placement of permanent
magnets, which has alternate magnetization — the
configuration of Halbach (Fig. 4).
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Fig. 2. Scheme of the magnetization system
of theinductor with axially magnetized magnets
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Fig. 3. Scheme of the magnetization system
of theinductor by radially magnetized magnets
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Fig. 4. Scheme of the magnetization system
of theinductor by radially magnetized magnets
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An anaysis of the research has shown that the
Halbach magnetization option is optimal in terms of
obtaining the largest flow and mass-size indicators. At
the same time, this option is the most cost-effective in
terms of the use of magnetic materials. Therefore, in the
proposed version of the LGPM design, a magnetization
system with radially magnetized permanent magnets was
chosen.

To obtan the required value of the active
dectromotive force (EMF) and maximum generator
power, a constant electromagnetic interaction between
the rotor and the stator is required. It is structurally
possible to have two casesto carry out thistask:

—using a double length of the gator;

—using a double rotor length.

Taking into account the possibilities of placing on an
artillery gun, and considering the design of a selected
type of linear generator with a moving rotor, it is
advisable to choose an option with a doubled rotor
length, that is, the one with the increased length of the
active site containing permanent magnets.

On the basis of the conducted research it was
established that the most promising converter of
mechanical energy of the movement of rollback parts
into electric energy is a single-phase cylindrica linear
generator of trandational motion, impulse action, with a
moving rotor.

Proceeding from the fact that the bandage of LGPM,
which is fixed to the gun barrd, has a cylindrical shape,
it is advisable to choose the segmenta shape of the
permanent magnetsthat will be formed in thering for the
active part of the rotor. To increase the rdiability of the
generator, and to protect permanent magnets from

mechanical damage, it is possibleto install the protective
case from the diamagnetic material on the active part of
therotor.

The task of LGPM design consists in the right
sdection of the main dimensions, calculating the power
of the generator, determining the eectromagnetic and
thermal loads, sdlecting the magnetic system and the size
of permanent magnets as well as conducting economic
calculations.

Let's consider consecutively the above mentioned
components.

The choice of the main dimensions.

Due to the fact that the generator of cyber-physical
system is planned to be integrated into the artillery
complex, the choice of the main dimensons of the
LGPM is dictated by the design features of the cannon.
That is, the possihilities of placing LGPM on a gun are
limited by the overall dimensions (outer diameter) of the
gun barrd, and the length of recail, which in LGPM will
be the range of mation of its active section.

For example, the outer diameter of the barrd is
122 mm for howitzers D-30, in a place where the dationary
fixing of the gator LGPM is possible, is 200-178 mm, and
the ralback length reaches 740-930 mm. Tha is the
placement of LGPM with an inner diameter of 200 mm and
an active Stelength of 740 mmispossible.

The generated power is estimated based on the fact
that the formation of recoil energy goes up to 5% of the
energy of the powder gases. Since this process is rapid
(its duration is t = 0.15s) then impulse releases of
capacities from 6 to 100 MW depending on the caliber as
well asthe power of the charge and the characteristics of
the gun will be observed.

Determination of eectromagnetic loads consists in
the calculation of dectromagnetic characteristics of
LGPM, in order to obtain a given value of EMF. The
initial data for such calculations are the characteristics of
the receiver of dectric energy, which source of power
will be the projected LGPM. Due to the fact that the
dectric current obtained from LGPM will have a pulse
form, therefore, for the accumulation and temporary
conservation of energy, only a special capacitor capable
of absorbing high-energy eectrical impulses can be
used. A supercapacitor battery is chosen as such a
capacitor. The table below lists the characteristics of the
Maxwell supercapacitor modules available from the
source[7].

To peform calculations of the eectromagnetic
characteristics of the proposed LGPM it is necessary to
complete the synthesis of the corresponding
mathematical model.

According to [8, 9] the output voltage of the
investigated generator will be determined by the
formula

U =Bx %/, ’sina Q)
where, B — average magnetic induction in the loops of
the coil; L — active length of the coil conductor; Vr —
speed of the rotor motion; a is the angle between the
direction of the magnetic field strength lines of the
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permanent magnets and the plane in which the coils of
the generator are located.

Magnetic induction in the working gap for
cylindrical magnetsis cal culated by the formula[7]:
_ 2g9-k, +h 1
B=B (I )
D g-K.,, 29-kc+h
1+m+( " )@ 5 ) @
1
I+ k;)A+k) '

whereas, Br —final induction; g — the thickness of the air
gap between the stator and the rotor; Y, — magnetic
permeability of magnetic material; k. — Carter
coefficient, total air gap coefficient; ks — coefficient of
magnetic saturation; ki — permanent magnets balance
ratio; h — height of the permanent magnet; r — pole
section of the permanent magnet; D — inner diameter of
the stator.

The experience of designing cylindrical linear
electric machines on permanent magnets shows that it is
advisable to choose the above coefficients in the
following range:

k. =1.05+1.25, ks =0.10--0.25, k=0.1+0.2.

The value of the density of the magnetic induction at
a given distance D from the ring of permanent magnets
within the stator LGPM can be calculated using the
formula

9

B, = B(D)dD

1
D, (€)
where, A — the height of the working gap of the LGPM
which consists of the sum of the air gap 9, the average
value of the hyg thickness and the thickness of the
bandage wall hy:
D=d +hy +h,. 4
The active length of the stator coil conductor is part
of the coil which is affected by the magnetic fields of
permanent magnetic generators. It is calculated by the
formula
L =1xN. (5)
where, | — average coil length of the stator; N — number
of turnsin the coil of the stator.
The average length of the turn is calculated by the
formula

Hence: L =N>p xd.

Since the LGPM design implies the constant value of
the angle a = 90° for all modes of operation, as well as
the stability of other structural parameters, the dynamics
of the change in the energy characteristics will be
determined by the changesin rotor velocity.

The conducted experimental studies allowed
estimating the patterns of the motion of the rolling parts
of the gun. In piecewise-linear approximation, the
dependence of the speed of motion of the recail parts of
the gun, and hence, the rotor mation in the process of the
shot, isoutlined in Fig. 5.
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Fig. 5. Dependence of the speed of motion
of recoil parts on the duration of the shot

From figure 2, it can be seen that the energy
characteristics of the LGPM of the cyber-physical
system will be variable, and the maximum value of the
generated voltage will be reached a the point of
maximum speed of the rollback parts.

Since in order to obtain a mathematical model of
LGPM it is necessary to have an anaytical continuoudy
differentiated function for determining the speed of
rollback parts during the firing process, so specia
studies have been carried out in the Maple system, which
allowed to obtain the specified function in the form of
the following equation:

V()= !

0.001-0.152t +17.518t*-506.254t> + 7716693 * (7)

| =pd. (6) t
where, d —average coil diameter. -57875.022t° +170588.883t°
Table 1
Characteristics of super capacitors batteries
Nominal Number of .
Model capacity, Voltage, Max. Current, | Stored Energy, sections, Weight,
\% A W kg
F pcs.
BMODO0165 P048 CO1 165 48 1900 53 18 14.2
BMODO0006 E160 B02 58 160 170 60" 0.35 60 5.2
BMODO0189 PO51 B2A 189 51 1900 69 18 16.8
BMODO0165 P048 CO1 58 16 170 6 0.35 6 0.63
BMODO0165 P048 BXX 165 48 1900 18 3 18 135
BMODO0083 P048 BO1 83 48 1150 18" 1.5 18 10.3
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Considering that the output voltage of the LGPM
should not exceed the permissible voltage of the
supercapacitor battery Umax, therefore, based on
equations (1) and (5), the formula for determining the
number of turns in the stator induction coils can be
obtained:

= mec ©
BAN,

In order to ensure that the supercapacitor battery is
efficiently charged, it is necessary that the LGPM
provides a high value of the pulse charging current |,
which at the same time should not exceed the maximum

permissible charging current of the sdected
supercapacitor |cmay, that is:

Imax p ICmax (9)

Thus, based on known parameters of the

supercapacitor battery, we can obtain the calculated
formula for determining the allowed resistance of the
stator induction cails:

R = Uﬂ-r . (10)
Imax
where, r — internal resistance of the supercapacitor
module.
On the other hand, taking into account the cylindrical
geometry of induction coils, their resistance will be

determined from theratio:

r b
=N TO—C .
R S
where, S— cross sectional area of the uninsulated wire of
the coil;

M oe ™ the specific eectrical resistance of copper.

] X1+a (T, -20). (12)

where, 0=0,004; T — operating temperature for which the
resigtivity is caculated; ppoc — Specific eectrica
resistance of copper at 20 °C.

The expression for calculating the required cross-
sectional area of the uninsulated wire can be obtained
from equation (11):

(11)

S=N xﬁ .
R
In addition to the electrical calculation, it is
necessary to carry out a thermal calculation of stator
coils taking into account the pulsed nature of the current
flowing through them. For this a well-known Onderdock
formula can be used:

(13)

8610° () t=1gg1+—2 i (149)

S a 234+Ty° 4

where, t — time of current passing through a copper

conductor, which is determined by the duration of the

shot; AT — increase in temperature relative to the initial
temperature, Ty —theinitial temperature.

So, using formula (14) the expression for calculating

the minimum value of the cross-sectiona area of the coil

wire based on the conditions of the permissible thermal
regime can be obtained:

o - | 8610°42x (15)
0 \/Igg(1+DT )u
u
g 234+Ty°q

As experimental studies have shown, for further
caculations it is necessary to use the previousy
determined value S, if condition S>S,; isfulfilled.

In addition to the electrical and thermal calculations,
it is necessary to perform and force calculation, because
in the conditions of large currents passing through the
coil turns the coils will be subjected to a significant
Ampere force. Since the coils are located in a
nonmagnetic medium, then this force will be determined
by the formula [11]:

Fo=2pxm>BAXNX,_ . . (16)
where, p — the number of magnetic pole pairs, m —
number of cails.

Obvioudy, the mounting of the stator coils should
have sufficient strength to counteract this force.

According to the known dimensions and
characteristics of permanent magnets, a magnetic flux
when operating in idle mode is as follows:

Dy = pBXG, 8. a7)
where, p — the number of magnetic pole pairs, S, —
surface area of the magnet under the coils, oo —
coefficient of scattering.

When sdecting the geometric parameters of a
magnetic system, the value of the scatter coefficient can
be taken in therange 6,=0,35+0,45.

The total electric power that is produced by the
generator in the process of a single shot will be
determined by the formula:

tehot
P = o U()« (t)dt,

(18)
t=0
Ingtantaneous maximum power of LGPM:
Prax = max Y max - (19)
Direct electric losses in the generator's cails:
ot
R=mxx o I°(t)dt, (20)

t=0
Taking into account the above anaytic dependences
for parameters and characteristics of LGPM, after
substituting them into formula (1) we obtain a
generalized mathematical model of LGPM:

_ 2g-k. +h 1
U(V,)=B( ) - -
P rem (& 20t
1 txXN Xd>p)>sina (21)

(L+K; )(1+ks)  0.001-0.152t +17.518t2-506.254t°

+7716693t*-57875.0221t° + 170588.88&6)'

In order to check the obtained theoretical results, we
perform calculations of the main characteritics of LGPM
cyber-physical system for 122mm howitzers D-30.



Linear Electromechanical Generator in the Cyber-Physical System of Selection and Conversion... 49

Table 2
Output data for calculations
Structural characteristics
Outer diameter of the ropetire D 200 mm
The height of the magnetic circuit of the | 5mm
rotor
Magnet Height h 15 mm
Air gap ) 1mm
Magnet Width b, 60 mm
Polar section of the magnet T 120 mm
Height of the stator hg 3 mm
Characteristics of a permanent magnet
Nd-Fe-B brand 38EN
Fina induction B 1.25T
Coercive force H. | 907 KA/m
Operating temperature Tpos 200°C
BMODO0189 P051 B2A Supercapacitor Battery
Specifications
Maximum voltage Umax 54V
Operdting voltage U 51V
Maximum current Imax 1900 A
Capacity C 189 F
Internal resistance r 0.00560hm

Below the calculation of the magnetic induction in
theair gap isoutlined by the formula (2).

The dependence of magnetic induction on the gap A
isshown in Fig. 6.
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Fig. 6. Distribution of magnetic induction
in the working range of the stator

The height of the working gap of the LGPM will be
an application of the height of the air gap, the height of
the stator and the thickness of the wall of the stator's
band:

D=d +hy +h, =5mm,

The average magnetic induction in the working gap
will be;

B, (D) =0.885T

Taking into account the geometric dimensions of the
rotor, permanent magnets, the magnetic conductor and
working gaps, the caculations made alowed to

determine the average length of the coil single turn
| =0,785m.

The calculation performed by formula (8) alowed to
determine the required number of coil turns N= 6.

The value of the resistance of the induction coil for a
charge current of 1500 A, a maximum voltage of 51 V,
and an internal resistance of the supercapacitor battery of
0.0056 Ohm according to the formula (10):

R, =0.040hm.

By formula (13) we find the cross-sectional area for
the operating temperature of 95 °C, the known average
length of the single turn and the number of turnsin the
coil:

S, = 2.645mm?

Checking the match between the sdlected wire with
thermal load using the Onderdock formula for a pulsed
current gives the value:

S, =5.166 mm?

In this way, it becomes obvious that the calculated
cross-sectional area is less than the thermal permissible
value. Therefore, we finaly choose the wire — a
rectangular wire 2° 3 mm, S=6 mm>.

Using the calculated mean value of the induction in
the working gap, and the change in the speed of the
rotor, the energy characterigics of the LGPM of the
cyber-physical system have been calculated. The results
of calculations are summarized in Table 3.

Table 3
Ener getic characteristics of LGPM
Duration , Current A
of the Rotor_ S Voltage
shot velocity vV T=20° T=95°
m/s — _
s R=0.013 R=0.017
0.004 6.232 23.237 1221 1008
0.01 12546 | 46.775 2458 2028
0.012 12.372 | 46.129 2424 2000
0.024 9.317 34.738 1825 1506
0.034 8.23 30.686 1612 1331
0.065 6.796 25.336 1331 1099
0.095 5.684 21.193 1114 919.082
0.125 3.527 13.151 691.038 570.295
0.155 1.001 3.731 196.033 161.781
average 73 27.22 | 143023 | 1180.351
value

The average instantaneous power that is released on
one coil will be;
P =38.930kW

[11. CONCLSIONS

The theoretical studies carried out in this paper have
been accompanied by the use of experimental data and
allowed to obtain a sequence of analytical models and an
algorithm for their application for the design calculation
of LGPM cyber-physical systems that can be installed
for the control and management of firearms.
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In order to test the theoretical results and eval uate the
energy characteristics of LGPM, the calculation of the
specified generator for the howitzer system has been
performed. The results of the calculations showed the
high energy efficiency of the proposed generator.
Moreover, the lack of mechanical contacts indicates high
reliability of the functioning of such a generator and
hence the cyber-physical system asawhole.
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