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Preface

The “Modern Mechanical Engineering: Science and Education” (MMESE)
Conference was initially organized by the Mechanical Engineering Department of
Peter the Great St. Petersburg Polytechnic University in June 2011, St. Petersburg,
Russia. It was envisioned as a forum to bring together scientists, university pro-
fessors, graduate students, and mechanical engineers, presenting new science,
technology, and engineering ideas and achievements.

The idea of holding such a forum proved to be highly relevant. Moreover, both
the location and timing of the conference were quite appealing. Late June is a
wonderful and romantic season in St. Petersburg—one of the most beautiful cities,
located on the Neva river banks and surrounded by charming greenbelts. The
conference attracted many participants, working in various fields of engineering:
design, mechanics, materials, etc. The success of the conference inspired the
organizers to turn the conference into an annual event.

More than 70 papers were presented at the seventh conferenceMMESE-2019. They
covered topics ranging from the mechanics of machines, material engineering, struc-
tural strength, and tribological behavior to transport technologies, machinery quality,
and innovations, in addition to dynamics of machines, walking mechanisms, and
computational methods. All presenters contributed greatly to the success of the con-
ference. However, for the purposes of this book, only 22 papers, authored by research
groups representing various universities and institutes, were selected for inclusion.

I amparticularlygrateful to the authors for their contributions and all the participating
experts for their valuable advice. Furthermore, I thank the staff and management of the
university for their cooperation and support, and especially all members of the Program
Committee and the Organizing Committee for their work in preparing and organizing
the conference. Last but not least, I thank Springer for its professional assistance and
particularly Mr. Pierpaolo Riva who supported this publication.

Saint Petersburg, Russia Alexander N. Evgrafov
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Axial Rotary Forging of Inner Flanges
at Thin Wall Tube Blanks

L. B. Aksenov, S. N. Kunkin and N. M. Potapov

Abstract The paper presents the results of a study of the process of axial rotary
forging by a conical roll performing a complex movement. In addition to the usual
rotational motion the forming roll moves progressively at the initial moment of
rotary forging and changes the angle of inclination relative to the workpiece at the
final stage of the process. The technology was designed for the manufacture of
axisymmetric parts with developed internal flanges, when the usual rotary forging
process is limited by the loss of stability of the tube blank. The proposed technology
ensures the stability of the workpiece during processing, and allows you to get a wide
inner flange. Computer simulation of technology in the complex Deform 3D made
it possible to determine the rational values of the parameters of the tool movement.

Keywords Axial rotary forging · Tube blank · Stability · Hollow flanges · Conical
roll · Angle of inclination · Computer simulation

1 Introduction

The technology of axial rotary forging is intended for production of axisymmetric
details frombar or tube blank (Fig. 1). This technology is a representative of processes
with local deformation of the formed blank. In this case, only a part of the blank is
in contact with the deforming tool, which reduces the contact area and the value of
contact stresses, and, accordingly, the necessary deformation force, which ensures
the efficiency of the technology, especially in small-scale production [1–3]. The cold
axial rotary forging has the great advantages, which does not require heating and it
is characterized by high accuracy and good quality of the processed surfaces. It is
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Fig. 1 Scheme of axial rotary forging of tube blanks: initial (a) and final (b) stages of the process

Fig. 2 Typical parts with inner flanges

natural that during cold forming the forming force will be higher than during hot
rotary forging, and the plasticity of the deformed metal is lower, which imposes
higher requirements for their analysis [4, 5].

A significant amount of axisymmetric parts are internal flanges, as well as parts
of the type “cups with a bottom” (Fig. 2).

Narrow flanges with a thickness of the flange part about the thickness of the initial
tube blank can be successfully obtained using the technology of rotary forging with
flanging [6]. For thickened flanges with a small flange width (less than two wall
thicknesses of the original tube workpiece), the technology of axial rotary forging
with the upsetting of the deformed part of the workpiece is effective [7].

2 Research Methods

The problem is to form flanges with a developed flange width. The height of the
deformable part of theworkpiece is determinedby the shape stability of theworkpiece
and usually should not exceed two wall thicknesses of the tube workpiece. At this
value of the deformable part of the pipe billet, its volume may not be enough to form
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Fig. 3 Typical cases of tube work piece stability loss during axial rotary forging: folding outside
(a) and inside (b) of the tube blank

the required flange geometry. But the height of the deformed part of the workpiece
cannot be increased because of the loss of stability of the workpiece, as well as the
formation of folds and cracks on the top part of the blank (Fig. 3).

The possibilities of controlling the flow of metal in the axial rotary forging pro-
cesses are very limited. Different types of tools are used (cross roll, finned rolling
rolls, mandrels, etc.) for directing the flow of metal in a required direction, and after
forming some part of the flange to redirect the metal in a direction where the forma-
tion of the flange is not yet completed [8]. These technologies require considerable
technological force, since most of the metal, in the final stage of the formation of the
part, is a rigid zone with a stress state close to 3D compression. It is more effective
to influence the direction of movement of the metal, using a change in the direction
of the friction forces acting on the contact surface of the workpiece with the forming
roll [9].

Some change in the direction of friction forces can be achieved by shifting the
deformed rolls relative to their traditional location. So for the operation of obtaining
internal flanges by flanging it requires to direct the flowofmetal inside theworkpiece.
To direct the frictional forces in the desired direction, the deformed roll should be
positioned with some displacement of the roll axis relative to the longitudinal axis
of the tube blank [10]. The displacement of the top of the conical roll significantly
changes the direction of the friction forces on the contact surface and facilitates the
flow of metal in the radial direction. The recommended values of the forging cone
roll offset for stable flanging depend on the ratio of the thickness and diameter of the
tube blank, as well as on the material of the blank.

However, these technologies do not have sufficient stability and require strict
compliance with the values of technological parameters, which makes it difficult to
use them in industry. It is more efficient to control the flow of metal by changing the
angle of inclination of the conical forming roll in the process of rotary forging.

The scheme of the investigated process of axial rotary forging is presented in
Fig. 4. This scheme was used to identify opportunities and parameters of axial rotary
forging to obtain internal wide flanges at tube blanks by a conical roll performing



4 L. B. Aksenov et al.

Fig. 4 The scheme of motion of the conical forming roll when rotary forging the inner flanges:
ω1—axial angular velocity of rotation of the forming roll; ω2—angular velocity of rotation of the
workpiece; ω3—angular velocity of inclination of the roll; V—the speed of translational motion of
the forming roll

a complicated movement: rotational relative to its own axis, translational relative to
the axis of the workpiece, as well as changing the angle of inclination.

The process consists of two stages. At the first stage of the process, the forming
roll rotating at a speed of ω1 and makes a translational movement at a speed V in
the direction of the workpiece axis. At this stage, the roll bends the open part of the
workpiece around the rounded edge of the die. After that, the vertical movement of
the roll stops. In the second stage of rotary forging, the forming roll begins to rotate
around an axis passing through the center of the arc of the outer rounded edge of
the workpiece with an angular velocity ω3. The choice of this axis ensures uniform
thickness over the entire flange surface. The rotation of the roll is carried out until
the workpiece is completely pressed against the inner mandrel.

To implement the process of axial rotary forging, a fairly simple type of machine
was used with a drive for rotation the workpiece and a passive roll receiving
movement from the workpiece due to friction forces on the contact surface (Fig. 5).
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Fig. 5 Kinematics scheme of rotary forging machine with variable angle of inclination of the
forming roll: a The initial stage of rotary forging, b the final stage of rotary forging

To determine the rational values of technological parameters, computer mod-
eling was carried out in the project complex Deform-3D (V11). Modeling condi-
tions: workpiece material AISI 1045; initial workpiece temperature 20 °C; Young’s
modulus 200 GPa; Poisson’s ratio—0.3; plasticity condition—Misses-Huber; type
of strain-hardening—isotropic, linear model; Coulomb friction between the form-
ing roll and the workpiece, as well as between the die and the workpiece with a
coefficient—0.1. Dimensions of the workpiece: outer diameter- D = 100 mm, wall
thickness—S= 5 mm, blank height—90 mm, height of the formed part of the work-
piece—H = 20 mm. the angle of inclination of the forming roll at the beginning of
the process—15°.

The number of finite elements at the initial moment of rotary forgingwas—43,500
(Fig. 6) with the maximum side length of the element 5 mm, and the minimum
2.6 mm. In the process of calculation, the number of elements changed.

In addition, the fine mesh was installed at a height of 44.0 mm from the upper end
of the workpiece, which was used for vertical movement of the roll more than 4 mm.
By the end of the first phase of the process (the end of the vertical movement of the
roll), the number of elements was 52,400, and by the end of rotary forging—55,000.
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Fig. 6 Changing the finite element mesh in the process of axial rotary forging of the inner flange:
a The beginning of the process; b the end of the translational movement of the rolling roll; c the
final stage

Computer simulation of an ordinary rotary forging process has specific features
due to the rotational movement of the forming roll relative to the workpiece and the
local application of an external load [11–17]. This fact significantly distinguishes
the simulation of these machines from the classical versions of mechanisms [18]. In
presented process with more complex movement of the forming roll, which requires
special techniques of combining the axes of the tool and the workpiece, as well as
synchronization of their movement. These features lead to a significant increase in
the calculation time. However, the simulation showed that the plastic deformation is
localized mainly in the forming part of the workpiece. Therefore, the lower part of
the workpiece can be considered non-deformable and the calculation to carry out for
the workpiece with a height equal to twice the height of the formed part. As a result,
it was possible to achieve a sufficiently fast and adequate modeling of the workpiece
shaping at all stages of the process under study (Fig. 7).

Variant simulation allowed determining rational values of technological parame-
ters presented in Table 1.

These parameters provide a stable rotary forging process, which allows obtaining
the required geometry of the inner flange with its width from 3 to 15 wall thicknesses
of the tube blank (Fig. 8).

The considered technology imposes increased requirements to the possibilities
of kinematics of rotary forging machines. The present period of development of
these machines is characterized by the development of multifunctional machines
with multiple degrees of freedom for tool [19–21], capable of implementing differ-
ent, almost any, schemes of movement of the forming roll with the use of modern
and specialized CNC systems [22, 23]. Such machines open up new prospects for
the synthesis and implementation of new technologies of axial rotary forging. The
presented technology is focused on this new class of rotary forging machines.
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Fig. 7 Stages of forming computer simulation of the inner flange by the conical roll with a variable
angle of inclination: a The beginning of the process; b the end of the translational motion of the
forming roll; c the final stage

Table 1 Values of technological parameters rotary forging of internal flanges

Parameter ω1 (rev/min) ω2 (rev/min) ω3 (rad/s) V (mm/s)

Value ~60 ~60 ~0.075 ~1.5

Fig. 8 Inner flanges rotary forged from thin-walled tubes
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3 Summary

1. The technology of axial rotary forging by a conical roll, which performs a com-
plex movement: rotational relative to its own axis, translational in the direction
of the workpiece axis, and changing the angle of inclination provides a stable
process of manufacturing internal wide flanges on thin-walled tube blanks.

2. Adequate simulation of the axial rotary forging process is possible with the use
of the calculation complex “Deform”. It is permissible without significant loss of
accuracy of calculation to reduce the timeof calculationwhen computermodeling
the process using the height of the workpiece model approximately equal to two
heights of the formed part of the workpiece.

3. The greatest efficiency of the process can be achieved with the use of multifunc-
tional, rotary forging machines capable of implementing complex schemes of
movement with multi degrees of freedom of the forming roll and using CNC.
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On Vibrational Movements in a Testing
Bench

Pavel A. Andrienko, Vladimir I. Karazin, Denis P. Kozlikin
and Igor O. Khlebosolov

Abstract The paper considers the issues of imitation of real conditions ofmovement
of various objects of navigation systems in laboratory conditions using a vibrafuge,
a bench representing a centrifuge, on the rotor of which there is a device providing
additional reciprocating movement of the table with a test object. The main type of
testing is vibration with different frequencies and amplitudes in the field of linear
acceleration, changing in a certain range, is a very common typeof load in real objects.
Evaluation was carried out of the influence of Coriolis accelerations and forces on the
object under the action of vibration load in the field of linear accelerations. According
to the results of the study, a methodology for their evaluation using side component
coefficients is proposed, which can be used for test objects with different geometries
and different radii of the basic centrifuge.

Keywords Vibration test bench · Vibrafuge · Coriolis acceleration · Vibration
acceleration · Test impact · Vibration in the field of linear accelerations

1 Introduction

Imitation of real conditions of movement of various objects of navigation systems is
the most economical way of testing in laboratory conditions. Vibrafuge is quite rare
at present time as a simulation and testing bench. It is a centrifuge, the rotor of which
has a device that provides additional reciprocating movement of the table with a test
object.

When designing new equipment for aerospace systems, the issue of testing pro-
totypes is very acute. Field tests are expensive and complex in terms of organization.
Using simulation benches makes it possible to increase availability of the necessary
tests, conducting them in a laboratory environment and providing good informa-
tional content of the research. Reproduction of combined effects, to which this paper
is devoted, is extremely important for the testing of devices with a short operational
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life. They should not have excess strength reserves to ensure minimum masses.
Therefore, in the case of sequential loads, the so-called “overtesting” is possible (the
operational life of the test object is longer than required). Vibrafuge testing is one of
the means of solving this problem [1].

Vibration with different frequencies and amplitudes in the field of linear acceler-
ations, changing in a certain range, is a very common type of load in real objects.
In testing benches, this additional movement of the object is created by a controlled
electrodynamic vibrator. To ensure its normal functioning it is necessary to use some
additional devices [2–7], providing balancing of moving masses in the process of
rotation.

However, in connection with the presence of translational and relative motions on
the vibrafuge, there is an additional lateral force caused by the Coriolis acceleration.

The goal of the proposed study is to develop methodology for evaluating the
effect of Coriolis acceleration on the type of test impact.

Coriolis acceleration is orthogonal to the main linear acceleration vectors from
centrifuge rotation and harmonic vibration. Parameters of relative and translational
motion fully determine the value of Coriolis acceleration, which is also a har-
monic variable. For testing some products that have a multidirectional sensitivity,
the evaluation of these ratios is very significant.

As it was shown in works [8–13], there are various possibilities of realization of
this problem in laboratory conditions. However, in most cases, in order to reproduce
the alternating component, different types of vibration test benches [14, 15] are used,
depending on the required parameter values, and the background acceleration is set
in a centrifugal way, carrying out translational rotation by an electric motor with a
constant or variable-specified speed of rotation. Thus, we must consider the design
model in Fig. 1, in which m is the mass of the moving system, including the test
object with dimensions a × b.

Mass m moves along a circular trajectory at an angular velocity ω = const and
reciprocating movement

ũ = u0 sin νt, (1)

Fig. 1 Single-mass design
model
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where u0 is static displacement and ν is rotational frequency. Mass m is held on the
trajectory by an element of rigidity c, the value of which is the cause and measure of
the above-mentioned static displacement u0:

u0 = mω2(R + u0)

c
= mwL

c
, (2)

where wL is centripetal acceleration and the product of |mwL | determines the mag-
nitude of the centrifugal force acting on the test object. Considering that stiffness c
is selected from the condition c = mν2, we have

u0 = R · ω2/ν2

1 − ω2/ν2
= wL

ν2
, (3)

The system is stable at ω2/ν2 < 1, so with an allowable inaccuracy it can be
assumed that

u0 ≈ R · ω2/ν2, (4)

As a result of the interaction between translational velocity ω and relative move-
ment u, there is a Coriolis acceleration, which is geometrically summed up with the
two accelerations described above.

Let us consider in detail the Coriolis acceleration that occurs. The relative motion
of mobile mass m takes place along axis x according to the given law

x = r sin νt, r = wb

ν2
, (5)

where wb is specified vibration acceleration. Movement also occurs along axis
y because of gaps and deformation of supports. The inertial force of Coriolis
acceleration has the form of

�C = 2m

∣
∣
∣
∣
∣
∣

⎛

⎝

ī j̄ k̄
ẋ ẏ 0
0 0 ω

⎞

⎠

∣
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∣
∣
∣

= 2mẏω ī − 2mẋω j̄, (6)

Harmonic force acts in the direction of axis y

�Cy = −2mẋω = −2mω
b

ν
cos νt, (7)

We will find the angular velocity knowing linear acceleration wL :

ω =
√

wL

R
.
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Table 1 The values of
Coriolis acceleration and
inertia force for different
frequencies

f (Hz) wCy (m/s2) �Cy (N)

10 1000 20,000

100 100 2000

1000 10 200

2000 5 100

For more clarity of the above reasoning, let us consider numerical examples.
Let us take the following values: wL = 200 g, R = 0.5 m, ω = 63 1/s. Then, with

m = 20 kg, wb = 500m/s2 the moduli of Coriolis acceleration
∣
∣wCy

∣
∣ = 2ωwb/ν

and inertia force
∣
∣�Cy

∣
∣ = m

∣
∣wCy

∣
∣ have the values presented in Table 1.

To create the required vibration acceleration wb = 50 g with frequency f =
10 Hz, amplitude r = 0.13 m, which is 10 times the maximum amplitude of the
electrodynamic vibrator, is required. Therefore, at this frequency we will limit the
inertia force modulus

∣
∣�Cy

∣
∣ = 2000N and consequently the Coriolis acceleration

will have amplitude
∣
∣wCy

∣
∣ = 100m/s2.

Taking into account that the Coriolis acceleration amplitude is equal to 2ω|ũ|, we
obtain the coefficient of transverse component of the vibration acceleration

2
0

2
2 2 Lв

y

u w
K

u R

ω ω= = =
νν ν

. (8)

For the parameters in Table 1

20001.0 2 14.2,
2 1,0

5001.0 2 7.12,
2 1,0

2502.0 2 3.56.
2 2,0

в
yI

в
yII

в
yIII

R m K

R m K

R m K

= ⇒ =
π

= ⇒ =
π

= ⇒ =
π

(9)

The obtained coefficients should be compared with the coefficients of trans-
verse KyA, KyB and longitudinal KxAA′ components determining the “spread” of
acceleration over the area of the test object.

According to Fig. 1:

wyA′ = 0; wyB ′ = wxB ′
b

2(R + a)
;

KyA = wyA

wx A
; KxAB = wxA

wxB
.
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A maximum value of the transverse component coefficient for point B:

KyB = wyB

wxB
= b

2R
. (10)

The change in the longitudinal component coefficient from point A to point A′ is

KxAA′ = wxA′

wxA
= R + a

R
= 1 + a

R
. (11)

Thus, at the value of radius R = 1.0 Mwith the test object with dimensions 0.5×
0.5 m we obtain the coefficient of the transverse component at point B:

KyB = 0.5

2
= 0.25,

and the coefficient of the longitudinal component of acceleration

KxAA′ = 1.5

1
= 1.5.

Returning to calculations (6), it should be noted that the transverse component
coefficients of Coriolis phenomena are quite significant, and the total transverse
component of acceleration at the extreme points of the test object can be more than
100%.

The results of the above research confirm the need to take into account and eval-
uate side loads that occur due to interaction of the two movements in the vibrafuge.
If a testing bench is designed for products with known dimensions, the value of the
transverse component coefficient can be influenced by changing the radius of the
centrifuge arm. As the radius increases, the side components decrease.

2 Conclusion

One of the important results of the research presented is the very fact of discussing
this problem. As laboratory practice shows, it is not always possible to take into
account additional impacts that were not pre-planned. Coriolis forces and gyroscopic
moments always occur when there is a corresponding mutual orientation of the
vectors of translational and relative velocities.

For sufficiently large test objects, knowing the location of the overload-sensitive
elements in them, it is possible to select the most advantageous positions and, using
the coefficients of lateral components, to determine the true impact with sufficient
accuracy.

Using the proposed method, it is easy to construct nomograms for practical use
in laboratory tests on multi-motor testing benches.
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Research of the Antifriction Properties
of Carbon

Anatoly A. Asheichik and Daniil K. Zorin

Abstract For delivery of a measurement complex into an oil well for the analysis
of a condition of an oil well and its possible restoration special cables pushers are
used. A matrix of such cable most often is carbon which has high strength, chemical
resistance to influence of sea water and gas-oil mix and to an explosive decom-
pression. In this work antifrictional properties of carbon were investigated: friction
coefficient and wear resistance in the wide range of loadings and friction in vari-
ous environments. The stand design for researches of materials at back and forth
movement and procedure of testing of samples of cables with carbonic matrixes are
described. Experimental data on change of friction coefficient of carbon at loadings
from 3 to 520 N at friction without lubricant and greasing by crude oil or hydraulic
oil are given. The methodology and results of an experimental study of carbon sam-
ples for wear during friction on steel and reciprocating without lubricant and when
lubricating with liquid lubricants are presented.

Keywords Oil · Cable pusher · Carbon · Friction coefficient ·Wear resistance ·
Antifrictional properties

1 Introduction

Nowadays, in the aerospace industry, automotive industry, shipbuilding, mechanical
engineering, oil industry are widely used carbon, which have high strength, stiffness,
low specific gravity, increased chemical resistance and high modulus of elasticity
[1–7]. So in the oil industry for the delivery of the measuring complex to the oil
well in order to analyze the condition of the well and its possible recovery, special
push cables are used, the matrix of which is made of carbon fiber. In this research,
we studied the antifriction properties of carbon fibers of two types of carbon with
the conventional names “OLD” and “V15” [8–11]: the friction coefficient and wear
resistance over a wide range of loads and friction in various environments.
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2 The Design of the Stand for the Study of Carbon
on Friction and Wear

In Fig. 1 we can see the appearance of the stand which was used to study the coeffi-
cients of strength and wear resistance of materials. The design of the stand [12–15]
includes the following main components: a crank group and a system for loading
samples. The drive of the stand consists of an electric motor, a worm gear and two
elastic sleeve-finger couplings. The loading system consists of a lever with suspen-
sion for cargos, a wedge-shaped plunger and a mandrel with a holder for the upper
specimen installed in it. For testing in a liquid medium, a bath is installed.

The pressure on the friction surface varies depending on the weight of the cargo
and the size of the samples. The friction coefficient was measured using a beam
with strain gauges. The value of the signal from the output of the strain gauge was
measured by a PCS-500A digital storage oscilloscope, which was bundled with a
personal computer [16–20]. While studying the antifriction properties of carbon,
two cable samples were installed at once. The stand was assembled: an upper steel
specimen was installed in the upper holder, and was loaded with loads through the
plunger and lever.

Using a set of instrumentation, the experimenter receives a signal on a computer
screen. Markers measure the double amplitude of the signal change and its period. In
addition, a filewith a digital test report is recorded. Thus, the value of the friction force
was measured on a computer screen and could be determined with high accuracy by
the results of processing a digital protocol. The results of measuring the friction force
were obtained in mV. To translate the frictional force into Newtons when setting up

Fig. 1 The appearance of the stand for testing materials
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the stand, it was calibrated by installing various strain gauges and using an electronic
dynamometer.

The friction coefficient was determined for two cables under the conventional
names “OLD” and “V15”, which differ in the chemical composition of the cable
matrix. The values of the friction force and the coefficient of frictionwere determined
under normal efforts on two cables: 3.11; 50; 100, 200, 291, 403, 515 N. The friction
coefficient was calculated as the ratio of the friction force, measured during testing
at the stand, to the normal load on two cable samples.

3 The Results of Experimental Studies of the Friction
Coefficients of Carbon

The tests were carried out with friction without lubricant, friction when lubricated
with crude oil and lubricated with hydraulic oil with the same viscosity as crude
oil. The results of all measurements and calculations are presented in Table 1. The
dependences of the change in the coefficient of friction on the normal load are shown
in Figs. 2, 3 and 4.

4 Methodology and Test Results of Carbon Wear

The experimental finding of the wear of the composite cable samples was carried out
on a stand, which was used to find the coefficient of friction of carbon during recip-
rocating motion. To determine the wear of the composite cable, two cable samples
were installed in the holder at the same time. A sample of steel 45 was placed on top
of them, for which the dimensions of the friction surface, its roughness and weight
(260 g) corresponded to the actual parameters during cable exploitation. The sample
was mounted on the shaft and due to the presence of a groove in it had the ability to
self-install relative to the cable samples (three degrees of freedom).

Wear tests were carried out during friction without lubricant, as well as with
lubricant, which was crude oil and hydraulic oil. The appearance of the friction unit
during wear tests with oil is shown in Fig. 5. After conducting wear tests, the width
of the wear pad was measured and the height of the worn layer was calculated. Wear
was measured at three points on each cable. Measurement schemes for the length of
the cable and its diameter are shown in Figs. 6 and 7. The wear along the length of
the carbon sample was found at three points (Fig. 6) for the two carbon fibers already
indicated under the conventional names “OLD” and “V15”. Taking into account the
exploitation of the pusher cable under real conditions, studies of the wear resistance
of carbon matrices were carried out only at normal load Fn = 2.6 N and the number
of double cycles was 17,000.
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Table 1 The results of measurements and calculations of the friction force and friction coefficient
for carbons “OLD” and “V15”

№ Carbon type Lubricant Normal load Fn,
H

Friction force
Ftp, H

Coefficient of
friction f

1 OLD Friction without
lubricant

3.11 1.19 0.383

50 16.7 0.334

100 31.2 0.312

200 58.4 0.292

2 OLD Crude oil 3.11 0.740 0.238

50 10.9 0.218

100 20.8 0.208

200 39.4 0.197

3 OLD Hydraulic oil 3.11 0.665 0.214

50 9.70 0.194

100 18.1 0.181

200 33.4 0.167

4 V15 Friction without
lubricant

3.11 0.921 0.296

50 13.7 0.274

100 26.1 0.261

200 49.4 0.247

5 V15 Crude oil 3.11 0.507 0.163

50 7.50 0.150

100 14.1 0.141

200 26.4 0.132

6 V15 Hydraulic oil 3.11 0.457 0.147

50 6.65 0.133

100 12.5 0.125

200 22.8 0.114

Scheme measuring the width of the wear pad L of the worn surface of the cable
is shown in Fig. 7. The height of the worn layer was calculated by the Eq. 1.

h = d − √
(d)2 − (L)2

2
, (1)

where d is the cable diameter, d = 9 mm, L is the width of the wear pad, mm.
The tests were carried out with friction without lubricant, friction when lubricated

with crude oil and lubricated with hydraulic oil with the same viscosity as crude
oil. Since wear measurements were carried out for two cables, then in Table 2 for
each point of wear measurement (see Fig. 7) shows the average values of wear
measurements of these cables.
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Fig. 2 Thedependence of the coefficient of friction on normal load during friction without lubricant

Fig. 3 The dependence of the coefficient of friction on the normal load when lubricating with crude
oil

5 Conclusion

The permissible value of the width of the wear pad for the cable matrix in the real
unit of the injection head under the above test conditions and any type of lubrication
was 1 mm. Thus, from the analysis of the test results of the two types of carbon for
wear, it follows that the carbon OLD does not meet the specified criteria for wear.
From experiments with dry friction it follows that the width of the wear area of this
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Fig. 4 The dependence of the coefficient of friction on normal load when lubricated with hydraulic
oil

Fig. 5 The design of the unit to study the wear of the cable matrix

carbon was at the measurement points 1, 2, 3, respectively: 1.27; 1.41; 1.25 mm.
Carbon “V15” fully complies with the specified criterion in terms of the allowable
wear under all friction conditions.
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Fig. 6 Scheme for measuring wear along the length of a worn surface

Fig. 7 Scheme for cable diameter wear measurement

From the analysis of the results of determining the friction coefficients given in
Table 1 and Figs. 4, 5 and 6, it follows that carbon “V15” has a friction coefficient 1.3–
1.4 times lower than carbon “OLD” in the entire range of normal loads. Therefore,
according to the results of the research of antifriction properties of the matrices of
cables, the V15 carbon matrix is the best.
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Table 2 The results of measurements and calculations of wear for carbons “OLD” and “V15”

№ Carbon type Lubricant № of point
(Fig. 7)

Wear pad width
L (mm)

Worn layer
height h (mm)

1 OLD Friction without
lubricant

1 1.27 0.042

2 1.41 0.054

3 1.25 0.041

2 OLD Crude oil 1 0.81 0.018

2 0.85 0.021

3 0.79 0.016

3 OLD Hydraulic oil 1 0.54 0.010

2 0.58 0.012

3 0.51 0.009

4 V15 Friction without
lubricant

1 0.61 0.010

2 0.67 0.013

3 0.62 0.011

5 V15 Crude oil 1 0.40 0.004

2 0.43 0.005

3 0.39 0.004

6 V15 Hydraulic oil 1 0.32 0.003

2 0.36 0.004

3 0.33 0.003
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New Methodology for Kinematic
Analysis in the Context of III-Class
Six-Bar Linkage Study

Dmitry T. Babichev and Sergey Yu Lebedev

Abstract The fundamentals of a new methodology for kinematic analysis of planar
lever mechanisms are presented in this paper. The methodology is based on the
representation of a mechanism as a set of two-, one-, and zero-link initial structural
units. A distinctive feature of the described methodology is that the analysis of any
multi-link planar mechanism is carried out, as the calculation mainly involves the
sets of one- and two-link primary structural units of which this mechanism consists.
At the same time, the difficult task of identifying assembly options in mechanisms
with multi-link Assur groups is virtually solved. The methodology is focused on
the automatic generation of algorithms and programs for mechanisms computer
simulation.

Keywords Planar lever mechanisms · Kinematics

Nomenclature

W Mechanism or kinematic chain degree of mobility
WS Structural (topological) mobility. It is determined by the Chebyshev’s

formula (yr. 1870 [1]) or Dobrovolsky’s formula [2]
WK Kinematic (actual) mobility. It depends on the scheme, size, and position

of the mechanism and should be determined with the help of power screws
[3] or other approaches [4–6]. Difficulties in calculating WK are connected
with Grubler’s chains [7], Baranov trusses [8], etc. [6, 8, 9]

WLOK Local kinematic mobilities (on a significant, but limited motion)
WGLOB Global kinematic mobilities (on the entire motion of the cycle)
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1 State of the Problem and Research Objectives

Inmechanism design, the two following tasks should be solved: to choose themecha-
nism scheme and to determine dimensions that ensure required properties andmotion
trajectory.

The choice of the scheme is commonly based on mechanisms structural classifi-
cations according to Gruebler’s [7], Assur’s [10], etc. [1, 2, 9] classificatins.

To determine mechanism dimensions and parameters that provide desired proper-
ties and required motion trajectories is a complicated task of parametric synthesis. It
can be solved either numerically or analytically. Numerical methods are frequently
based on kinematic and force analysis of a great number of various calculations
for the specified scheme. The process of determination of optimum dimensions and
properties can be simplified, if universal methods and algorithms, modern computer
programs and similar databases are used while computing. However, it is necessary
to closely align analysis with description methods for:

– the mechanism structure;
– motion requirements;
– the applied qualitative performance indicators.

This area of design is successfully developing and applying for spatial kinematic
chains, in particular, for parallel mechanisms [3, 5]. Herewith special attention is
given to all mobilities types (WK, WLOK, WGLOB) calculation.

Kinematic analysis and parametric synthesis of planar lever mechanisms tend to
be carried out based on analysis algorithms for separate Assur groups composing
the mechanism [1, 2, 4, 9, 11]. However, this approach is hard to implement for
several reasons. First, there is a tremendous number of Assur groups types: several
dozens of four-bar groups with rotating pairs, and several thousands of four-bar
groups with translatory and rotating pairs. Second, the issue of possible assembly
variants analyzing and identification is rather complicated. Third, degrees ofmobility
WK, WLOK, and WGLOB, are frequently not taken into account or are considered on a
more intuitive level (e.g. «before determiningW, repeated links should be excluded»).
Assur groups do not imply analytical or algorithmic determination of theirWK,WLOK

i WGLOB depending on links dimensions and external kinematic pairs positions.
Difficulties considering the use of Assur groups can be further enumerated. It should
be noted that, for the past 100 years, typical approaches for analyzing Assur groups
have been created only for two classes of four-bar groups with rotating pairs [8, 11],
and for all five types of two-bar groups [1, 4, 11]. Moreover, the mechanism during
the motion should not get into a special position (in order to exclude the division by
zero).

The key objective of the work is to create a system for describing the mechanisms
structure and the newmethodology for their kinematic analysis and synthesis, which
would allow, according to the description of the mechanism, to build an algorithm
and computer simulation programs of the mechanisms motion.
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The objectives of the report are:

(1) to briefly outline the basics and potentialities of the new methodology;
(2) to demonstrate how to simulate motion and to partially determine dimensions

of the III-class link mechanism according to the proposed methodology.

The research was carried out at the Chair of Applied Mechanics, Industrial Uni-
versity of Tyumen, experienced in problem-oriented programming languages devel-
oping [12–17]. The research was also supported by SPbPU, the Department of the
Theory of Machines and Mechanisms—one of the front-runners in the field of lever
mechanisms analysis in Russia [18–23].

2 Two Approaches for Mechanisms Structure Description

This section briefly discusses the main features of the two approaches: traditional
and suggested. The following positions are compared:

(a) approaches to specify mechanism structure (topology);
(b) main features of kinematic analysis;
(c) methods for specifying mechanism properties requirements.

The object of comparison is a six-bar linkage with three external tugs (III class
four-link Assur group) [11].

Traditional approach
Assur’s structural classification. Figure 1 shows the schemeof the III classmechanism
[4], used, in particular, in grain conditioning machines. To specify the structure,
structural schemes (Fig. 1a), structural formulae (Fig. 1b), and graphs in the form of
tables and diagrams (do not represented in Fig. 1) are used. In Fig. 1b rotating pair
at point A identified as RA

01; here, link 1 is adjusted to link 0 at the point, which is the
coordinate origin for the link appearing in the structural formula for the first time.

(b) Main features of kinematic analysis. Let us consider that all the mechanism
dimensions are assumed to be known; it is necessary to carry out kinematic
analysis for the whole motion cycle. The significant contribution in developing
the traditional approach in kinematic analysis and optimization synthesis of
mechanismswith four-linkAssur groupswasmade by E.E. Peisakh in theworks
[8, 11]. He highlighted that kinematic analysis of III and IV class Assur groups
is a highly complicated matter. One of the challenging issues is the necessity
to consider all possible structural group assembly variants instead of a single
(operation) one duringmotion analysis inmechanisms of high classes. Herewith
identification of all the possible assembly variants is required. However, such a
procedure can be realized only using complex algorithms with a large number
of calculations required.
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(a)

(b)

(c)

Fig. 1 The III class third-order mechanism (according to Artobolevski): a structural scheme;
b structural formula; c kinematic analysis tasks

(c) Methods for specifyingmechanismproperties requirements. There are no recog-
nized methods for specifying mechanism properties requirements in traditional
approaches. A set of requirements commonly include a design diagram, verbal
or mathematical description of decision procedure, and “given” and “to find”
statements—see Fig. 1c.

The new (proposed) approach

(1) The main principles of the work:

(1a) The set of structural units should allow for analysis and synthesis of
any planar lever mechanism to be held based on these structural units
model calculations: geometric, kinematic, and force. The term “any” is
understood to mean:
– mechanisms with multi-link Assur groups of high classes;
– mechanisms with repeat (passive) constraints;
– mechanisms with links dimensions errors resulting in “tightening” in
pairs, etc.
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(1b) The number of initial structural units should be minimal in order to
improve the algorithms of their analysis and synthesis. The number of
links and kinematic pairs of initial units should also be small. This allows
for simplifying calculation dependencies and not identifying multiple
assembly versions. It is necessary to consider a secondary structural unit
as a set of initial units. Thus in user’s and system libraries, there will be
a set of standard mechanisms and kinematic chains. The user can choose
and compose elements to create the required mechanisms. The set of
structural units should allow for specifying the scheme and methods of its
analysis for any planar lever mechanism even with Assur groups of high
classes.

(2) To implement the above-mentioned ideas the following steps were undertaken:

(2a) The set of structural units—see Table 1—that would allow, according to
the description of the mechanism, to build an algorithm and kinematic
analysis program of the mechanisms in static and dynamic mode were
developed.

(2b) The basics of a language for describing planar mechanisms schemes and
specifying requirements for mechanism motion and its qualitative per-
formance indicators were developed. Proposed symbol nomenclature for
structural elements and linkmotion requirements are used. Several dozens
of the structural elements are proposed. The main elements of various
types of planar kinematic pairs are described in the paper [24]. These
elements are used in structural schemes and formulae (see Figs. 2 and 3).

In Fig. 2 rotating pairs are identified as R or r, translatory pairs—as P and p.
Lower case letters are used if previous link covers next link: compare to the seat
H6/h5; r—shaft inserted in a bore; R—bore covers the shaft.

Figure 3 shows six-bar linkage scheme; motion requirements and analysis
sequence are represented with symbols.

Let us explain some special symbols shown in Fig. 3:

• Symbol indicates that during mechanism motion, two links dyad are to fold
and form one straight line, i.e., the mechanism will get into special positions, and
its WLOK will increase by 1.

• Symbol —Dimensions to be calculated: if the symbol specifies the point, it is
necessary to find its coordinates; if the symbol specifies the link, it is necessary to
find its length. If the symbol placed near two points of the mechanism A i F, it is
necessary to find their coordinates. If the symbol specifies link AB, it is necessary
to find its length.

• Symbol oznaqaet—the next link 4 is rotated by ≈ 90° counterclockwise
towards link 3. Dyad assembly version is specified in the following way: α > 0
detour of �DEF—counterclockwise. It is also necessary to obtain the average
pressure angle value equal to DEF = 90°. If α = 0 at point C, it is required that
the average pressure angle (VC and BC) will be equal to zero.
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Fig. 2 Structural schemes of two types of slider-crank mechanism

(a)

(b)

(c)

Fig. 3 The new approach—mechanism scheme and requirements for its motion: a structural
scheme; b structural formula; c what to find and how to find

• Numerical values in frames—constants or ranges—which values should be set
during mechanism links motion: ≈-β3 —average link DE slope angle to the axis

X0; Δ 5—specified link pivot angle 5; crank AB rotates with set average velocity
ω1.

Important note. The scheme given in Fig. 3a may seem complicated. May seems
confusing.We believe that if the dialogue with the computer will be based on the data
shown in Figs. 3b, c and the computer displays Fig. 3a, then the user can easilymaster
and be able to use all the basic symbols for specifying mechanism requirements.
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Fig. 4 Motion simulation of the four-bar linkage near limiting positions: a two-crank mechanism;
b isosceles crank-and-rocker mechanism. Convex crank-and-rocker mechanism with links lengths
errors: c low velocity of the crank (“jumping” takes place); d low velocity of the crank

(2c) The new method for motion simulation of the mechanisms in special positions
was developed and verified. In Fig. 4 the examples of three mechanisms (taken
from [25], including one with dimensions errors in positions c and d) motion
simulation are presented.

The mechanisms illustrated in Fig. 4. reassemble in the process of motion:

• the crank BC performs one complete rotation per two rotations of the crank OA
(Fig. 4a);

• the rocker BC performs one big oscillation per two rotations of the crank OA
(Fig. 4b);

• the rocker BC performs one big oscillation alongside reassembling per two
rotations of the crank OA (Fig. 4c);

• the rocker performs one small oscillation without reassembling per one rotation
of the crank in the same mechanism with the other, small, crank rotation velocity
(Fig. 4d).

The detailed description of illustrated in Fig. 4 mechanisms performance is given
in [26]. The newmethod of simulating mechanismmotion is named kinetic-dynamic
and is briefly presented in part 3 of paragraph 2.2. of the current paper.

(2d) The fundamentals of synthesis methodology for mechanisms consisting of
structural units given in Table 1 (including the mechanisms with the neg-
ative structural mobility WS, i.e. statically indeterminate mechanisms) were
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developed. Thesemechanisms have local kinematic mobilityWLOK = 1 along-
side limited but valuable movement of input link (Fig. 5). The statically
indeterminate mechanisms shown in Fig. 5a, b have the following features:

• different dimensions, in particular, EF—the length of link 4;
• the rotation degree of link 1 differ in 1.6 times under the same displacement

δ = ±0.102 mm in pair RE
24;• the approximation of points E2 i E4 trajectories was made according to

Chebyshev method and respectively 5 and 4 identical displacements were
obtained;

EF=128.363        XF=-12.405    YF=-17.848

EF=129.192 XF=-11.802 YF=-17.254  
GH=166.600 XH=-21.782 YH=14.594

Overall dimensions: 
AD = 120 AB = 50 BC = CD = BE = EG =100

Fig. 5 Mechanisms with kinematic mobilities WLOK = 1 and WGLOB = 0: a five-bar mechanism
with structural mobility WS = –1; b six-bar mechanism with WS = –2



36 D. T. Babichev and S. Y. Lebedev

• the motion simulation of these mechanism is almost impossible to perform
while using the standard algorithms.

The developments results of which are given in Table 1 and Figs. 2, 3, 4 and 5 are
not described in details in this article.

(3) The fundamentals of proposed kinematic analysis methodology

The algorithm of kinematic analysis and basic (not optimizational) metric synthesis
of mechanism which contains four-link Assur group and is illustrated in Fig. 1. is
described further. The mechanism scheme and requirements, composed according
to the rules given, are shown in Fig. 3. The algorithm of analysis and synthesis is
described as for the case of manual operation.

The motion analysis of the initial group I(0,5)

Step 1. The multitude
∑

Di of points D is determined by changing the rotation
degree of driving pair G by degree�ϕ5. The velocity

∑
VDi and acceleration

∑
WDi

vectors of point D are found for the case of “forward-backward” motion. The value
of velocity

∑
VDi and acceleration

∑
WDi can be calculated by defining velocity VD0

of point D or by picking the function kvi = f(i) from the standard set, which allows
to calculate VDi at i-th position according to the formula VDi = VD0*kvi. Then the
motion trajectory of point D is drawn and the edge positions are determined.

The motion analysis of the first dyad II(3,4)

Step 2. Based on coordinates of points
∑

Di and point F, the dyad DEF is constructed
considering assembly version (α ≈ 90° > 0), i.e.

∑
Ei,

∑
VEi and

∑
WEi are deter-

mined. Then the motion trajectory of point E is drawn and the edge positions are
determined.
Step 3. According to

∑
Di and

∑
Ei multitudes the triangle DEC is constructed, i.e.∑

Ci,
∑

VCi and
∑

WCi are found based on the
∑

VDi,
∑

WDi,
∑

VEi,
∑

WEi values.
Then the motion trajectory of point D is drawn and the edge positions Cleft and Cright

are determined.

The adjustment, synthesis and motion analysis of the second dyad II(2,1)

Step 4. The average values of slope angle
∑

VCi and point position
∑

Ci are calcu-
lated. According to this values and the defined average pressure angle C (α ≈ 0°) the
straight line is drawn through the point C. The point A will be located on the line.
Step 5. According to the line parameters, link BC length, Cleft and Cright, the
coordinates of point A and AB link length are determined.
Step 6. According to

∑
Ci,

∑
VCi and point A, the dyad CBA is constructed. In

addition the assembly version is determined considering VCi and ω1 direction. Then
the

∑
Bi,

∑
VBi and

∑
WBi values are calculated.

Kinematic analysis and synthesis final stage

Step 7. Velocity and acceleration values of all points are recalculated based on the
suggestion that the crank angular velocity ω1 is changing according to the defined
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function, e.g. is equal to the constant. This restructuring of calculation results is
performed to simplify the results of design and represent them in more convenient
for the future purposes form. This stage is the key part of design and, in particular,
of mechanisms synthesis with use of proposed methodology.
Step 8. Mechanism performance quality factors are defined. The mechanism and
points trajectories are illustrated, the results of synthesis and analysis are presented.

Proposed kinematic analysis methodology computer-based performance
Each step of the algorithm can be performed bymeans of separate standard computer
operations, e.g. steps 2 and 6 for two-link dyads despite their difference: the dyad
DEF is standard (Fig. 3) and the dyad CBA reassembles in the process of motion.
The algorithm of this standard operation for II-group RRR has been developed and
is depicted in [24]. The algorithm of this operation is massive, but the calculations
are simple. The functional area of the first version of this standard operation:

– to determine dyad inner pair coordinates (sometimes with specifying assembly
version);

– to define special positions and calculate nearest points parameters;
– to proceed through special positions considering deformations and clearances;
– to avoid dividing by zero;
– to take rounding error into account, etc.

The first version of program didn’t determine dimensions according to required
dyad performance conditions. The valuesω1,ω2, ε1 i ε2 near special positions are cal-
culated by extrapolating the velocity and acceleration values at previous mechanism
positions. The program efficiency can be demonstrated by Fig. 4, which illustrates
the calculation results for complex in terms of analysis four-link mechanisms.

The way of developing algorithm and kinematic analysis program according to
structural scheme and formula of planar mechanism is not considered in this paper.

(4) The class as a criterion of lever mechanisms complexity

The class of a lever mechanism is usually a criterion of its complexity degree. The
class is determined with the complexity of structural groups. The complexity of
groups is estimated [1, 2, 8–11] according to the number of links and kinematic pairs
in group and the complexity of the equation for determining links location, e.g. by
equation degree or the amount of roots. Figure 5 illustrates the same mechanism
with different input links. This mechanism can belong to three classes of different
complexity at the same time. However the EFG group, containing special positions
where the equation degenerates (requires to be divided by 0), should be analyzed in
case of class II; the groups of classes III and IV contain one sixth degree of equation
(Fig. 6).

Summary: The method of determining the complexity of mechanism only by
its class is not reliable. The following motion properties should be added to the
complexity criterion:

• existence of special positions and parallel kinematic chains;
• occurrence of local and global mobilities;
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II class, second order III class, third order IV class, second order

Fig. 6 The same mechanism belongs to all three classes according to the accepted classification

• assembly modifications;
• micro- and nanomechanisms features;
• mechanism control;
• existence and effect of errors.

The mechanism features listed above should also be reflected in courses of the
theory of machines and mechanisms.

3 Conclusions

1. The fundamentals of the work:

(a) A mechanism is a set of two types of units: links and kinematic pairs.
(b) Each type of unit has its property set, including structural and motion

properties.
(c) The mechanism is composed of several structural groups that consist of

several units, i.e., links and pairs.
(d) Motion properties of structural groups depend on their structure and the

properties of units (i.e., links and pairs) composing the group.
(e) Motion properties of a mechanism are defined by their structure and the

properties of structural groups in the mechanism.
(f) A set of typical structural groups should allow for specifying motion prop-

erties through units properties and mechanism properties through groups
properties.

2. The following results are presented in the article:

(a) The proposed set of five initial structural groups and one «large» secondary
Mech-group suitable for operation with mechanisms and kinematic chains
from user and system libraries.
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(b) The developed planar mechanisms structural-kinematic schemes Descrip-
tion System that enables us to visualize all the data necessary for algo-
rithms processing when solving tasks of analysis and metric synthesis of
any specified mechanism.

(c) The fundamentals of the new—kinetodynamic—method that allows simu-
lating the motion of the mechanisms with passive and repetitive constraints
and changing in motion assembly variant. In this approach, deformations
in pairs, links length errors, and moving pairs energy may be taken into
account.

(d) A part of kinematic analysis and synthesis algorithms and several examples
of motion analysis carried out according to the new method.

3. The proposed method is designed for metric synthesis of motion and computer
simulation of various planar lever mechanisms. The method can be applied to
education sector.

Acknowledgements The authors of the paper would like to express their gratitude to Industrial
University of Tyumen and SPbPU, the Department of the Theory of Machines and Mechanisms,
for supporting the project.
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Algorithm for the Placement
of Orthogonal Polyhedrons
for the Cutting and Packing Problems

Vladislav A. Chekanin and Alexander V. Chekanin

Abstract The paper is devoted to the algorithm for the placement of orthogonal
polyhedrons represented as a set of orthogonal objects with a fixed position relative
to each other. The proposed algorithm is implemented invariantly with respect to
the dimension of the objects to be placed, which makes it applicable for solving the
cutting and packing problems of arbitrary dimension. Examples of the placement of
two-dimensional and three-dimensional orthogonal polyhedrons are presented.

Keywords Orthogonal polyhedron · Placement algorithm · Cutting problem ·
Packing problem

1 Introduction

The problem of orthogonal polyhedrons (OP) packing is a special case of the opti-
mization orthogonal packing problem [1–3], in which one or more objects to be
placed are presented in the form of orthogonal polyhedrons composed of orthog-
onal objects with a fixed position relative to each other [4, 5]. The need to work
with orthogonal polyhedrons, considered as separate objects, arises when solving a
number of resource allocation problems [5–7]. The most common application of this
problem is to solve the problems of industrial cutting of cardboard or plywood [8]
and the problem of active electronically scanned arrays generation [9]. The problem
of creation and packing sets of orthogonal polyhedrons can take place when solving
optimization problems using functional voxel modeling [10, 11].

In general, the statement of theD-dimensional problemof orthogonal polyhedrons
packing implies two sets of elements:

1. Set ofN orthogonal containers in the form ofD-dimensional parallelepipeds with

the dimensions
{
W 1

j ;W 2
j ; . . . ;WD

j

}
, j ∈ {1, . . . , N };

2. Set of n objects Oi , i ∈ {1, . . . , n} represented in the form of orthogonal
polyhedron, each of which consists of mi orthogonal objects in the form
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of D-dimensional parallelepipeds oi,k, k ∈ {1, . . . ,mi } with the dimensions{
w1
i,k;w2

i,k; . . . ;wD
i,k

}
, the position of which relative to each other is speci-

fied using vectors
{
z1i,k; z2i,k; . . . ; zDi,k

}
containing the coordinates of orthog-

onal objects in the local coordinate system associated with each orthogonal
polyhedron Oi .

In the particular case, when all orthogonal polyhedrons consist of only one
orthogonal object (mi = 1∀i ∈ {1, . . . , n}), the D-dimensional problem of place-
ment orthogonal polyhedrons will be the classic D-dimensional orthogonal packing
problem [2].

The paper contains a description of the developed algorithm which provides
the placement of orthogonal polyhedrons into orthogonal containers of arbitrary
dimension.

2 Algorithm for the Placement of Orthogonal Polyhedrons

In order to increase the packing formation speed, before placing each OP Oi , the set
of its objects oi,k, k ∈ {1, . . . ,mi } is arranged in descending order of the volumes
occupied by them vi,k = ∏D

d=1 w
d
i,k .

When solving the problemof orthogonal polyhedrons packing, themodel of poten-
tial containers [12, 13] is used. This model describes all free spaces of each container
as a set of so-called potential containers (PC) which are the orthogonal areas in the
form of D-dimensional parallelepipeds with the largest possible dimensions. In con-
trast to the classic orthogonal packing problem when for each placed object it is
necessary to find only one suitable PC for this object [14, 15], for each orthogonal
polyhedron it is required to find a suitable set of PC. When some orthogonal poly-
hedron is placed into a container, the most suitable PC is searched to place only its
first object and the remaining objects are placed both into this PC and into other PCs
surrounding the considered PC.

Figure 1 shows the block diagram of the algorithm for the placement a set of
orthogonal polyhedrons into containers.

When packing a set of orthogonal polyhedrons, for each OP all containers are
checked sequentially until a container with a suitable set of PCs for placing this OP
is found. If such a container cannot be found, then the transition to the next OP to
be packed is carried out. Rotation or reflection of OP is performed, if necessary,
in accordance with the parameters specified in the placement string formed by the
algorithm used to optimize the solution of the packing problem [16, 17].

Placing a separate OP into a container is the most time-consuming part of the
algorithm for placing a set of orthogonal polyhedrons. Figure 2 shows the block
diagram of the algorithm for the placement one OP Oi into the current container.

In some cases, the placement of OP is possible only as a result of its shift entirely
relative to the beginning of the PC selected for placement of the first object of this
OP. Therefore, the developed algorithm for the placement of orthogonal polyhedrons
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no

Start

i: 1, n, 1

Rotate (reflect) OP Oi

j: 1, N, 1

Is found
the placement of OP Oi

 in container j?

End

yes

Place OP Oi
into container j

Fig. 1 Algorithm for the placement of orthogonal polyhedrons

provides the possibility of shifting the objects placed into the container during the
packing formation process.

When placing the first object belonging to the OP Oi , a vector �i,1 ={
�1

i,1;�2
i,1; . . . ;�D

i,1

}
is formed that defines the maximum possible shift of this

OP inside the selected PC, while the values �i,1 of the vector are determined as
the maximum allowable movements of the first object inside the PC. In the process
of placing each subsequent object belonging to the OP, the area of the maximum
possible shift of this OP inside the container changes. When placing an object oi,k ,
a vector Xi,k = {

X1
i,k; X2

i,k; . . . ; XD
i,k

}
is formed that determines the position of the

intermediate OP formed from the first k objects of the considered OP, as well as a
vector �i,k that determines the area of a possible shift of this intermediate OP. If the
orthogonal object oi,k cannot be placed into a container with a shift, then the next
PC in order to search for a new position for placing the OP is selected.



44 V. A. Chekanin and A. V. Chekanin

yes

Start

Select the first PC of the 
container

Is enable to
place OP Oi entirely

into the current
PC?

Is enable
to place the first object 

of OP Oi into the
current PC

Is enable
to place object oi,k

without
OP Oi shift 

k: 2, mi, 1

Is enable
to place object oi,k with

OP Oi shift 
Select the next PC

Are used all
possible PCs  of the 

container?

Found all PCs
for the placement of all 

objects of
OP Oi

Search for a PC for placing 
the entire OP Oi closer to the 

origin of the container

Shift OP Oi closer to the 
origin of the container

yes

yes

End

yes

no

no

no

no

no

no

B

A

A

Place OP Oi in the found 
position

yes

B

yes

Fig. 2 Algorithm of placing the orthogonal polyhedron Oi into a container

For each placed object oi,k , a set of PCs Pk is formed amongwhich it can be placed.
If the object oi,k cannot be placed in any PC from the set Pk , then the transition to the
previous object oi,k−1 is carried out, for the placement of which the next in order PC
from the corresponding set Pk−1 is selected. This part of the algorithm is not shown
on Fig. 2.
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If the placement of OP Oi in any selected container is possible, a vector Xi ={
X1
i ; X2

i ; . . . ; XD
i

}
will be formed that determines the position of this OP in the

container.
The final step in finding the optimal position of the OP is to move it closer to

the origin of the selected container. For this, the maximum possible shifts for each
object oi,k , k ∈ {1, . . . ,m} are calculated among all existing PCs. The possible shift
of the OP will be determined as the minimum value among all the found possible
shifts for each object of this OP. The shift algorithm is multi-pass. At each iteration
of this algorithm, an attempt is made to shift the OP along one of the axes of the
container, which are selected in the reverse order of the priority selection list L ={
l1; l2; . . . ; l D}

of its coordinate axes [18, 19].
Consider an example of shifting one OP in the process of placing its objects.

Figure 3 shows a rectangular container with the dimensions {100; 100}, the free
space of which is described by a set of PCs, given in Table 1. The parameters of
the placed OP are given in Table 2. Figure 4 shows the individual stages of the OP
placement into this container.

After placing an OP Oi into a container, a series of operations are performed to
update the set of PCs that describe the remaining free spaces of the container. To do
this, for each orthogonal object oi,k from the placed OP, the following sequence of
operations is performed:

Fig. 3 Original container

Table 1 Potential containers of the original container

No. of PC (t) Position along
the coordinate
axis 1 (x1t )

Position along
the coordinate
axis 2 (x2t )

Dimension 1
(p1t )

Dimension 2
(p2t )

1 0 0 70 80

2 0 40 100 20

3 50 0 20 100
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Table 2 Parameters of the placed orthogonal polyhedron O1

No. of object (k) Position along
the coordinate
axis 1 (z11,k)

Position along
the coordinate
axis 2 (z21,k)

Dimension 1
(w1

1,k)

Dimension 2
(w2

1,k)

1 0 0 60 70

2 60 30 20 10

3 40 70 10 10

Fig. 4 Orthogonal polyhedron O1 in the packing process: a placement of the object o1,1 (�1,1 =
{10; 10}); b placement of the object o1,2 (�1,2 = {10; 0}); c result of placement of the OP O1
(�1,3 = {0; 0})

• creation a vector
{
a1i,k; a2i,k; . . . ; aD

i,k

}
defining the area of PCs update: adi,k =

Xd
i + zdi,k + wd

i,k , d ∈ {1, . . . , D};
• formation of newPCs entered into the region bounded by the origin of the container
and the vector

{
a1i,k; a2i,k; . . . ; aD

i,k

}
;

• searching and removing of embedded PCs according to the algorithm described
in article [19].

Figure 5 shows the examples of two-dimensional and three-dimensional OP sets
placement.

3 Conclusion

An algorithm providing the placement of OP sets into containers is proposed. Usage
of the model of potential containers when placing OP provides the ability to control
all the free areas of the container in order to obtain a more dense packing.

Since the algorithm is implemented invariantly with respect to the dimension of
the problem being solved, it can be used both in solving two-dimensional and three-
dimensional packing problems, as well as in solving packing problems of higher
dimension.
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Fig. 5 Examples of placement OP sets: a placement of two-dimensional OP sets; b placement of
three-dimensional OP sets

A prospective direction of this research is the development of heuristic and meta-
heuristic algorithms [20] for optimizing the placement of OP sets, as well as the
development of algorithms that provide the placement of OP sets into containers of
arbitrary configuration which are also presented in the form of OP.
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Friction Steering Devices as an Object
of Impulse Control

Roman Yu. Dobretsov, Nicolai N. Demidov and Andrei O. Kaninskii

Abstract The use of closed-loop steering control system with friction steering
device as an alternative of hydromechanical transmission is proposed. Pulse width
modulation of operating pressure is used for compressive force and brake slipping
control. The kinematic diagrams of single- and double-step friction steering device
are presented.A schematic of double power flow transmission (double-flow transmis-
sion) with single gearbox is proposed. The conclusion about perspective of friction
steering devices developing is given.

Keywords Tracked vehicles · Friction variators · Friction steering devices ·
Closed-loop steering systems · Slipping · Pulse width modulation · Double-flow
transmissions

1 Introduction

The problem of ensuring high quality steering control (which means providing best
controllability with minimal additional power use) is common for tracked vehicles
of different purpose. This issue is closely related with automation of tracked vehicle
control and development of unmanned tracked transport vehicles [1–8 etc.].

This problem is even more critical for high-speed transport vehicles. A traditional
way of solving it is to select an optimal type of steering system for the designed
vehicle.

It is considered [9, 10] that in terms of providing complete correspondence
between controller position and turn radius value the best solution is use of hydrome-
chanical transmission. This transmission type often consists of single gearbox or a
pair of planetary gearboxes located on left and right sides of the vehicle. Hydro-
static variator located in parallel power flow allows continuous variation of turn
radius. The first type of double-flow transmission is common for foreign vehicles.
The tracked vehicle with double-flow transmission and two gearboxes was developed
in the USSR.
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The main flaw of that vehicle was the necessity of providing high power density
in hydraulic drive and high operating pressure as a result. Serial production of such
units in theUSSRwas impossible at that moment. The use of friction steering devices
was proposed as an alternative.

The friction steering device is reasonable to use in closed-loop steering systems
[11]. The development of that sort of transmission was managed in Leningrad Poly-
technic University (now Peter the Great Saint-Petersburg Polytechnic University,
SPbPU) for use in single-flow transmission with two gearboxes [11–13]. The solu-
tions found during development allowed to provide slipping control of the disc brake
used in the friction steering device and guarantee continuous variation of turn radius
and complete correspondence between controller position and turn radius value.

The main goal of the article is to prove that use of friction steering devices in
double-flow transmissions of tracked vehicles is perspective.

The following tasks were performed: the way of brake slipping control is con-
sidered; the steering systems with friction variators developed in the SPbPU are
presented and kinematic diagrams of friction steering devices are provided.

The kinematic diagram of double-flow transmission of tracked vehicle with two
gearboxes is shown in Fig. 1. A hydrostatic machine, friction device or controlled
electric motor could be used as a variator located in parallel power flow. The use of
electric motor allows to develop parallel [14] or series hybrid transmission [15, 16].
Research results provided by SPbPU scientists could be used in this case [17–19].

During vehicle linear motion output shaft of the device 2 is stopped. As a result,
the solar gear of summing planetary gear system 3 is also motionless and this gear
system operates as the reducing gear train.

During turn output shaft of device 2 is running. Differential connection between
vehicle sides is provided by drive 7 which gear ratio is (−1). The power flows from

Fig. 1 Kinematic diagram of double-flow transmission with two gearboxes: 1—engine; 2—hydro-
static machine, friction device or electric motor; 3—summing planetary gear system; 4—gearbox;
5—final drive; 6—sprocket; 7—sides connection gear
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the engine and the device 2 are summed by the planetary gear system 3. As a result,
one of the vehicle tracks starts to move faster while opposite becomes slower and
the vehicle performs a turn.

The use of closed-loop steering control system allows to provide continuous vari-
ation of a turn radius and complete correspondence between controller (lever or
steering wheel) positions and turning radiuses. The feedback is provided by measur-
ing angular speed of the vehicle or difference between angular speeds of the opposite
sprockets.

If the layout of engine compartment of modern vehicles should not be changed,
the only alternative to hydromechanical transmission is the friction device. Some
solutions were considered and the friction steering device was developed as a result.
This mechanism consists of a several brakes combined in single unit.

The friction device brake slipping control is provided by pulse width modulation
of pressure [20]. The electromagnetic valve which is installed in the hydraulic system
serves to supply it with liquid according to a law close to rectangular. Operational
frequencies are between 5 and 15Hz [21]. Impulse amplitude is constant and the ratio
between valve opening and closing periods could change. Average operating pressure
is forming in the system as a result. The value of the pressure is well-controlled. The
control of brakes compressive force and slipping is provided as a result which allows
constant variation of friction steering device output shaft velocity. The angular speed
ratio of the opposite sprockets is used as the feedback parameter because the main
control parameter in case of replacement hydrostatic variator with friction steering
device is the angular speed of the vehicle.

The described methods of slipping control could be used during development of
controlled power distribution mechanisms for wheeled vehicles [22–24], planetary
gearboxes [25, 26] and other transmission and vehicle movement control systems
[27].

2 Research Methods

The following methods were used during research: theory of ground vehicles
methods, theory of planetary mechanism synthesis methods, transport vehicle
transmission development methods, calculation and engineering experiment.

Friction steering devices as a part of double-flow transmission were the research
object.

The use of a friction device implicates dissipation of some power portion trans-
ferred from engine. The diagram of a friction steering device is shown in Fig. 2.
This schematics could be used to illustrate any mechanism that has linear connec-
tion between input and output speed or torque. Power loss value depends not on
the friction device structure but on external parameters (such as gear ratios) and
conditions.



52 R. Yu. Dobretsov et al.

Fig. 2 Friction steering device diagram: the words M and ω signifies torque and velocity respec-
tively; index 0 signifies input, C signifies slipping friction element, indexes 1 and 2 signifies
output

The signification method shown above is used for steering mechanism analysis
[28]. This method is also commonly used during power efficiency calculation of
similar mechanism used in tracked chassis [29].

The detailed power balance analysis methods may be found in the study [28]. The
equation of power losses NC in slipping brake is expressed by

NC = (P1 + u0P2)(V1∗ − V1) (1)

Here P1 and P2 is faster and slower track propulsion force; u0 is steering device
with motionless leading link gear ratio (for gearbox located on the vehicle side
u0 = 0); V1∗ and V1 are fixed and current slower track speed [28]. Propulsion force
values are calculated by use of common formulas for vehicle turning on horizontal
surface without track skidding [9, 28]. This simplification may be used in considered
case without major effect on calculation results. The expression for slower track fixed
speed is given below:

V1∗ = VF
ρ∗ − 0.5

ρ∗ + qM
(2)

Here VF is linear motion speed of a vehicle before turn start; ρ∗ is relative fixed
turn radius; qM is steering system kinematic parameter (in considered case qM = 0.5;
and values of uncontrolled and free turn are equal).

The value ρ∗ is derived by gear ratio range:

ρ∗ = 1

2

(u∗ + 1)

(u∗ − 1)
(3)

The gear ratio between vehicle sides during considered turn mode could be
expressed as a relation between gear ratio of each gearbox: u∗ = u2

/
u1.

Linear speed of the track is defined by turn kinematics [9, 28]:
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V1 = VF
ρ − 0.5

ρ + qM
(4)

The expression below is used to calculate relative turn radius value for uncon-
trolled turn:

ρH =
(

μmax

μH
− 0.925

)/
0.15 (5)

where μH = 4qM f B
/
L is turn resistance coefficient value for uncontrolled turn

mode [28].
Calculations were made for main battle tank chassis with two gearboxes located

on the vehicle right and left sides. Vehicle mass m is 42,000 kg; wheelbase and axle
track values are L = 4.31 m and B = 2.80 m respectively; gear ratios are 4.378;
2.159; 1.459; 1.000.

Considered movement regime was based on statistic data provided by “Vniitrans-
mash” [29, 30]. For the following calculations the rolling resistance coefficient f is
0.1; turn resistance coefficient μmax is 0.5; relative turn radius is ρ is 10, vehicle
speed V is 7 m/s. The relative turn radius is considered as ρ = R

/
B, where R is

vehicle turn radius, m.
The value Nc calculation results for turn of a vehicle with two gearboxes are

shown in Fig. 3. Figure 3 illustrates that power losses on control elements (brakes) in
range of most probable turn radiuses are less than 50 kWt. This value may be equal
to 100 kWt while vehicle moves in harsh road condition (during turn with second
gear switched on).

One of the main advantages of double-flow transmission (Fig. 1) is the reduction
of slip power dissipation which makes this transmission type useful in considered
case.

The single-flow friction steering device was developed in the first place for
replacement of hydrostatic variator used in double-flow transmission (Fig. 1).

The hydrostatic variator used in double-flow transmission provides continuous
change of vehicle turn radius from infinite (linear motion) to 12 m.

The main flaw of that transmission type is high hydromotor torque value which
is needed to perform a turn with radiuses from 25 to 12 m.

Operating pressure value should be 600…800 kg/cm2 to reach such torque.
The transmission efficiency in considered radius range is lesser it can overheat

and cannot reach needed torque values.
In this situation hydraulic retarder (not shown on diagram, it is located in the

gearbox hull) is switched on to assist the transmission.
The flaws of this operating type are high heat generation level and transmission

control system complication.
The pivot turn that could be potentially performed by a vehicle with considered

transmission cannot be achieved in practice because of high pressure values needed.
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Slower track Faster track 
1 – brake I gear 
2 – I gear II gear 
3 – II gear III gear 
4 – III gear IV gear 
5 – Vehicle skidding zone while speed is less than 10 m/s 

Fig. 3 Power dissipation on a slipping brake of tracked vehicle with two gearboxes while relative
turn radius is smaller than ρH , indexes

3 Research Results

It is proposed that hydrostatic variator used in double-flow transmission could
be replaced with controlled slip friction steering device to correct flaws shown
previously.

Kinematic diagram of a single gear ratio friction steering device is shown in Fig. 4.
The device structure was developed by professor V. B. Shelomov (SPbPU) during

Fig. 4 Single gear friction
steering device kinematic
diagram: O and h are driver
and follower; TR and TL are
right and left turn brake: Tx
is output shaft brake
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transmission modernization research. Transmission testing and future development
were performed by department “Wheeled and tracked vehicles” scientific group:
Lozin et al. [11].

The device consists of four gears in a double planetary gear set and three brakes:
Tx is linear movement control element, TR and TL are control elements that should
be switched on to perform right and left turn respectively. The input shaftO is forced
to rotate by the engine, the output shaft x is connected with sun gear of corresponding
side summing planetary gear set via gear train.

Friction steering device constructed according to diagram shown on Fig. 4 may
be produced with same size and connection places as the hydrostatic variator which
make them interchangeable. Friction device is similar to a planetary reverse reduction
gear with gear ratio ±2.25. If used in considered transmission it allows vehicle to
perform a turn with relative fixed turn radius 8.51.

The friction steering device allows to continuously change output shaft x speed
via brakes (control units) TR and TL engagement control systemwhichmaintains slip
with speed needed to perform a turn with considered radius. Therefore, continuous
turn radius change, which is the main advantage of hydrostatic transmission may be
achieved in considered case. Moreover, while vehicle performs a turn with radiuses,
close to theoretical, while hydrostatic transmission power efficiency is reducing, the
friction steering device operates with low slipping speed and power efficiency close
to one hundred percent.

The main flaws of a friction steering device are heating and brake discs wear. This
factors, however, may be reduced to minimum via rational selection of fixed turn
radius (or two fixed radiuses), friction pairs number and control system operating
pressure.

The device allows to continuously change turn radius from infinite (linear motion)
to 23.83 m (fixed radius) with any gear switched on. Gear ratios of both right and
left gearboxes should be equal.

It is necessary to switch on a gear with ratio larger than on the opposite gearbox
to perform a turn with lesser radius. Output shaft brake should be switched on if the
turn should be performed during movement with first gear switched on. The turn
will be performed across stopped track with turn radius equal to 1.4 m. The friction
device will not affect turn radius value.

The friction steering device allows vehicle to perform a turn on higher gears with
lesser radius range. Radius range could be expanded by performing slip control of one
opposite device’s brake after another. For example, third gearmay be switched on one
of the opposite gearboxes during movement with fourth gear switched on. Engage-
ment of brake TL , allows to perform a turn with radius 10.8 m, while engagement of
brake TR decreases turn radius to 5.76 m.

A vehicle cannot perform a pivot turn with considered transmission type.
Turn radius could be continuously changed from 24.83 m to lesser theoretical

values with lower gear switched on gearbox of a vehicle side which track should
move slower. Vehicle control performs according to following rules. At first, all
control elements of a friction steering device should be switched off. Next, low gear
should be switched on slower track side (right side for example) gearbox. After that,
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brake TL should be smoothly engaged until theoretical turn radius is achieved. Next,
brake TL should be switched off and brake TR should be smoothly engaged again
until next theoretical turn radius is achieved.

Demonstrated type of control, however, may cause friction device overspeeding
because device parts velocity increases while its control elements are switching on.
Performed transmission kinematic analysis showed that at the moment of control
mode change from normal to considered, while lower gear switched on slower track
side gearbox and turn radius is equal to 23.83 m, left brake disc velocity is 4.68
times higher than input shaft ωO velocity. It means that with input shaft velocity
ωO = 300 rad/s, brake disc velocity will be equal to 1404 rad/s or 13,400 rpm. In
this case considered control type is hardly acceptable.

One of the friction device brakes should be always under control to avoid device
overspeeding. For example, while vehicle performs a turn with radius less than
23.83m it is important to engage corresponding friction steering device brake and set
lower gear on slower track side gearbox. The vehicle in this case will perform a turn
with fixed radius not smoothly enough but without causing damage to the friction
device.

The main factor which determines friction device operating capacity is its brake
slip power. This power depends on turn radius and terrain characteristic. Theoretical
turn brakes TR and TL power values are given in Tables 1 and 2 for different vehicle
speed and input power on fourth gear.

It may be reasonable to use hydraulic retarder in slower track side powertrain
for performing turn with radius lesser than fixed R < 23.83 m. All brakes should
be disengaged in this case. The steering system will operate as simple differential
because power does not transmit through friction device. However, if the hydraulic
retarder will not be fully filled with liquid, it may cause a friction device overheat
and destruction.

Friction steering device life may be increased via utilizing a double-step friction
steering device in transmission. That device should allow vehicle to perform a turn
with two different theoretical radiuses and optimize slip power distribution between

Table 1 Brake slipping power on different speeds and fourth gear, kWt

Turn radius R, m Relative radius ρ Vehicle speed, m/s

13 15 17 19

24.0 8.51 0.0 0.0 0.0 0.0

28.0 10.00 6.4 11.1 18.2 27.9

33.6 12.00 9.3 15.6 25.1 38.6

42.0 15.00 9.9 16.3 25.4 38.2

84.0 30.00 7.0 10.9 16.2 23.2

140.0 50.00 4.6 7.2 10.5 14.9

280.0 100.00 2.5 3.9 5.6 7.9

560.0 200.00 1.3 2.0 2.9 4.1
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Table 2 Friction steering device input shaft power on different speeds and fourth gear, kWt

Turn radius R, m Relative radius ρ Vehicle speed, m/s

13 15 17 19

24.0 8.51 58.0 103.0 167.7 262.5

28.0 10.00 43.3 74.6 122.4 187.8

33.6 12.00 32.0 53.9 86.3 132.9

42.0 15.00 22.9 37.7 58.8 88.4

84.0 30.00 9.7 15.2 22.6 32.4

140.0 50.00 5.6 8.7 12.7 17.9

280.0 100.00 2.8 4.2 6.2 8.6

560.0 200.00 1.4 2.1 3.1 4.3

brakes. To calculate device first step gear ratio it is necessary to set fixed relative turn
radius value ρ∗

1. Previous research, conducted for friction device gear ratio division
optimization for single-step friction steering device shows that it is better to set the
value ρ∗

1 equal to 4,0. First gear ratio in this case will be equal to i1 = 1.507.
The value ρ∗

1 of fixed relative turn radius is set to calculate device gear ratio on first
step. Previous research, conducted for friction device gear ratio division optimization
for single-step friction steering device shows that it is better to set the value ρ∗

1 equal
to 4.0. First gear ratio in this case will be equal to i1 = 1.507.

To calculate value ρ∗
2 it is necessary to consider turn radius range from ρx1 (relative

turn radius which value is limited to prevent vehicle skidding) to ρ f (relative radius
of free turn).

Method of random selection was used during calculation. The value N ∗
C = NC ·

f (ρ) (kWt), where f (ρ) is probability density of vehicle turn with relative radius
set. [29] was calculated for each step.

The optimization criteria is local minimum of function showed below:

G(ρx1, ρx2) =
ρx2∫

ρx1

N ∗
C1dρ +

ρf∫

ρx2

N ∗
C2dρ → min (6)

Here N ∗
C1 and N ∗

C2 are values, considered separately for first and second friction
device steps. The local minimum is reached while parameter ρx2 = 12.1. Step gear
ratio is equal to i2 = 7.605.

The most compact and easy-to-realize friction device structure was selected from
all considered variants, each of which allows realizing slip control of a brake. The
diagram of double-step friction steering device with planetary reverse system is
shown on Fig. 5.

The friction steering device planetary reducing gear set has two control elements
T1 andT2 and realizes twooperationalmodes.Thedirectionof anoutput shaft rotation
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Fig. 5 Double-step friction steering devicewith planetary reverse systemkinematic diagram:O and
x—input and output shafts respectively; T1 and T2—first and second step brakes: T and F—reverse
brake and clutch

could be changed via switching on brake T or blocking clutch F with hydrostatic
control.

Brakes T1 and T2 operates in slipping control mode while vehicle turns with turn
radius value higher than theoretical.

4 Results Discussion

The expected flaws of a double-step friction steering device in comparison to single-
step device are:

– Higher parts number (and therefore higher price and complication of mechanism
and its lower reliability.);

– The device is harder to develop with size equal to hydrostatic variator (but at first
glance each transmission size could be equal).

The expected advantages of a double-step friction steering device are:

– Lower expected friction disk wear;
– Continuous variation of turn radius during control element switching.

Control algorithms and element base of control system are expected to be not
significantly different for both of considered friction steering device types in terms
of reliability, complication and element price.

Hydrostatic variator used in transmission with single gearbox could be also
replaced with friction steering device (Fig. 6).

The hydrostatic variator load in this case will be higher in comparison with variant
shown in Fig. 1. This fact will cause hydrostatic variator size growth. Theoretically
a triple-step friction steering device with a same size can be used in this case. Its first
step will be used to perform a pivot turn. (ρ∗

1 = 0). Second step will be used, similar
to double-step device, to perform a turn with relative radius ρ∗

2 = 4. It is possible to
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Fig. 6 Single gearbox double-flow transmission diagram: 1—gearbox; 2—hydrostatic variator,
friction steering device or electric motor; 3—summing planetary gear system; 4—vehicle side
brake; 5—final drive; 6—sprocket; 7—sides connection gear

use function minimization principle G
(
0.4, ρ∗

3

) → min shown early to set radius ρ∗
2

value.
It appears that friction control element slipping speed will increase in case with

single gearbox (Fig. 6) compared with two gearbox transmission.
Value u0 = −1 is equal for both systems. This means that while external condi-

tions is constant for considered vehicle, equation of power losses in slipping brake
is expressed by:

NC = f
(
ω∗

1 − ω1
) = f

(
u∗) (7)

In reality: ω∗
1 = 2ωf

/
(u∗ + 1). This means that as the value u∗ grows, slipping

speed and power reduce if sprocket velocity stays constant.
For vehicle with two gearboxes:

u∗ = u∗
SGT − k

−u∗
SGT − k

(8)

where u∗
SGT is friction device step ratio given for sun gear of summing gear train

(including parallel power flow gears gear ratios); k < 1—summing gear kinematic
parameter.

For vehicle with single gearbox:

u∗ = u∗
SGT − kuG

−u∗
SGT − kuG

(9)

where uG is gearbox gear ratio.
In real transmission for both cases values u∗

SGT will be different, but for com-
parison both of them considered as equal. In this case while uG is equal to 1 (linear
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motion) value u∗ calculation formulas will be same for both transmission types. In
other cases value uG growth will cause value u∗ reduction. It means that friction
control element slipping power in single gearbox transmission on lower gear will
increase and friction steering device will operate in harder conditions.

Friction steering device, however, could be used as an alternative to hydrostatic
variator primarily because the production of domestic hydrostatic machines which
has needed parameters and can operate in motor-transmission compartment dense
structure is not exist. The case of friction steering device integrated in double-flow
steering mechanism with nonlinear radius to vehicle speed dependency (or radius to
gearbox output shaft velocity dependency) causes future research interest [31].

5 Conclusions

Friction steering device tests positive experience proves a possibility of developing
considered mechanism for operation in transmission compartment dense conditions.

Friction steering device could be used as an alternative to hydromechanical
transmission used in tracked vehicles.

Friction steering device expected advantage is its lifetime growth due to control
element friction disc wear optimization.

The growth of power which is flows through friction device requires multistep
mechanism structure, which allows friction disc lifetime growth while mechanism
enlargement stays insignificant.

It is expected, that in case of transmission with two gearboxes the dissipation of
power on friction device used in parallel power flow will be lower than in case of
transmission with single gearbox.
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The Mechatronic Device Impulse Control
in Vehicle Powertrains

Roman Yu. Dobretsov and Darya V. Uvakina

Abstract Advantages of disk clutches in low-frequency pulse width modulation
(PWM) mode of the hydraulic drive pressure is considered by an example of tracked
vehicle steering control mechanism. It is shown that the slip control of the disk clutch
using a closed-loop (follow-up controls) system can significantly improve the quality
of control when using nodes of a traditional design.

Keywords Disk clutches · Slip control · Closed-loop systems · Automatic
transmissions · Unmanned ground railless vehicles

1 Introduction

The general formulation researches subject are the control processes (algorithms) for
the highly loaded disk clutches (DC) in transmissions of vehicles. The implementa-
tion of such algorithms is aimed at ensuring the operation of transmission units of
transport and transport-traction wheeled and tracked vehicles in automatic, remote
and autonomous control modes.

Currently, control objects should be considered as mechatronics objects, since
a node, as a product of precise mechanics, functions in the composition under a
control system, and high operational performance can only be obtainedwith a rational
combinationofmechanics and control systemcapabilities (in this case, the synergistic
effect of themechanical system interactionwill be, and emergencewill also be, that is
whole system acquires properties that are unattainable for its individual components.

DCare used in automated and automatic transmissions [1, 2] of traditional andpro-
jected unmanned transport and tracked vehicles (the quality of gear shifting depends
on the smoothness and timeliness of DC operation); in the steering mechanisms of
tracked vehicles [3–6] (torque smooth changes and angular rate provide high oper-
ational properties of the mechanism); projected mechanisms of power distribution
[7–9] and other.
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In addition to providing sufficient reliability and durability, a key operational fea-
ture of the DC in a modern transmission is the ability to accurately control of the
torque and angular rate of the output shaft. Without an electronic-hydraulic control
system, this problem cannot be solved. In some cases (for example, the power distri-
bution mechanism of a passenger car [7, 9]) an electromechanical drive can be used,
but the hydraulic drive is better for highly loaded systems.

The task can be solved as a choice of the pressure change law in the hydraulic
drive and pressure values control in real time, i.e. determining the composition of
the control system, the parameters of its actuating elements and constructing algo-
rithms for its operation. Thus, the control system should be closed-loop, taking into
account the current technological development level is preferably digital, suitable
for integration into the CAN interface. Feedback for the purpose of a single clutch
is carried out by the output shaft rotation frequency. Feedback can be for the system
as a whole—for the case of the tracked vehicle steering mechanism, the feedback is
carried out according to the rotation angular rate of the machine, for the anti-lock
braking system (ABS), that is based on the analysis of the wheel angular rates.

Such control problems are solved by using of amplitude and pulse width modula-
tions of pressure in a hydraulic drive. Amplitude modulation requires more sophis-
ticated executive equipment and is inferior to the more common pulse-width mod-
ulation of pressure (PWMP) [10, 11] in many other aspects. When using PWMP,
pressure is supplied to the hydraulic system in the form of pulses (the pulse shape
is close to rectangular), and the effective pressure value is formed as the average,
which is free-ranging established in the hydraulic system.

The PWMP systems available on the market operate with high modulation fre-
quencies (i.e. they provide only pressure control), require high oil purification and
short hydraulic paths. It is proposed to implement PWMP in the frequency range of
5–15 Hz. Such frequencies allow to control not only the pressure in the drive, but
also directly affect the compression force of the disk pack, i.e.to control the slipping
process. This frequency range allows the mechanical part of the node to effectively
work out the control law; the control valve has a simpler design and cheaper, is able
to work with the whole spectrum of varieties of oils and is less demanding on the
quality of cleaning; it becomes possible to work with long hydraulic lines, i.e. to
upgrade existing units containing DC, and not completely redesign them.

The work aim is to show the capabilities of the follow-up control system for the
slipping of DC in terms of the tracked vehicle steering mechanism. To achieve the
goal, tasks related to modeling the operation of the tracked vehicle steering control
system, the organization of bench and prototype tests were solved.

The main functions of the tracked vehicle steering control system are to ensure
the best controllability of the vehicle, stability of movement, obtaining high speeds
and minimizing the power demand when steering. The control system cannot realize
these functions without control objects is steering mechanisms.

A detailed description of the steering mechanisms design and analysis of kine-
matic and force relationships in the traditional setting are given in [3]. A modern
approach to the analysis of kinematics and the construction of a power budget of
the steering mechanism and its control algorithms is described in [4, 5, 12–16]. The
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application of these methods allows the calculation to determine the loads acting on
the input and output shafts of a real transmission, and in bench conditions to set the
load values close to real ones.

In a single-link tracked vehicle power steering control is most widely used due to
a change in the ratio of traction forces on the lagging and running sides. The steering
mechanisms used in this case are independent or onboard (side clutches, final drives,
etc.)—the speed change of one track is not associated with a speed change of the
other.

The kinematic control of a steering (drivingwheel speeds control in the absence of
slippage in the steering mechanism) requires more complex mechanisms, although it
is preferable for a high-speedmachine as far as drivability and stability are improved,
and energy demands for a steering is reduced. The mechanisms used are usually
dependent or differential - the change in airspeed is interconnected. As an example,
we can mention the double differential, although now two-stream differential trans-
missions with hydrostatic transmission in a parallel power stream is more relevant
to use.

The kinematic method of steering control on domestic tracked vehicles is rarely
used. The urgent problem remains to improve the quality of steering control with-
out significantly complicating the transmission scheme and increasing its cost. This
approach leads to the search for technical solutions that can radically improve the
stability and controllability of the machine movement, using the power method of
steering control and commercially available transmission units.

The use of a closed-loop steering control system is an example of this approach.
The traditional steering control system is open: the control position set by the driver
does not correspond to the specific value of the steering radius. The driver is forced
to constantly correct the vehicle trajectory. That reduces the movement speed, is
accompanied by additional energy demands (as a result, increases fuel consumption),
increases the driver fatigability.

The closed-loop steering system does not have these disadvantages. The vari-
able by which the feedback is carried out is, for example, the vehicle turn angular
speed. The control object can be commercially available transmission units (e.g. on-
board gearboxes) or specially designedmechanisms (e.g. friction-controlled steering
mechanism (FSM) for a split powertrain). The cost of upgrading the control system
is relatively small.

The use of the closed-loop steering control system makes possible high-quality
long-distance control of a tracked vehicle (including a tank when solving combat
tasks).

When it comes to tracked vehicles with on-board gearboxes, the issues of steering
control automation and the introduction of closed-loop control systems were solved
earlier when the T-72 tank wasmodernized in Czechoslovakia, works was carried out
in China and other countries. Recently, interest in the problem of a steering control
automation has also been indicated in Russia (e.g. works on modernizing the T-72 at
the UKBTM [17], the research started at the Bauman MVTU [18, 19], which began
in the 70 s of the 20th century, is continuing).
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Fig. 1 An tracked steering control system arrangement with the pressure pulse width modulation:
1—a master; 2—a differential amplifier; 3—the pulse width modulator; 4—an control object (DC);
5—a feedback sensor

The DC slipping in the steering mechanism should be controlled to obtain an one-
to-one association between the controlmember position (steeringwheel or traditional
levers) and the vehicle turn angular speed. A smooth and stable change in the slipping
speed of disks pack depending on the position of the control should be obtained to
ensure the control. Therefore, the pressure pulse width modulation principle [11] in
the hydraulic cylinders of the stalled control elements is used.

It should be note two DC must be turned on simultaneously in order to obtain an
operatingmode inmechanismswith three degrees of freedom (for example, on-board
gearboxes). However, in theoretical researches and bench tests, it can be assumed
that a disk pack of only one element (having a lower safety factor for transmitted
torque) will slip when turning with a radius less than the calculated (fixed) one.

The composition, structure and operation principles of the control system will be
explained in the diagram (Fig. 1).

The system main elements are a master 1 connected to the machine control, a
differential amplifier 2, a pressure modulator 3, an effector 4— in this case, an
electromagnetic valve in the friction control line; a feedback sensor 5.

When movement is rectilinear, the steering control is in the initial position, the
signals of themaster 1 and the feedback sensor 5 are equal. The differential amplifier,
when the input signals are equal, produces zero voltage at the output, and a signal
with zero pulse ratio (infinite duty ratio) is output to pressure modulator 3, i.e. there
are no voltage pulses at the modulator input. The electromagnet of the modulator 3
is de-energized, the slide-valve is in the drain position, the control element 4 is off.

For the vehicle to go round in corner, the driver moves the control member, which
leads to the appearance of an error signal at the output of the differential amplifier
2. The pulse ratio of the signal at the input of modulator 3 becomes close to or equal
to unity. The modulator electromagnet starts on and throws the slide-valve to the
discharge position. The control cylinder is filled and turned on.

As soon as the deceleration of the steering mechanism output shaft begins, the
machine drives into the curve. In this case, the error signal from the amplifier 2 will
decrease, which will lead to a decrease in the pulse ratio at the input of the modulator
3. The modulator 3 enters the modulation mode and starts alternately connecting
the hydraulic cylinder to the pumping or discharge line. After that, the system will
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dynamically balance, and the working control will slip at a constant speed, turning
with a defined radius.

The control member displacement in the opposite direction reduce the pulse ratio
to zero. When the control member turns off, the car exits the turn.

The described control system was used when working on stopping brakes, a
steering mechanism with on-board gearboxes, and when developing a friction steer-
ing mechanism. At different times, Ph.D., professor A.V. Boykov; Ph.D., Senior
Researcher A.P. Grigoryev; Ph.D., associate professors A.D. Elizov and N.N. Demi-
dov, Doctor of Technical Sciences, Professor V.B. Shelomov and R.V. Rusinov, engi-
neer I.P. Dubovikov and JRF V.V. Tsvetkov and other employees of the department
“Wheeled and tracked vehicles” LPI-LSTU took part in researches of the problem.

In the work, not only control system modifications and the modulator assembly
design were proposed and the main parameters were selected, but an experimental
bench and a system prototype for running trials were created. Currently, the bench
is used mainly for educational purposes and without significant modifications, it can
be used to work on a prototype of a tracked vehicle steering control system made on
a present-day element base.

2 Methods and Materials

Two groups of methods were used in the research: a rated experiment (selecting the
mainweight and size and energy parameters of the test bench, development of control
algorithms for the test object) and an engineering experiment (activation, debugging
and setting of the test bench; of the control system components debugging in bench
conditions, etc.). Theoretical methods (synthesis, abstraction, generalization, deduc-
tion, analogy, computer modeling) and empirical methods (description, comparison)
can also be used at work various stages of the work.

The kinematic diagram of the bench created at SPbPU for studying the controlled
slipping [20] is shown in Fig. 2.

The bench drive is from a three-phase asynchronous electric motor 1 with a
capacity of 125 kW at 1450 rpm. A disk brake 5 is a bench controlled friction unit. A
booster, into which oil is supplied from the tested pressure control system, activate
the brake 5.

A flywheel 3 with a inertia variable torque is installed to simulate the inertial
masses of the machine, transmission and chassis. The rotation to the flywheel 3 is
transmitted from the engine 1 through a permanently closed friction clutch 2. The
reduction gear 4 is installed behind the flywheel 3 and serves to obtain the required
slipping speeds. Due to the slipping of the clutch 2, the rotational speed of the shaft
6 of the brake 5 can be controlled in the range from 0 to 400 rpm.

The control of the turning radius on the stand is limited to controlling the rotation
frequency of the shaft 6 of the controlled brake 5.

The braking force on the lagging board, the value of that depends on the soil
properties, should be created to obtain a selected turning radius in a real vehicle with
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Fig. 2 The bench kinematic diagram for testing the DC and split powertrain: 1—electric motor;
2—friction clutch for bench loading; 3—flywheel; 4—reduction gear; 5—testing DC; 6—input
shaft of the DC; 7—strain-measuring shaft

power control. This braking force is created by the included control element, and
the torque, which should be balance the friction forces in DC, is supplied to its shaft
from the outside of the transmission from the side of the drive wheel. At the bench,
the slipping clutch 2 creates this torque by the controller control pressure in it.

3 Results

A turning a tracked vehicle feature on most soils is the torque on a drive wheel
of the lagging track is inversely proportional to the turning radius. This circum-
stance requires a change in the torque of the clutch 2 on the bench depending on the
controlled brake shaft speed.

Magnitude of the control member, controlled brake shaft speed, pressure in the
controlled brake hydraulic cylinder and torque on the brake 5 are measured on the
bench.

As far as the bench contains only one controlled brake, it doesn’t have a funda-
mental possibility to continuously study the entire range of control of turning radii
from infinity to a fixed one for the case of simulating turning a vehicle with planetary
three freedom degrees gearboxes.

It is for this reason, all test modes were divided into two subranges according to
the turning radius: from infinity to free, i.e. a turn when the friction clutch of the
rectilinear movement is controlled to be switched off; from free to fixed, that is, a
turn when the clutch is in low gear.

On each of the sub-ranges along the turning radius, the test program provided for
a series of experiments to study the response of the control system to various types
of influences through the control member: step-by-step movement in the direction
of decreasing the turning radius, on the contrary, with the shutter speed necessary
to complete the transient processes; impulse action (moving the control member by
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Fig. 3 Static characteristic (the dependence of the DC slipping speed Us on the control member
position ᾱcmp): for the serial steering control system (left) and pilot model (right)

25–50% of its full stroke with subsequent return to its original position); manual
tracking of a selected trajectory with variable turning radii along the way.

At each of the test modes, the influence on the control quality of the modulation
carrier frequency from 1–2 Hz (lower limit) to the maximum level that the execu-
tive electro-hydraulic element could work out (at a selected regulation depth) was
checked. In practice, that upper level did not pass 15 Hz in experiments (with a
regulation depth of 0.1–0.9).

As a result of testing various options for the steering control system, it was found
that themost accurate pressure control in the hydraulic cylinder of the control element
is made possible by the closed-loop tracking system using pulse-width modulation
of the control pressure in the hydraulic system. In addition, the pressure pulsation
value in the hydraulic cylinder is reduced.

The system operation stability was confirmed experimentally over the entire range
of a turning radii variation and the operating modulation frequency optimal range
was revealed.

The use of a discrete steering follow-up controls improves the quality of the
steering control of a vehicle with an on-board gearbox in all respects. Moreover,
the proposed steering control system, in comparison with the series-produced one,
showed absolute stability in the entire range of turning radii from infinity to fixed;
3–5-fold less delay time for entering the turn; 3–4-fold better stability of the vehicle
heading in a turn; 2–5-fold smaller amplitude of impacts on the control member
when moving with large radii; almost full use of the swing lever to control the
vehicle. Increasing the modulation frequency improves control (in experiments, the
frequency was 8–15 Hz, depending on the type of electromagnets used). The use
of faster electromagnets can increase the carrier frequency of the modulation and
improve the quality of the system.
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As an illustration, for comparison the static characteristics of the basic and exper-
imental control systems (Fig. 3) are given. The static characteristic of a discrete non-
feedback rotational control system is not much different from the static characteristic
of a serial system.

The system has a very “nebulous” static characteristic, because the dependence
of the DC slipping speed Us on the control member position ᾱcmp is very unstable
with a serial steering control system.

The discrete follow-up steering control system allows to get stable speed control
of control element disks slipping, therefore, its static characteristic shows that when
moving the control (within the limits corresponding to the inclusion of a gear), the
slipping speed Us monotonously changes. It should be noted that due to setting up
the system, the required static characteristic was obtained.

4 Discussion

The use of follow-up systems to control the DC slipping allowed to begin work
in an adjacent direction is the development of the layout of the FSM. The FSM is
designed to replace hydrostatic transmission in a double-flow caterpillar steering
mechanism (Fig. 4). The feasibility of such a replacement was primarily due to the
lack of domestic technology for the production of compact hydrostatic gears with
the necessary parameters.

Fig. 4 The split powetrain diagram with friction-controlled steering mechanism: 1—engine; 2—
FSM; 3—summing planetary gear set; 4—on-board gearbox; 5—final drive; 6—drive wheel of the
side; 7—inter-board contact
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In a rectilinear motion, the power from the engine 1, through the summing plane-
tary gears 3, on-board gearboxes 4 and final drives 5, is supplied to the drive wheels
of the sides 6. Parallel power flow is stopped by stopping the output shaft of the FSM
2.

When turning, part of the power comes from the engine to the FSM 2. The gear
ratio implemented by the FSM determines the change in the speed of the sides and,
accordingly, the radius of the turn. Power flows are summarized in mechanisms 3.
Communication between the sides is ensured by transmission 7 (gear ratio is –1).

The use of a closed-loop control system in combinationwith the principle of pulse-
widthmodulation in the hydraulic systemof the includedFSMcontrol element allows
controlling the process of slipping of the disks, which means providing a smooth
change in the gear ratio of the mechanism in the entire range being implemented, i.e.
steady movement when turning with any radius. It is impossible to get a turn around
the center of gravity for this transmission scheme.

A single-stage FSM was manufactured and passed successful trials on a running
model. The test program was curtailed due to lack of funding. For the same reasons,
the two-stage FSM has reached only the stage of a conceptual design.

In terms of reducing energy consumption when a machine turning [21] and reduc-
ing the load on the engine and transmission elements [3, 21], the use of a follow-up
control system and pressure pulse-widthmodulation in the hydraulic system provides
advantages due to the reduction in slipping operation. Some gain is also achieved by
accelerating the exit of the car to the path set by the driver. But the main advantages
are realized precisely by improving the controllability of the machine [18, 19], and,
as a result, reducing driver fatigue.

Actual in the near future is the implementation of the principles of the created
control system on a modern set of components (the use of a microcontroller, more
reliable electromagnetic valves with a higher response frequency, modern feedback
sensors, etc.).

The development of the principle of controlling the disks slipping speed of the DC
is the direct basis for working on a controlled power distribution mechanism for the
vehicle’s transmission [7–9]. The obtained methods of bench tests and mathematical
models [10] allow us to evaluate the parameters of the control system of such a
mechanism. In the domestic automotive industry, these tasks have not yet been solved.

Further prospects for the application of the PWMP principle in controlling
the tracked vehicles movement seem to be associated with the development of a
hyperbolic rotation mechanism based on the FSM [22], the construction of vari-
ous types of hybrid transmissions [6, 23, 24], including those using electrical and
electromechanical complexes developed by SPbPU scientists [25–27].

Experiencewith discrete control systems using the principle of pulse-widthmodu-
lation can be applied towork on the carABS. The backlog of the domestic automobile
industry in this area from the world level is considerably.
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5 Conclusion

In the final analysis, it can be argued that the use of a closed-loop control system for
turning a tracked vehicle is efficient and appropriate, and the experimental, method-
ological and theoretical basis obtained when working on the system can become the
basis for working on modern transmission mechanisms and car control systems.

The experience of research made by SPbPU specialists allows to conclude that
it is advisable to use low-frequency PWMP with DC used in transport vehicles
transmissions. It is of interest to extend the scope of application of such a control
technique to transmission units of wheeled and tracked tractors and special machines
based on them chassis.
Implications.

1. Control over DC slipping in the transmission nodes of transport vehicles will
significantly increase the quality of vehicle traffic control. Moreover, the use of
the principle of low-frequency (5–15 Hz) pressure modulation in the hydraulic
drive allows to directly control the slipping of the disks.

2. The results of calculated, bench and full-scale experiments show that pulse con-
trol based on low-frequency (5–15 Hz) pulse-width modulation allows control-
ling the disk control element slipping and significantly increasing, for example,
the quality of tracked vehicle steering control.

3. Low-frequency pulse-width modulation for hydraulic disk control elements
drive can be used in traffic control systems of tracked vehicles, automated and
automatic transmissions of transport and traction machines, power distribution
mechanisms of wheeled vehicles, etc.
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Consideration of Friction in Linkage
Mechanisms

Alexander N. Evgrafov, Gennady N. Petrov and Sergey A. Evgrafov

Abstract Flat structural groups with revolute and prismatic kinematic pairs are con-
sidered. At the approach of such groups to singular positions, internal reactions in the
hinges sharply increase, which can lead to the effect of self-braking, at which further
movement of the links becomes impossible. Accounting for friction in kinematic
pairs allows us to determine the conditions for the occurrence of such a regime. The
models of plane revolute and prismatic kinematic pairs with friction are described.
The algorithm for constructing structural groups with substitute ideal kinematic pairs
is shown. Hitting such groups in a singular position indicates the possibility of the
emergence of a mode of self-braking.

Keywords Structural group · Assur group ·Mechanism · Self-braking · Replacing
the ideal kinematic pair · Friction

1 Introduction

In recent years, there has been an increased interest in studyingmechanisms in which
frictional forces play a significant role. Le Xuan Anh in his fundamental monograph
[1] considers the general theory of motion of mechanical systems with Coulomb
friction. The book discusses the problems associated with deriving equations of
motion, with Painleve’s paradoxes, with frictional self-excited oscillations.

In paper [2], the authors consider dynamics of a solid body with a sharp edge
in contact with a rough plane. Dynamics of the system is considered within the
framework of three mechanical models which describe different modes of motion:
the point is fixed, slides, or loses contact with the bearing.
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Klepp [3] considers solutions obtained for the same position, velocity, active
forces, and friction parameters, but with different modes of contact between the
sliders and their guide rails.

Paper [4] presents the analysis of friction contacts for multi-link systems with
spatial prismatic joints on the basis of tiny clearances.

Acary [5] studied algorithms of numerical temporal integration for non-smooth
mechanical systems, which were subject to one-way contacts, impacts, and Coulomb
friction.

Paper [6] presents and discusses the finite elements method for dynamic descrip-
tion of multibody systems with the frictional translational connection. The contact
force model is developed on the basis of the penalty method and a criterion is pro-
posed to estimate the influence of the gap size on the nodal contact forces. The
time-varying states of the node contacts are determined by applying two contact
detection algorithms for sticking and sliding, respectively.

The main difficulties in solving mechanical systems with impacts and friction
arise as a result of instantaneous changes in contact forces during transitions from
contact to separation, as well as from sliding to sticking or backward sliding. Two
types of methods were proposed to solve these problems: the trial and error algorithm
[7] and the algorithm based on complementarity [8].

Researchers [9] applied the algorithm based on complementarity to work with
flexible mechanical systems that include one-way contact and friction. However,
such an algorithm must solve linear (or non-linear) equations of complementarity,
which is rather time-consuming.

One of the most important modes of mechanisms in which friction forces are
strong is a self-brakingmode. Inwork [10], the dependencies connecting geometrical
parameters with the values of the minimum coefficients of sliding friction are con-
structed, during the implementation of which the self-brakingmechanism is ensured.
In papers [11, 12], the analysis of the concept of self-braking and known analytical
and geometrical criteria of this phenomenon is given. It is proposed to study the phe-
nomenon of self-braking with the help of the parameter of a link braking equal to the
inverse sign of the ratio of elementary work of internal resistance forces and driving
forces. Kargin P.A. studied the efficiency of the drive of load-lifting machines with
self-braking [13]. The authors of paper [14] evaluated the quality of self-tightening
nuts. The main functional feature of this nut is self-braking in the absence of axial
forces. This property is provided by the fact that the nut together with the bolt is a
prestressed pair, in which a constant preload is created by guaranteed tension. Paper
[15] presents an original method of determining reactions in kinematic pairs with
allowance for friction forces. On the basis of this method, the quality criterion of
the current position of the mechanism is proposed—the factor of safety of assembly,
which shows the degree of remoteness for structural groups from the positions in
which self-braking can occur. The authors of papers [16, 17] presented results of the
research on the synthesis of gear meshes in order to achieve the self-braking effect
in them. Papers [18–20] consider the processes of self-braking of linkage mecha-
nisms on the example of an Assur group with rotational kinematic pairs (joints). The
conditions under which the self-braking and braking modes arise are determined.
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The aim of this paper is to examine structural groups with rotational and trans-
lational ideal and non-ideal kinematic pairs. Consideration of friction in the joints
is particularly important for the approach of the mechanism’s structural groups to
special positions. The task of determining reactions in the joints with considering
friction forces is often not set. It is worth estimating how close to a special position
it is possible to approach, without getting into a self-braking mode. Let us carry out
such an analysis on the example of Assur groups consisting of two links and three
kinematic pairs:

• RRR (three rotational KP),
• RRT (two rotational and a translational KP).

2 Models of the Rotational KP

Let us use the models described in [20]. For the ideal rotational KP (Fig. 1a), let us
write the projections on the axis of reaction R2 from the first link to the second one:

R2x = R2 cos α,

R2y = R2 sin α,

where R2 = ∣
∣R2

∣
∣

α is the angle between axis x and vector R2.
Moment relative to rotation axis MR

2 = 0.
With allowance for friction forces (Fig. 1b), the value of torque can be determined

from expression

MR
2 = −εVρAR2,

where εV = sign ω21 = ±1 is the sign of angular velocity of the second link relative
to the first one,

ρA is a friction circle radius.

Fig. 1 Models of the
rotational KP a ideal RKP,
b non-ideal RKP
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The replacing ideal kinematic pair (RIKP) should have the same reactions as
the initial KP with friction. In our case, the axis of the RIKP is located at point A′
(Fig. 1b), through which vector R2 passes. A lot of such RIKPs are located inside
the friction circle in the absence of the relative motion of the links (ω21 = 0) or on
the circumference of the friction circle radius ρA with (ω21 �= 0).

3 RRR Assur Group

Let us consider a dyad with three rotational kinematic pairs ABC (Fig. 2).
For a certain set of forces acting on the group and relative angular velocities of

the links, it is possible to find an Assur group with RIKP A′B′C′ [1]. Many joints of
such groups are located on circumferences with radii ρA, ρB, ρC or inside these radii,
when the relative angular velocity of the links connected by the mentioned joint is
equal to zero. If among this set there is at least one mechanism with an RIKP in a
special position, when the joints are located on a straight line (A′B′C′, Fig. 3), the
group can enter the self-braking mode, when further movement of the links becomes
impossible.

Fig. 2 RRR dyads replacing
IKP
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4 Models of the Translational KP

Let us consider the model of the translational ideal KP (Fig. 4a). Let us orient axis x
along the line of the relative motion of the links. Let us write down the projections
of reaction R2 from the first link to the second one on the axes and torque MR

2 :

R2x = 0,

R2y = N,

MR
2 = N · s,

where N is the normal reaction,
s is displacement of the normal reaction relative to the origin of the coordinates.
For a non-ideal kinematic pair, if a contact of the links occurs on one side, it is

possible to introduce a force of friction which is directed against the relative motion
of the links (Fig. 4b):

F = −εVf|N|,

where f is the coefficient of sliding friction,
εV = sign V21 = ±1—is the sign of velocity of the second link relative to the

first one.
Let us write down the projections of the reaction and the torque:

R2x = −fεVεNN,

R2y = N,

MR
2 = N · s − fεVNh,

where εN = sign N = ±1 is the sign of the normal reaction,
h is half the height of the slider.
For this model of the translational KP, it is possible to determine the angle of

friction, which is equal to the inclination angle of the RIKP (Fig. 4b):
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tan γ = −R2x/R2y = fεVεN.

The above model can be used if s is within the range of

−l ≤ s ≤ l,

where 1 is half the length of the slider.
If this condition is not fulfilled, we receive the contact not on one, but on two

surfaces of a translational pair. In this case, for example, a model with two-point
contact is used [10], Fig. 5. In points A and B, there are reactions NA,NB and friction
forces FA,FB. If normal reactions are negative, their application points become A′
i B′, respectively. Let us write down the projections of reactions on the axes and
torque:

R2x = −fεVεNANA − fεVεNBNB,

R2y = NA + NB,

MR
2 = l(NB − NA) − fεV(NB + NA)h,

where εNA = signNA, εNB = signNB.

If εNB = εNA, we obtain themodel considered before as in this case l(NB − NA) =
s · N, NB + NA = N.

If εNB = −εNA = εN, we obtain

R2x = −(fs/1)εVεNN,

R2y = N,

MR
2 = N · s − fεVNh.

Thus, the friction angle (angle of inclination of the RIKP guide rail) increases:
tan γ = −R2x/R2y = (fs/1)εVεN ppi |s| > l.
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Fig. 6 RRT dyad a replacing IKPs, b self-braking mode

5 RRT Assur Group

Let us consider as an example an RRT dyad with a translational kinematic pair
(Fig. 6).

If you search for a group with a RIPK at the given external forces and motion
speeds of the links, joints A′ and B′ will be located on circumferences ρA and ρB,
respectively, the guide rail of the translational pair should be inclined by friction angle
γ (Fig. 6a). Similar to the RRR dyad, let us show the position in which groups exist
in a special position among the set of groups with RIKPs, when the angle between
segment A′B′ and the translational RIPK becomes equal to π/2 (Fig. 6b) and there
is a possibility of self-braking.

6 Conclusion

In conclusion, we should note that if among the set of structural groups with RIKPs
in a given position, there were groups in a special position, it only indicates the
possibility of the self-braking mode occurring at certain external forces and relative
motion speeds of the links. But even if the effect of self-braking does not occur, in
this case, most often, there is a sharp increase in reactions and friction forces in the
joints, which negatively affects performance of the mechanism.
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Energy Flux Analysis of Axisymmetric
Vibrations of Circular Cylindrical Shell
on an Elastic Foundation

George V. Filippenko

Abstract Dispersion of elastic waves in an infinite circular cylindrical shell of
Kirchhoff-Love type is studied. The spring-type boundary condition on the outer
surface, analogous to Winkler foundation for a plate is considered. The problem of
free shell vibrations is explored. The dispersion equation and the dispersion curves
character in the vicinity of the veering point is analyzed. The propagating waves
and their energy fluxes in the shell are investigated. The contributions to the total
energy flux of various energy transfer mechanisms in the shell are compared. Their
short-wave and long-wave asymptotics are analyzed.

Keywords Wave propagation · Cylindrical shell · Shell vibrations · Local and
integral energy flux

1 Introduction and Statement of the Problem

Cylindrical shells in liquids have long been studied in connection with rich appli-
cations in engineering and construction. This is one of the most important elements
in modeling acoustic waveguides, various pipelines, supports of offshore drilling
rigs and other hydraulic structures [1–20]. Axisymmetric wave processes [6] are of
particular interest due to their frequent occurrence and the convenience of analytical
analysis.

Let us consider the free vibrations of an infinitely extended circular cylindrical
shell of Kirchhoff-Love type [14]. The cylindrical coordinate system (r,ϕ, z) and
local coordinate system (t,n,k) are introduced. Here the axis z coincides with the
cylinder axis, the vectors t,n are respectively the tangent and normal unit vectors to
the shell and the vector k is the unit vector along the axis z. The displacement vector
u = (ut , uz, un)T (T—is the sign of the transpose operation) describes the vibrational
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field in the shell. Only axisymmetric oscillations will be considered below, therefore
ϕ will be omitted in the function arguments.

Similar to Winkler foundation for the plates, Winkler force acts on the boundary
of the shell, normal to it (reaction of Winkler foundation)

fn(z) = Knun(z); −∞ < z < +∞, (1)

where Kn is the coefficient of elasticity of Winkler foundation. The boundary con-
dition is supplemented by the condition at infinity z = ±∞ [13]. The homogeneous
waves in the shell traveling from z = −∞ to z = +∞ are considered.

The following notations are introduced: cs =
√
Eh/

((
1 − ν2

)
ρ
)
is the velocity

of deformation waves propagation of the middle surface of the cylindrical shell; E,
v and ρs , is Young’s modulus, Poisson’s ratio and volumetric density of the shell
material, respectively, h is the thickness of the shell, ρ = ρsh is the surface density,
R is the radius of the cylindrical shell. The dependence of all processes on time is
assumed to be harmonic with frequency ω and the time factor exp{−iωt} is omitted
everywhere.

In addition, the dimensionless parameters are introduced: the dimensionless fre-
quency w = ωR/cs and the parameter α2 = (1/12) (h/R)2 characterizing the
relative thickness of the shell.

In the axisymmetric case, the balance of the forces acting on the cylinder (taking
into account Winkler force as in [1]) can be written in the form (−∞ < z < +∞)

Lu =
⎛
⎝
w2 + d2∂2

z 0 0
0 w2 + ∂2

z ν∂z

0 −ν∂z w2 − α2(1 − 2ν∂2
z + ∂4

z ) − 1 − K

⎞
⎠

⎛
⎝

ut
uz

un

⎞
⎠ = 0,

(2)

where

d2 = (
1 + 4α2

)
ν−, ν− = (1 − ν)/2, ∂z := R

∂

∂z
,

K = 1 − ν2

h/R
K0; K0 = KnR

E
. (3)

Here K0 is the dimensionless coefficient of elasticity connecting the dimensionless
force fn/E and dimensionless displacement un/R. Kirchhoff-Love shell model from
[14] is used in this paper.
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2 Getting the View for the Vibration Field

The solution of Eq. (3) is sought in the form

(ut , uz, un)
T = Aeiλz(ς, ξ, γ)T . (4)

Here A, ς, ξ, γ are the arbitrary constants; λ is the wave number. Further the
dimensionless coordinate z := z/R and dimensionless wave number λ := λR will
be used. The homogeneous algebraic system (5) is obtained after substitution (4)
into (2)

Lλx = 0, (5)

where x is the eigenvector (itwill be normalized to the unit length) andmatrixLλ is the
Fourier image of the operator L. The condition of existence of the nontrivial solution
of the system is the dispersion equation detLλ = 0. The homogeneous propagating
waves are considered for a given frequency w (only the real positive roots of this
equation are found). Thus three dispersion curves wj = wj (λ), j = 1, 2, 3 arise.
The curve w3(λ) = λ d corresponds the waves propagating without dispersion. Two
other curves: w1(λ) ≡ w+(λ) and w2(λ) ≡ w−(λ) are determined by the expression

2w2
± = λ2 + β2 ±

√(
λ2 − β2

)2 + 4λ2ν2;
β2 = 1 + K + α2

(
1 + 2νλ2 + λ4

)
. (6)

Hence, starting points of these dispersion curves can be founded

w+|λ=0 = 0; w0 ≡ w−|λ=0 =
√
1 + K + α2. (7)

After substituting the corresponding rootswj = wj (λ), j = 1, 2, 3 in the system
(5), one can find the eigenvectors x and, therefore, the form of the vibration field
in the system. It is important to note that general solution of the system splits into
two independent solutions. One of them (corresponding root w3(λ)) determines the
purely rotational motions of the shell and it can be represented in the form u =
Aeiλz(1, 0, 0)T . These waves have no dependence on K0. Another one contains
longitudinal and bending motions. This solution has the form

⎛
⎝

ut
uz

un

⎞
⎠ = Aeiλz√(

λ2 − w2
)2 + λ2ν2

⎛
⎝

0
iλν

λ2 − w2

⎞
⎠. (8)

After determining the vibration field in the system, one can find the vector of
energy flux density in the shell. The only nonzero component of this vector is
directed along the z axis. The integral energy flux ϒcyl averaged over a period of
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harmonic oscillations T = 2π/ω is considered (the flux through the cross section
of a cylindrical shell by a plane perpendicular to the generator [7]). Further just this
averaged component of the integral energy flux will be called “energy flux in the
shell” for brevity. This flux can be represented in the form of sum of four compo-
nents ϒt , ϒt , ϒt , ϒt : torsional, longitudinal, normal and the component associated
with the moments, respectively

ϒcyl = ϒt + ϒz + ϒn + ϒm;
⎧
⎪⎪⎨
⎪⎪⎩

ϒt

ϒz

ϒn

ϒm

⎫
⎪⎪⎬
⎪⎪⎭

= πωρc2

⎧
⎪⎪⎨
⎪⎪⎩

d2λ|ut |2
λ|uz|2 + νIm(unuz)

λα2|un|2
(
ν + λ2

)
λα2|un|2

(
ν + λ2

)

⎫
⎪⎪⎬
⎪⎪⎭

. (9)

For example, the longitudinal component ϒz corresponds to the work of the
generalized longitudinal force at the longitudinal displacement uz , etc.

The equality ϒn = ϒm follows from (9) and it is important to note that ϒt is
independent on K , due to the fact that torsional vibrations are not connected with
normal vibrations un through which the shell interacts with the Winkler foundation.

Following expressions for the components of the energy flux normalized to its
transverse component ϒt = πd2ωρc2λ|A|2 can be obtained from (8) and (9)

{
Sz
Sn

}
≡ 1

ϒt

{
ϒz

ϒn

}
= 1

d2
((
w2 − λ2

)2 + λ2ν2
)
{

λ2ν2 + ν
(
w2 − λ2

)
α2

(
ν + λ2

)(
w2 − λ2

)2
}

. (10)

After substituting (6) in (10) the explicit representations of the energy fluxes (as
functions of the wavenumber λ) can be obtained. Further these representations will
be analyzed asymptotically on λ in order to obtain more simple formulas for them.
The expressions for the dispersion branches (6) can be transformed to the form (11a)
and (11b) for small λ and large λ (λ � 1), respectively

w1(λ) = λ

√
1 − ν2

w2
0

+ O(λ3),

w2(λ) = w0+ν(2α2w2
0+ν)

2w3
0

λ2+O(λ4), (11a)

w1(λ) = λ

(
1 − ν2

2α2

1

λ4
+ O

(
1

λ6

))
,

w2(λ) = αλ2

(
1 + ν

λ2
+ w2

0 − α2ν2

2αλ4
+ O

(
1

λ6

))
. (11b)

Asymptotic expressions for w1(λ) and w2(λ) for small λ (11a) and formulas
(11b) for large λ determine quasi dispersion curves. Character of the wave process
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is conserved along them (exception is the transition process in the region of the
veering point of dispersion curves). After substituting (11a, 11b) into the long-wave
asymptotics of the normalized components of the energy fluxes (10), the asymptotic
expressions (12a), (12b) (for large λ) and (13a), (13b) (for the corresponding short-
wave asymptotics) for the energy flux components are obtained

{
S1z
S1n

}
= 1

d2

⎧
⎨
⎩
1 − ν2

w2
0
− 2ν2(w2

0(1−α2ν)−ν2)
w6
0

λ2 + O(λ4)

α2ν3

w4
0

λ2 + O(λ4)

⎫
⎬
⎭, (12a)

{
S2z
S2n

}
= 1

d2

⎧
⎨
⎩

ν2

w2
0
+ 2ν2(w2

0(1−α2ν)−ν2)λ2

w6
0

+ O(λ4)

α2
(
ν + λ2

) − α2ν3

w4
0

λ2 + O(λ4)

⎫
⎬
⎭, (12b)

{
S1z
S1n

}
= 1

d2

{
1 − ν2

α2λ4 + O(1/λ6)
ν2

α2λ4 + O(1/λ6)

}
, (13a)

{
S2z
S2n

}
= 1

d2

{
ν2

α2λ4 + O(1/λ6)

α2
(
λ2 + ν

) − ν2

α2λ4 + O(1/λ6)

}
. (13b)

Here indices j = 1, 2 in S j
z,n correspond to components of the energy fluxes

calculated for the waves from the first and second dispersion curves, respectively.

3 Numerical Results and Their Analysis

The dependences of the frequency w (Fig. 1a, b) and normalized energy flux com-
ponents (Figs. 2, 3 and 4) on the wave number λ are considered below. The values
of the shell parameters are taken as follows: ν = 0.3, h/R = 0.05.

Fig. 1 a Dispersion curves and their asymptotics for K0 = 0.2. b Dispersion curves for K0 =
0.0, 0.2, 0.4, 1.0
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Fig. 2 a Components of the energy fluxes S1z (1) and S1n (2) for K0 = 0.0, 0.2, 0.4, 1.0,
b components of the energy fluxes S2z (1) and S2n (2) for K0 = 0.0, 0.2, 0.4, 1.0

Fig. 3 a The component of the energy flux S1z (1) and its long-wave approximation (2). b The
component of the energy flux S2z (1) and its short-wave approximation (2)

Fig. 4 aComponent of the energyflux S2n (1) and its long-wave approximation (2).bThe component
of the energy flux S2n (1) and its short-wave approximation (2)
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In both Figs. 1a and b the branches of the dispersion curves w1(λ), w2(λ), w3(λ)

are marked with the digits 1, 2, 3, respectively. These branches will be called “first”,
“second”, etc. Line 3 (Fig. 1b) is the dispersion curve corresponding to purely tor-
sional vibrations. The character of the wave processes in the shell is determined by
the interaction of the energy distribution channels corresponding to the components
of the energy flux. This interaction is most intensive in the vicinity of the veering
points (quasi-intersections of the dispersion curves 1 and 2 in the pointw = w0 (7) in
Figs. 1a, b) [6, 7]. This effect corresponds to exchange of the oscillations character
between the waves from the corresponding dispersion curves in the vicinity of this
point. It is important to note that energy fluxes track this effect better than kinematic
or force characteristics. It is caused by the fact that energy fluxes take into account
phase shifts between these characteristics [7].

Dispersion curves (6) for values K0 = 0.0, 0.2, 0.4, 1.0 (the corresponding curves
are marked with letters a, b, c, d) are introduced in Fig. 1b. The influence of this
parameter brings to shift of the veering point w = w0 (7). Nevertheless, the short-
wave asymptotics of the dispersion curves (11b) are practically independent on the
value of this parameter.

The longitudinal S j
z (curve 1) and normal S j

n (curve 2) components of the energy
fluxes for the first ( j = 1) and second ( j = 2) dispersion curves for the different
values of parameter K0 are shown in Fig. 2a and b. These curves are marked with let-
ters a, b, c, d for K0 = 0.0, 0.2, 0.4, 1.0 correspondingly. The normal component is
practically independent of K0 (curves 2a, b, c, d) and the influence of this parameter
on the longitudinal component basically come down to shift of the corresponding
curves 1a, b, c, d while their maximum weakly depends on it (12, 13).

It can be noted that the largest value of the energy flux longitudinal component
Sz weakly depends on the coefficient K0. In this case, the normal component Sn of
the energy flux is realized mainly on the waves from the dispersion curve w1(λ)

at frequencies w > w0 (and λ > λ0 = λ(w0) > 0 correspondingly). Moreover,
component Sn is noticeably smaller than the component Sz .

The next figures illustrate energy flux components Sz,n (curves 1) and their long
and short wave asymptotics (curves 2) for the waves from the first (Fig. 3a, b) and
second (Fig. 4a, b) dispersion curves, calculated for K0 = 0.2. The corresponding
asymptotics of these dispersion curves are shown in Fig. 1a., where the disper-
sion curves are marked with letter a and their long and short-wave asymptotics are
indicated with letters b and c, respectively.

Let us determine the conditionwhen the normal component Sn of the energy flux is
less than its torsional component St (the straight line S = 1 would fit the component
St in Figs. 2, 3 and 4). The representation Sn ≈ α2

(
ν + λ2

)
/d2 follows from (12b,

13b) and satisfactorily describes both the long-wave and short-wave approximations
(Fig. 4a). Hence the estimation λ ≈ d/α ≤ 40 follows that is on the boundary of
Kirchhoff-Love model applicability.

The distribution of the energy fluxes corresponds, in general case, to the quasi
dispersion curves character. Each of these curves retains its own type of oscillation
(more accurately, its type of energy flux component dominates along appropriate
quasi dispersion curves). Asymptotics (11–13) correspond to these quasi dispersion
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curves. The size of the veering zone, where the transition process takes place (in the
wave numbers) δλ ≈ 2.

4 Conclusions

The analysis of energy flux analytical representations and calculations shows that
shell bandwidth for the axisymmetric longitudinal component of the energy flux
(normalized on its torsion component) is weakly dependent on the wave number λ

(along quasi dispersion curves) except the vicinity of the veering point. In this case the
longitudinal component dominates everywhere except this neighborhood, where it is
comparable to the torsion component. The bending component becomes noticeable
after the veering point and becomes significant only for sufficiently large λ. The
influence of the parameter K0 (dimensionless coefficient of elasticity of Winkler
foundation) is appeared mainly in the shift of the veering point and, accordingly,
in the moment of “switching on” the bending component of the energy flux. From
another side the influence of this parameter is appeared in the longitudinal component
of the energy flux in the long-wavelength region (Fig. 2a, b).
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Research on Possibilities of Reaching
Ultra-Low Speeds on Centrifugal
Workbenches, and Selection of System
Components
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Anatolii V. Koshkin and Andrey V. Khisamov

Abstract The paper considers the issues of selecting components (electric motor,
controller, control system) during the low speed rotation. The research results have
shown that with the appropriate component selection it is possible to ensure ful-
fillment of rotation tasks at both ultra-low speeds (less than 1 rpm) and at simple
low speeds (several revolutions per minute) without special equipment. Within the
framework of the research the authors managed to assemble a prototypemodel which
would ensure accurate uniform rotation in the range from 0.16 to 166 rpm.

Keywords Ultra-lowspeeds · Lowspeeds · Automation · Centrifugal workbench ·
SEW-EURODRIVE ·Moviedrive · Kollmorgen · AKD · Industrial ethernet ·
EtherCAT · Etherlab · IgHEtherCATMasterlibrary · CanoverEtherCAT · PDO ·
SDO · Kollmorgen workbench

1 Introduction

Development of new equipment or its components, susceptible to operational con-
ditions, always requires preliminary tests. An essential part of this process makes up
mechanical testing, including linear acceleration impact tests [1, 2]. In order to facil-
itate the process of reproducing linear acceleration, it is common to use centrifugal
workbenches. Depending on the test requirements, centrifugal workbenches can be
distinguished by different velocity and accuracy.

In most tests a product has to withstand a steady load over a specific time span
[3]. In such a case the accuracy of the reproduced acceleration does not meet any
requirements. When it comes to important products, or a centrifugal workbench is
used to test an accelerometer, the tested acceleration should be reproduced quite
accurately [4–10]. In such situations strict requirements can be imposed not only on
accuracy of the rotation speed, but also on the centrifugal workbench design [11, 12].
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In most cases requirements for centrifugal workbenches comprise high rotation
speeds (for reproduction of high linear acceleration within a confined space), high
accuracy of reproducing the specified testing parameters and/or a possibility to
use a product of a higher mass. Within the long history of centrifugal workbench
development, all these tasks have been solved.

A less frequent task is to reproduce ultra-low rotation speeds. The uniform smooth
rotation of an electric motor at the speed of under 0.5 rpm needs a specific approach
to designing the whole system, a particular type of an electric motor and con-
trol system development. Having requirements for higher accuracy of the specified
speed reproduction, it is extremely important to focus on all components of the sys-
tem [13]. Let us consider the SEWEURODRIVE model workbench based on the
MOVIDRIVEMDX61B converter (Fig. 1).

Despite its small size, themodel workbench has a full-fledged frequency converter
and an electric motor. The main components of the model workbench include the
following:

– DFR63L4/BR/TF/EH1S/IS electric motor;
– MOVIDRIVE MDX61B frequency converter;
– hogs 74 dn 1024r encoder.

Connect the frequency converter via a standard input/output bus. This will allow
us to operate the workbench in a standard way, which can show basic capacities of
a frequency converter, built-in low-level control system and an electric motor [14].
Connection is provided via USB-RS485 converter (Fig. 2), which ensures connection
of the workbench to PC, as the RS485 interface is realized in the converter via the
RJ11 connecter, rather than the standard COM port.

Having set rotation through the enclosed software (Bus Monitor, Motion Studio),
or the remote control, and having set the speed of 1 rpm, it is easy to see uneven
rotation, which is visible even without anymeasurement tools. It is caused by the fact
that each component of the system provides inaccurate reproduction of low speeds.
The rated rotation speed of the electric motor shows a significant difference from the
specified one, the sensor has an insufficient number of marks for accurate control, the
frequency converter has the lacking discreteness even in case the sensor is replaced.
This example confirms that under the circumstances of low speeds, it is expedient to
make the appropriate selection of all components in the system, rather than to count
only on the motor power and upper limits of its operational modes.

Replace each component of the system with another which would meet our goals
in the best way. At first, we will pay attention to the electric motor. Despite the design
solution soft today’s classical motors, which provide quite precise operational work,
at low speeds only multi pole motors allow achieving uniformity of rotation. Let us
test the rotary synchronous motor RT36-321-50-C-FT1-TK-RR-5000-N0-B (Fig. 3)
produced by RUCHSERVOMOTOR (Republic of Belarus) (Table 1).

A scan be seen from the table, the motor in use cannot be called a low-speed one,
but its rated rotation speeds are significantly lower than in the electric motor used
before.



Research on Possibilities of Reaching Ultra-Low Speeds … 95

Fig. 1 SEW EURODRIVE model workbench based on the MOVIDRIVE MDX61B converter

For the accurate motion control, it is required to have a sensor with multiple tags.
The electric motor is equipped with the encoder which has physical tags of 9000.

Due to its low capacity, the SEW-EURODRIVE MOVIDRIVE MDX61B con-
verter, considered before, cannot fully process information from sensors with the tag
quantity of 4096 [12]. In the research let us use the Kollmorgen AKD-P1207-NBCC
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Fig. 2 SEW-EURODRIVE converter for PC connection to RS485

Fig. 3 Electric motor
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Table 1 Certain properties of
the electric motor
RT36-321-50-C-FT

Torque (Nm) Rotation frequency (r/min)

Peak torque 429 111

Long torque 219 170

Bearing torque 5 205

servodrive. Its discreteness allows reliably specifying rotation speeds with the accu-
racy of 0.2 deg/s (0.03 rpm). Extra precision can be obtained via using the external
control system.

Start rotation at the speed of 1 deg/s. In order to operate the motor, we will apply
the authorized software for the Kollmorgen Workbench drive (Fig. 4).

The enclosed software ensures not only rotation of the motor, but it also allows
doing motion studies due to rotation sensors fixed to the motor, and due to various
information from the servo drive. In amajority of cases themost valuable information
is a value of the actual rotation speed, and also values of the amperage from the
converter. Receiving information from the servo drive, a virtual oscilloscope enables
visualizing rotation in the form of graphs.

Monitoring the electric motor performance in connection with the AKDKollmor-
gen drive, it is possible to note visual uniformity of rotation while testing. Let us
analyze the information from the feedback sensor (Fig. 5).

A scan be seen from the graph of the current rotation speed, the resulting value
of the average speed will be close to the specified one, in spite of constant sine wave
variations. This is related to the tasks which are set for electric motors. The motor in
use has a rather high torque, and it is aimed at large rotating masses, which smooth
the reproduced rotation speed. Thus, in practice, the most important indicator is an
average rotation speed.

Fig. 4 Software overview for the Kollmorgen Workbench drive
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Fig. 5 Average speed value 1.000 deg/s

Let us consider accuracy of various values of the reproduced rotation speed
(Table 2).

As can be seen from the table, the average value of the reproduced rotation speed
is close enough to the specified one. This is ensured, among other things, by the high
discreteness of the drive control system.

When developing an external control system, it should be taken into account
that high discreteness of the drive requires high data exchange rates [15, 16]. For
example, SEW-EURODRIVE (XT connector) has a maximum connection speed of
56 kbps. This speed may not be sufficient for the precise control. Most of today’s
drives, including Kollmorgen AKD, allow for higher speed protocols. For AKD
Kollmorgen, the standard protocol for external control is EtherCAT—one of the
industrial implementations of the common Ethernet protocol. SEW EURODRIVE
also allows controlling the MOVIDRIVE drive via this protocol if a DFE24B board
is available.

Table 2 Testing results at
different rotation speeds

Rotation speed
(deg/s)

Average speed per
revolution (deg/s)

Deviation (%)

1.000 1.001 0.1

1.002 1.002 0

5.050 5.051 0.02

10.123 10.123 0

30.203 30.205 0.0067

60.525 60.525 0

359.998 359.998 0

720.000 720.001 0.0001

1000.000 999.999 0.0001
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Fig. 6 EtherCAT serial connection

The signal source for the EtherCAT protocol is the Master device and the Slave
device is the actuator. It is possible to connect several Slave devices in series to one
Master (Fig. 6), which makes it possible to control the entire system with multiple
actuators from one device (e.g. assembly workshop) [17–19].

The use of a standardized protocol, in addition to the high data exchange rate,
allows using the same software for different drives. For example, both Moviedrive
and Kollmorgen AKD can be controlled via the TwinCAT software.

For developing one’s own software, the special features of EtherCAT network
design should be taken into account. First of all, it should be noted that a system
based on EtherCAT is considered to be a real-time system. For this reason, it is
recommended that separate solutions should be used as a signal source for systems
requiring higher precision of task fulfilment (e.g. laser cutting), rather than a PC.
In this case, for example, an expansion board is used as a master device, which
is controlled via the supplied API, and there is no direct access to the Slave device
from a computer with a direct connection via the Ethernet port. In the tasks where the
operational error is less critical (e.g. rotation of a centrifugal workbench), a software
Master can be used.

An example of the software version of a Master is the IgH EtherCAT Master
software solution. This solution is free of charge and can be usedwithLinux operating
systems. The software product distributed as a source code must be assembled into
a complete solution according to the operating system kernel and the network card
driver. For the Linux kernel of some versions of branch 2.6 there is a set of modules
for different network cards. For other kernels it is necessary to use a generic driver.
Within the framework of the tests, the work on kernels 2.6.32 and kernel 4.14 was
tested. The ready solution assembly was made with x86 and ARM architecture.

After the launch of the service, another device/dev/EtherCAT [0–9] appears in
the system. To work with it, the EtherCAT. So module was developed, which allows
interacting with the protocol from its own software. Many examples of working
with the IgH EtherCAT Master can be found on the Internet, e.g. http://www.iram.
fr/~blanchet/ethercat/akd/examples/ [20].

http://www.iram.fr/%7eblanchet/ethercat/akd/examples/
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Apart from the IgH EtherCAT Master, there are other paid as well as free Master
layers. For example: Simple Open EtherCAT Master. They are generally distin-
guished by the convenience of integration into the software. There are no particular
differences in the EtherCAT protocol, as the protocol is strictly standardized and
does not allow deviations.

In the course of thework, the systemcomponents that ensure ultra-low speeds have
been selected and the sufficiently accurate (with an error of no more than 0.02% at
low speeds and nomore than 0.1%at ultra-low speeds) centrifugalworkbench control
system has been developed.
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Strength Capabilities of Argon-arc
Welded Joints of Shape Memory Alloy
Ti–55.42 wt% Ni Wires

Elisey A. Khlopkov, Dmitry V. Kurushkin, Valerii V. Burkhovetskyi,
Valeri M. Khanaev, Eugeny S. Ostropiko, Sergey A. Lyubomudrov
and Yuriy N. Vyunenko

Abstract The paper presents data on themechanical testing of argon-arc weld joints
of the Ti–55.42 wt% Ni wires diameter of 2 mm. The mathematical modeling results
of the temperature fields evolution of the weld zone during cooling are given. For
this calculations residual stress mechanism of shape memory effect was used. The
microstructure images of the weld zone were done.

Keywords Shape memory effect ·Welded joints · Strength · Temperature fields ·
TiNi

1 Introduction

The functional properties of metals with shapememory effect have been known since
the middle of the last century [1]. These unique phenomena are used in the aerospace
industry and medicine [2, 3]. At the same time, there is almost no practical use of
these alloys properties inmachine building technological operations [4, 5]. One of the
solutions was found during the development of the layered structures manufacturing
process. Small-sized ScheR presses were invented, the drive of which is ring-shaped
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bundle force elements (RBFE, «metal muscles») made of TiNi alloy [6]. A pair
of such power elements can develop forces up to 1200 N under the heating in the
conditions of the development of a single shape memory effect (SME) in the device.
Themass of the RBFE pair is 60 g. In this mode, «metal muscles» have been showing
trouble-free operation for more than 1600 cycles over 10 years.

The designing of new technological processes andmartensitic devicesmay require
the creation of conditions under which it will be necessary to implement such a
phenomenon as two-way shape memory effect. This moment required the creation
of rigid joints of the RBFE ends, which can be realized by welding. Studies of
this possibility for semi-finished products from alloys with SME are quite actively
conducted [7–16]. Argon-arc [7–9], laser [10–14], friction [15] and explosion [16]
welding were used. The main parameter for the joints of future power drives is
the strength of the weld. In papers [7, 10], the authors obtained fairly high strength
indices, which amounted to 80% of the source material limits. However, these results
were for samples with a diameter/thickness of up to 1 mm. This assortment is less
preferable in the fabrication of RBFE, where wires with a diameter of 2 mm are more
often used.

The authors of [17] succeeded in obtaining the strength of the weld of a wire with
a diameter of d = 2 mm equal to 66% of the starting material by argon arc welding.
These strength characteristics were considered sufficient for the prototyping of a
ring-shaped force element, on which shape change was studied in the two-way shape
memory effect mode. The possibility of generating forces during cooling through
the temperature range of direct martensitic transformation was noted.

2 Experiment and Materials

The possibilities of welded joints of a wire with a 2 mm diameter from a Ti—
55.42 wt. % Ni alloy made by the argon-arc welding were studied. The arc welder
SvarogTIG315PAC/DC (direct current 10A, voltage 12V)was used.The arcwelder
EWM ForceTig 552 (direct current 45 A, voltage 18.5 V) was used in the fabrication
of butt welds in a He atmosphere. The samples were heat treated in the annealing
mode at a temperature of 773 K for 0.5 h (cooling with the furnace). Their strength
was compared with the level of tensile forces applied to continuous wire samples
of the base material (BM). The dependence of the strain ε on the magnitude of the
tensile forces σ was studied on universal machine Instron 5985 at room temperature.

Microstructural studies of the weld zones were carried out using a Jeol JSM-
6490LV scanning electron microscope. Numerical experiments to determine the
evolution of the temperature field in the zone of local heating of the wire sample
in the framework of the residual stress mechanism were carried out due to analyze
the obtained results [18].
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3 Results and Discussion

The deformation of the initial sample is carried out according to the law of elasticity
up to σ = 118 MPa (Fig. 1, curve 1). The value of the deformation elastic limit εy
takes 0.53%. After the stress reaches 163 MPa and the strain ε is 1.28%, the process
of plastic flow begins. The strain ε reached 5.8%with a constant value of σ . A further
increase ε from 6 to 10% rised the stress to the level of 900 MPa. The deformation
process goes to the second yield point. Stress σ increased to ~1050 MPa and then
remained practically unchanged to ε = 20%. The destruction of the wire sample
occurred at a strain ε ~ 21%. Since the sample material was in a martensitic state, it
can be assumed that the first yield area is due to the movement of twin boundaries.
The second state of plastic flow is apparently the action of dislocation deformation
mechanisms [19].

The deformation characteristic of a wire sample welded in an argon atmosphere
(Fig. 1, curve 2) coincided with curve 1 with a change in stress σ from 0 to 445MPa.
The sample was destroyed at the boundary of the welding zones (WZ) and the
heat-affected zone (HAZ).

A sample welded in an He atmosphere (curve 3) withstands a higher stress of
~590 MPa. However, the advantage of welding in a He atmosphere is significantly
reduced after 30 thermal cycles with the transfer of the material of the welded struc-
ture from themartensitic state to austenitic and vice versa. The values of the breaking
load dropped to 470MPa as a result of repeated transformations of the crystal lattice.
The limiting value of the strain ε also decreased to ~6.8% (curve 4). Thus, operation
of welded structures made of TiNi wire with a diameter of 2 mm in the thermal
cycling mode can cause a weakening of their strength characteristics.

Fig. 1 Strength properties of wire samples of Ti—55.42 wt%Ni: 1—initial, 2–5—samples welded
in Ar (2), He (3), He + 30 thermocycles (4), He (5); 1–4—with anneal (T = 773 K), 5—without
anneal. The rate of motion of the movable holder is 4 mm/min for curves 1, 2, and the rate is
1 mm/min in the rest of cases



106 E. A. Khlopkov et al.

Curve 5 in Fig. 1 shows the change in σ and ε upon tensile of the sample after
welding in He atmosphere without further heat treatment. In this case, the yield area
is formed upon deformation close to the similar εy values in previous experiments.
However, the stresses in this case exceeded 200 MPa, which significantly exceeded
the corresponding values of σ under tension of the samples, the results of which are
shown in curves 1–4. The deformation was accompanied by a slight increase in σ in
the region of plastic flow. The accumulated strain ε was ~6.3% at the time of fracture.
This result was the lowest among these 5 experiments. The experiments showed the
preference of annealed wire samples and the need for study the thermomechanical
treatments influence on the mechanical properties of welds.

Auxiliary numerical experiments to determine the evolution of the temperature
field in wire samples were carried out to analyze the obtained experimental results
of mechanical tests. The one-dimensional heat equation was used (1):

ρ · c(U ) · ∂U

∂t
= k · ∂2U

∂x2
(1)

whereρ—material density; c(U)—heat capacity;U—temperature; t—time; k—ther-
mal conduction capacity; x—coordinate. It was assumed that c(U ) = c0 + c1. The
value of c1 is determined from the following relation (2):

Qtr =
A f∫

As

c1∂U (2)

where Qtr is the latent heat of the crystal lattice transformation; As and Af are the
temperatures of the beginning and end of the reverse martensitic phase transition,
respectively. c1 = Qtr

A f −As
is constant under a uniform distribution of Qtr over the

transformation interval. The physical constants in the equations were chosen close to
the values of the corresponding characteristics of equiatomic TiNi. The temperatures
As and Af were taken equal to 333 K and 343 K, respectively.

The temperature distribution in thewelding zone at the initial time in the numerical
experiment was assumed to be similar to that shown in Fig. 2 (curve 1). Curves 2–6
show the distribution of heat near the weld zone in the first 25 s every 5 s. Thermal
energy from the local heating zone propagates along the wire sample. The observed
kink on smooth lines (curves 2–6) determines the propagation boundary of the start
zone of phase transformation along the wire. In this case, the temperature begins to
increase, reaches a maximum, and then decreases in each section of the wire (Fig. 3).
The obtained results show that an increase of the latent heat of transformation strongly
affects size and position of the austenitic and heterophase states regions (Fig. 4).

Thus, there are 5 zones of the material phase state in the design near the weld
zone. Directly there are sections of the austenitic state in the locality of the welded
joint. The product material may stay in a martensitic state without undergoing phase
transformations at a distance from the place of heating. There are two heterophase
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Fig. 2 Evolution of the temperature field in the welding zone at Qtr = 200000 J/kg. Temperature
field in the vicinity of the weld at a point in time t, s: 1–0, 2–5, 3–10, 4–15, 5–20, 6–25

Fig. 3 Time dependence of the temperature in the wire cross section at the distance of the weld
point x, mm: 1–31, 2–36, 3–15, 4–18.5; 1, 2—Qtr = 1000 J/kg, 3, 4—Qtr = 200000 J/kg

gradient phase zones between sections of the monophasic state (to the left and to the
right of the welded joint).

The proposed division into zones differs from the traditional approach in weld-
ing technology [14]. Typically, weld zones, heat-affected zone and base material
are distinguished. However, this approach does not take into account the specific
properties of TiNi. Although the boundary between the heat-affected zone and the
base material may coincide with the boundary of the heterophase and martensitic
regions. A change in the phase structure which is reflected in the formation of com-
plex compounds with a high Ti content is observed in the weld zone (Fig. 5d). In
the heat-affected zone (initially the austenitic region, and then, possibly, the region
of the heterophase state), several variants of structural formations that differ in size,
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Fig. 4 Dependence of the heterophase state boundaries onQtr : 1, 2—the position of the boundaries
with austenite (1) and martensite (2)

Fig. 5 Structure of TiNi: a welded sample, b BM, c HAZ, d WZ
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chemical composition, and, probably, the ratio of the types of crystal lattice was
observed (Fig. 5c).

Zones of the martensitic monophasic state can disappear when at the samples
ends temperature can reach a value exceeding As. In those cases the temperatures of
the direct martensitic transformation can shift to lower values throughout the volume
with further cooling [20]. The transformation of the crystal latticemay be incomplete,
for example, when cooling occurs to room temperature, which falls in the interval
[Ms,Mf ] (respectively, the temperature of the beginning and end of the direct phase
transition). The martensite reinforced with austenite residues and the presence of
interphase boundaries in theworking zone of the deformed sample introduce changes
in theσ–ε dependence curve. Therefore, curve 5 in Fig. 1 differs from the stress-strain
diagrams of annealed samples. The deformation characteristics can also change if
the wire material in the martensitic state is completely in the grips of the tensile
testing machine. However, it should be noted that the gradient structures of weld
structures, apparently, can be used in the regulation of their functional capabilities
in some cases.

4 Conclusion

According to the results of the work, it should be noted argon-arc welding in Ar
and He atmospheres is possible in order to obtain weld joints of a TiNi wire with
a 2 mm cross-section diameter. However, when the drives operate in the multiple
termocycles, it is advisable to provide for the replacement of a shape memory alloy
element due to the weakening of its ultimate strength capabilities.

The reported study was funded by RFBR, project number 19-38-90285.
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Steel Fiber Manufacturing by Turning
with Intense Self-oscillations

Mikhail T. Korotkikh, Dmitriy Y. Kryazhev and Vladimir N. Kudryavtsev

Abstract This research explores the manufacturing process of steel fiber with small
cross-section area. It appears that such fiber can be produced by turningmachinewith
intense self-oscillations of the cutting tool. Conditions for occurrence and reproduc-
tion of such oscillations are shown. Control parameters of the process and dimen-
sional ranges of reinforcing elements thus obtained are defined. On the basis of
experimental studies, the properties of steel fiber concrete reinforced with fine steel
fiber at high concentration are shown. Rational areas of use of such steel fiber have
concrete were defined.

Keywords Steel microfiber · Turning with intense self-oscillations · Steel fiber
concrete · Vibration · Steel fiber concrete structures

1 Introduction

At present, several different methods are used to produce steel fiber, amongwhich the
most common are stamping (Fig. 1a), wire cutting (Fig. 1b), milling (Fig. 1c). There
are different scopes for each of these methods, which is related to their technological
capabilities and cost of the obtained product [1, 2].

It should be noted that all the methods presented do not allow for the production
of small cross-section fiber, which is due either to the fundamental limitations of the
method, such as in stamping or milling, or to the extremely high cost of the product,
such as using a small cross-section wire. At the same time blanks during stamping
or wire cutting is a product of high metallurgical front, which increases the cost of
fiber. Therefore, the development of a method that allows to control the dimensions
of the resulting elements within wide limits by using massive blanks, for example
castings, seemed to be very relevant.

As is known, when processing metals on lathes, self-oscillations of the tool may
occur. The hypotheses of oscillations emergence are diverse and could be determined
bymany reasons [3–6]. Frequency of such oscillations is often determined by natural
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Fig. 1 Main methods of steel fiber production

oscillations in the process system, and amplitude of oscillations is determined by
the least rigid link of the system. Such vibrations in cutting materials are always
considered to be an adverse phenomenon, resulting in a decrease in the quality of
the machined surface, a decrease of the tool-life, and sometimes in its breakage.
Therefore, by metal cutting, methods of controlling these fluctuations, methods of
preventing their occurrence, passive and active methods of reducing their intensity
are usually considered.

A detailed study of some cases of such oscillations has shown that there may be
cases where the intensity is so high that the tool loses contact with the workpiece,
and the chips are separated as separate needle elements [7–11].

The reason for such intense oscillations is the strong positive feedback in the
process system,which canbe achievedby turningwith the cuttingblade,whichplaced
above the center of the workpiece (Fig. 2). At elastic deformation of cutter holder
by value f under action of cutting force blade is cut into blank at blade depression,
which is accompanied by increase of effective cutting force. The tool holder may
be bent at elastic deformation by an amount of fkr and may be broken or plastically
deformed at greater deflection. The increase in the cutting force Pr may result in
both tool failure (curve 2, Fig. 2b) or chip element cutting until a critical force occurs
causing tool failure (curve 1, Fig. 2b).

When the elastic deformation force of the tool holder exceeds the shear force of
the chip metal, the elastic energy of the tool holder causes it to move against the
cutting speed direction and the shearing element of the chip is ejected.

By changing the stiffness of the cutter, the geometry of its cutting blade and the
tool holder, and by its location relative to the center of the workpiece, it is possible
to provide conditions for such vibrations to occur and maintain, at each oscillating
motion, the tool blade disengages from the workpiece by removing one chip element
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Fig. 2 Turning diagram at intensive oscillations of tool (a) and conditions of oscillations (b)

in the form of a needle of a given thickness and the length, which equal to the tool
blade length. At the same time the number of obtained elements per unit time will
be determined by frequency of tool holder oscillations, which can be very high (up
to 2000 Hz). An important condition for such vibrations is the linear dependence of
the elastic force of the tool deflection and the nonlinear dependence of the cutting
force on the thickness of the cutting layer (Fig. 2b).

Experimental studies have found that such intense self-oscillations require:

– Ehe edge of the tool must be installed above an axis of the workpiece, and at a
bend of the tool introduction of an edge at an angle of β was provided (Fig. 2a)

– The thickness of the cutting layer is set to be less than a certain value determined
by the vibration amplitude of the tool holder, which ensures that the tool blade is
released from contact with the workpiece. Thickness of the cutting layer can be
regulated due to change of the entering angle ϕ (Fig. 2a).

– The stiffness and strength of the tool holder is selected from the conditions ensuring
its oscillations with the required amplitude f without breakage, which depends on
the length of the free end of the cutter holder L, the profile of its cross section and
its material.

The above-mentioned quasi-static analysis of the occurrence and maintenance of
intensive self-oscillations during turning is very simplified, but it has revealed all
the necessary technological factors for carrying out the process of producing steel
needle elements.

It was established that themost significant factor defining conditions of emergence
of intensive fluctuations is the corner β between the cutting plane and the direction
of an edge movement by the bend of the tool holder. At increase of this angle it is
possible to break the tool, and at its decrease formation of spiral chips.

The resulting elements have a cross-sectional shape close to a triangular (Fig. 3)
and developed rough surface, which can determine their good connection with the
concrete matrix. At the same time, the plane of shear strain inside the elements runs
along their length, which determines their high tensile strength equal to the strength
of the workpiece material, which was confirmed experimentally.
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Fig. 3 The sizes of the resulting chip elements: F is the cross-sectional area (0.01–0.2 mm2), L
is the length of the elements (3–20 mm). 1—S = 0.09 mm/rev, 2—S = 0.06 mm/rev, 3—S =
0.045 mm/rev, 4—S = 0.03 mm/rev. (V = 4 m/s, vibration frequency 800 Hz, ϕ = 5°)

Mathematical modeling of the process was carried out by representing the tool
holder in the form of a harmonic oscillator having its own oscillation frequency
depending on the parameters of the tool holder. It was found that with steel tool
holders the maximum achievable oscillation frequency, and, consequently, the for-
mation of steel elements is 1200 Hz. By using tool holders made of aluminum alloys,
the frequency can be increased to 2000 Hz, which has been tested in practice.

It was found that with such intense tool vibrations, the kinematics of the process
is significantly different from the usual chip formation process. The blade comes into
the workpiece in the direction of the rear surface when the movement coincides with
the cutting speed vector, and then moves against the cutting speed vector, ejecting
material formed on the front surface.

This is confirmed by the fact that during the implementation of the process, the
rear angle can be increased to 30°, without significantly reducing the strength or
destruction of the cutting edge. And this even increases the stability of the cutting
process, as it facilitates the initial introduction of the blade into the surface of the
workpiece.

Naturally, when cutting with such intense self-oscillations, a deep relief is formed
on the cutting surface and the machined surface, and after one revolution of the
workpiece, the introduction of the tool blade occurs “by trace”, i.e. on previously
formed relief. An analysis of the conditions for the formation of a chip element
during work along the wake showed (Fig. 4c) that the phase of the oscillation process
automatically adjusts to the profile of the previously formed relief, which can be seen
from the regularity of the relief formed on the machined surface (Fig. 4a, b).

The conditions for the formation of elements during machining with intense tool
vibrations allow them to be obtained in the size range with a cross-sectional area F
= 0.01–0.2 mm2, length L = 3–20 mm, i.e. in ranges, which other cutting methods
do not provide.
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Fig. 4 The scheme of obtaining elements by turning with self-oscillations whenworking “by trace”
a is a view of the machined surface and the cutting surface, b is the cross section of the cutting
surface: 1—S = 0.2 mm/rev; 2—S = 0.1 mm/rev; 3—S = 0.05 mm/rev; (V = 3.8 m/s, ϕ = 10°)

A very high frequency of formation of elements up to 2000 pcs/s is many times
higher than the productivity of the method of producing reinforcing elements from
wire. The mass productivity, of course, depends on the size of the elements and
amounts to: 5.6 kg/hour for elements with F = 0.02 mm2 L = 5 mm long, and
224 kg/hour for elements with F = 0.2 mm2 L = 20 mm long.

In construction, the volumetric content of fiber in steel-fiber-reinforced concrete
structures is used at 1–1.5%, since in large-tonnage production a greater consumption
of fiber leads to a higher cost of the structure. In the case of the manufacture of
steel-fiber-reinforced concrete structures of a relatively small volume (the case of
machines, machine tools, tools), a high fiber content can pay off with significant
economic advantages determined by the high manufacturability of shaping. In this
case, the volumetric content of the fiber can be increased up to bulk density, if this
leads to a significant increase in the mechanical properties of the structure. The bulk
density of the fiber obtained in this way depends on its parameters (Fig. 5).

Testing of concrete samples with different concentrations of reinforcing elements
(Fig. 6a) showed that the bending strength (σ) at a mass fiber concentration of ξm=
21% reaches 45 MPa.

The compressive strength increases significantly even with an insignificant con-
centration of microfiber, it significantly depends on the fiber length and approaches
the strength of cast iron (Fig. 6b).
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Fig. 5 Dependence of the
bulk density of the fiber on
its length, 1—F =
0.026 mm2, F = 0.018 mm2,
3—F = 0.01 mm2

Fig. 6 aDeflection of the samples under load depending on the mass concentration of fiber: 1—ξm
= 7%, 2—ξm = 14%, 3—ξm = 21%; b Compressive strength of the samples 1—ξm = 4%, F
= 0.01 mm2, 2—ξm = 2%, F = 0.01 mm2, 3—ξm = 4%, F = 0.026 mm2, 4—ξm = 2%, F =
0.026 mm2

When using steel fiber concrete as a structuralmaterial inmechanical engineering,
it is essential to increase the elastic modulus of the material with a significant content
of reinforcing elements. In this case, the reduced modulus of elasticity approaches
the modulus of elasticity of aluminum alloys (Fig. 7a).

The most important advantage of steel fiber concrete when used in mechanical
engineering is a high decrement of vibrations, which exceeds tens of times that of
cast iron. This is especially important when creating enclosures of machine systems
in which vibration dramatically degrades the quality of the products.

The unique properties of steel fiber reinforced concrete with a high content of
steel microfiber can determine its application in the creation of machine frames,
spindle units and cases of various technological equipment. This is also determined
by the high adaptability of the method of producing casings that do not require
metallurgical foundry or welding equipment, which is especially important for single
and small-scale production.

The mechanical properties of these steel fiber concrete allow even the body of a
highly loaded tool that perceives shock loads to be manufactured from it [12–15]. In
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Fig. 7 a Change in the elastic modulus of steel fiber concrete depending on the concentration of
reinforcing elements; b change in the decrement of vibrations with a change in the concentration
of reinforcing elements

this case, the high damping properties of the material, which improve the operational
properties of the tool, are especially positive [16–20].

2 Conclusions

1. There are conditions for the implementation of the turning process during intense
self-oscillations of the tool, under which it is possible to obtain needle-shaped
chips having a triangular cross section and material strength along the element
corresponding to the strength of the workpiece material.

2. The productivity of the process of obtaining reinforcing elements with a cross-
sectional area of 0.01–0.2mm2 and a length of 3–20mmdepends on the frequency
of oscillations of the tool holder and can exceed 2000 elements per second.

3. The mechanical and damping characteristics of steel fiber concrete with fine
fiber are largely determined by the concentration of the fiber, its length and
cross-sectional area;

4. By increasing the concentration of steel fibers to a limit value limited by bulk
density, a significant increase in the mechanical properties of steel fiber concrete
is possible, allowing it to be used as a structural material for the manufacture of
cases of technological equipment and some types of tools.
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A New Way of Manufacturing Bimetal
Products on the Basis of the Technology
of Casting with Crystallization Under
Pressure

Ruslan V. Kuznetsov and Pavel A. Kuznetsov

Abstract The paper presents the analysis of possible combinations of rawmaterials
during manufacturing bimetallic compositions. A variety of materials makes it nec-
essary to apply new combinations of familiar processes of materials processing and
search for new ways of bimetals production meeting the needs of different branches
of industry. The possibilities of obtaining bimetallic compounds on the basis of cast-
ing alloys and powder sintered materials are not sufficiently studied. By means of
the analysis, carried out using a morphological matrix, a new method of manufac-
turing bimetallic products based on the technology of casting with crystallization
under pressure was developed. An experimental press mold and an experimental
stand were developed to study the main parameters of the proposed process on the
samples in the form of bimetallic bushings—models of bimetallic bearings. Casting
aluminum alloy AK9ch was used for the base material. The working layers were
sintered powder materials made of graphite bronze and iron. The main methods of
studying the obtained bimetallic samples were mechanical tests of strength of the
layers interconnection and metallographic studies of their interconnection zone. The
paper discusses the issues of searching for rational modes of casting with crystal-
lization under the pressure of aluminum alloys together with the working elements
made of sintered materials with special properties. The possibility of application of
the obtained bimetallic products in sliding friction joints used in general mechanical
engineering products is considered. Acoustic emission, radiographic testing, pres-
sure vessels, stainless steel, cracks in the welds, sequence of application of testing
methods
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1 Introduction

The nomenclature and volumes of bimetallicmaterials and productsmade of themare
currently increasing intensively. Such innovative development is caused by both the
needs of different industrial branches and emergence of new materials with unique
properties and technologies of their production [1–4]. By the field of application of
bimetallicmaterials, they are distinguished into corrosion-resistant, antifriction, elec-
trotechnical, instrumental, wear-resistant, thermo-bimetals, bimetals for installation
works, and others.

The diversity of bimetallic materials is due to the large number of pos-
sible combinations of raw materials [4–6]. The most common combinations
can be considered to be “compact-compact”, “plastic-plastic”, “compact-plastic”,
“composite-composite”, “composite-plastic” combinations. Application of various
technological processes used in manufacture of bimetals, in turn, makes it possible
to control the properties necessary to perform specific tasks [5–7]. Almost in all
bimetals, one of the materials is a working layer with special properties, the second
material is a “matrix”, which performs auxiliary functions, such as supporting ones,
i.e. for attaching the working layer. However, such technologies of bimetals produc-
tion are of considerable interest when the “matrix” serves not only for attaching the
working layer, but is a product that performs certain functions [8]. Undoubtedly, from
the economic point of view, the options in which the bimetal layers are connected
simultaneously with the manufacture of the product itself are of a greater interest.
Modern technologies that correspond to these goals are not sufficiently studied and
requiremore thorough research. In particular, the technologies for obtaining bimetals
from liquid metal and powder materials have not been sufficiently studied. Appli-
cation of the powder metallurgy technology makes it possible to obtain a working
layer of a bimetallic product with the highest and special physical, mechanical, and
operational properties [9–12].

For the analysis of possible combinations of the process of manufacturing a
bimetallic product from liquidmetal and a sinteredmaterial, it is proposed to consider
the morphological matrix presented in Table 1.

The proposed matrix considers only options of obtaining bimetallic products on
the basis of the technology of casting with crystallization under pressure, as a process
that significantly improves the quality of the cast metal. Stamping of a liquid metal is
carried out together with working inserts of powder materials with the set properties.
During implementation of the process, the following options are possible.

Option 1 implies making a working insert out of powder with the required prop-
erties, sintering it, installing it in a mold (matrix), pouring the liquid metal into the
mold, and stamping them together to produce a high-quality bimetallic product. In
order to achieve the necessary qualities, it is also possible to carry out additional
machining and impregnation with lubricants.

Important features of the proposed technology are the possibility to vary themodes
of operations in a wide range, as well as the possibility of intensifying the process
in individual operations. Option 2 implies applying a special material (e.g. zinc) to
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Table 1 Morphological matrix of comparison of technological options of production of composite
layered bushings from liquid metal and sintered powders

No. Technological 
operations

Production options
I II III IV

1 Preparation of a 
powder material for 
the working layer

О О О О

2 Pressing of the 
working insert

О О
О О

3 Sintering of the 
working insert

О
О О О

4 Application of an
adhesive activating 
material to the insert

О О

5 Installation of the 
working insert into the 
mold

О О

6 Pouring a liquid metal 
base into the mold

О
О

О О

7 Insertion of the 
working insert into the
liquid metal

О О

8 Joint stamping of the 
liquid metal and the 
working insert

О О О        О

9 Heat treatment of the 
stamped Bimetallic
product

О

10 Layered product 
calibration О

11 Machining
О О О О

12 Thermochemical 
treatment О

О

13 Impregnation with 
lubricants О                                         О

14 Control
О О О О      
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the sintered working insert, which activates the process of forming a strong bond
between the layers during stamping. Installing the insert into the mold is done before
pouring a liquid metal.

The working insert can be inserted into the already poured liquid metal, fixed in
the desired position, and then the joint stamping of the liquid metal and the sintered
insert can be carried out, which is reflected in options 3 and 4, different from each
other by auxiliary operations of heat treatment, impregnation, etc. For example, the
finishing shaping of the working surface, such as calibration, can effectively adjust
the pore size (option 4).

Based on the above-stated analysis, carried out with the help of the morphological
matrix, a newmethod of obtaining bimetallic products on the basis of the technology
of casting with crystallization under pressure is offered, at which the working insert
made of a sintered porous material is inserted into the liquid metal, placed into
a closed heated matrix, is fixed in the desired position and the created bimetallic
composition is subjected to joint stamping with holding under pressure until full
crystallization of the base.

The aim of the work is to develop and study the combined process of manufactur-
ing bimetallic products made of liquid metal and sintered powder materials on the
basis of casting with crystallization under pressure.

2 Methods and Materials

As materials for the research we used: base material is cast aluminum alloy AK9ch
(GOST1583-93), working layer is tin-bronze powder PA-BrO (GOST26719-85),
modified with additives Sn and C, and iron powder ANS100.29.

The samples for the studies were bimetallic bushings of the following dimensions:
D = 40–55 mm, d = 20–25 mm, h = 20–40 mm.

The technology of manufacturing bimetallic samples was as follows (Fig. 1): one-
piece matrix 1 with coaxially installedmandrel 3 was heated to working temperature,
having previously lubricated the working surfaces with non-stick coating.

The matrix was installed on the lower plate of press 2 and poured liquid metal
base 6. Working insert 7 made of antifriction sintered powder material was installed
onmandrel 3, introduced into the liquid metal with movable die 8, and joint stamping
was carried out. Holding under pressure was carried out until full crystallization of
the base material and penetration of the liquid metal into the pores of the powder
material of the insert. The toolingmaterial is 5XHMinstrument die steel (GOST5950-
2000). A composition based on the aqueous solution of colloidal silica was used as
a non-stick coating.

An experimental batch of bimetallic blanks was produced on a special stand,
stamping was carried out directly on the laboratory testing press PSU-125 with an
effort of 125 ton-force (1250 kN).

From the previousworks [7], it is known that themain technological parameters of
the SLM (stamping of liquid metal) process are stamping pressure—Ps, temperature
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Fig. 1 Principle diagram of
casting with crystallization
under pressure of the liquid
metal and the sintered
working insert 1—matrix,
2—plate, 3—mandrel,
4—support, 5—heating
element, 6—liquid metal,
7—working insert,
8—movable die, 9—ejector

of tooling—Ttool., and time of crystallization under pressure—tcr. Proceeding from
this, one of the main tasks of the work was the search for optimal intervals of these
parameters in relation to the pair of materials under study. The porosity of the powder
blank during the study was constant—15%.

The experiment was conducted in the following technological modes: Ps = 0–
100MPa, Ttool. = 450–850 °C, tcr. = 10–60 s.Microstructure of the contact layer was
studied on the samples cut out from the central part of the blank in the longitudinal
section. Cutting was performed on the “POLILAB R 30 M” low-speed precision
cutting machine. Manufacturing of microslices was carried out with the use of the
“POLILAB S50” pressing machine and the “POLILAB P12MA” grinding and pol-
ishing metallographic complex. Visual evaluation of the contact layer was conducted
with theMIM-9metallographic microscope using a digital camera. Themethod used
is described in detail in [13, 14].

3 Results of Mechanical Tests and Metallographic Studies

Technological testing of shear strength of layer connection was performed on Ø55
× 20 mm ring-shaped samples cut out of the center of the workpiece on a Losen
Hausen hydraulic test rig with a nominal force of 50kN. Mechanical tests of shear
strength of the bimetallic product layer connection showed the following values: for
the pair “AK9ch—PA-BrO9-1” within the range of 6.8–9.1MPa. For pair “AK9ch—
ANS100.29”—in the range of 42-60 MPa.

Hardness examination of the cross-section of the central part of the workpieces
was carried out using the Vickers method (GOST 2999-75) on the ITV-10-MM
hardness meter. The strength of aluminum after crystallization under pressure was
62.4–77.5 NV10, for sintered iron powder—189-227 NV10.
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Figure 2 shows themicrostructure of the contact layer of a bimetallic samplemade
of aluminum AK9ch and sintered bronze powder PA-BrO9-1.

Figure 3 shows themicrostructure of the sample “AK9ch+ANS100.29” obtained
under the following conditions: a—Ps = 50 MPa, Ttool. = 500°C, tcr. = 10 s;b—Ps
= 100 MPa, Ttool. = 750°C, tcr. = 20 s.

Fig. 2 Microstructure of the contact layer of the bimetallic sample “AK9ch+ PA-BrO9-1”: a with
satisfactory solubility; b with a strongly pronounced contact layer zone. Magnification × 250

Fig. 3 Microstructure of the contact layer of bimetallic samples “AK9ch + ANS100.29”: a with
intermetallic layer zone; b with satisfactory area of mutual solubility. Magnification × 500
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4 Discussion of Results

Shear strength of the layers in bimetallic pairs “AK9ch + ANS100.29” reaches an
average of 50 MPa (Fig. 4).

The obtained result can be considered as a satisfactory result, comparable to the
strength of bimetallic compounds of aluminum and steel obtained by other methods,
such as welding.

Shear strength of the layers in bimetallic pairs “AK9ch + PA-BrO9-1” showed
low values, which can be explained by worse weldability of materials in this pair,
as well as the influence of graphite. For low-loaded bearings, this strength may be
sufficient.

An increase in the hardness of aluminum is caused by pressure during its
crystallization, which was observed in other works.

Studies of the contact layer microstructure have demonstrated satisfactory mutual
solubility. In optimal modes of the process, penetration of aluminum into the pores
of sintered iron was observed.

Optimal technological parameters of the stamping process of liquid aluminum,
together with sintered iron powder, should be considered as the stamping pressure is
80–100 MPa, the temperature of the matrix is 700–800 °C and the time of holding
under pressure is 15–20 s.

Fig. 4 Bimetallic samples obtained by joint stamping of liquid aluminum AK9ch and sintered
powder ANS100.29
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5 Conclusion

In conclusion, the most important results can be highlighted. A new method of man-
ufacturing bimetallic products (plain bearings) on the basis of the technology of
casting with crystallization under pressure has been developed [15]. The method
includes pouring a liquid metal base in the cavity of a rigid matrix, placing a work-
ing insert made of a sintered powder material into the matrix after pouring the liquid
metal base by immersion in a liquid metal and fixation in the desired position, the
subsequent stamping with holding under pressure. The coefficient of thermal expan-
sion of the base material is chosen by 20–30% higher than the coefficient of thermal
expansion of the insert material, which contributes to the occurrence of compression
stresses when materials of the base and insert cool down in the zone of their contact
and provides increased adhesion. The introduction of the sintered powder insert into
the liquid metal ensures destruction of the oxide film of the aluminum alloy formed
during pouring of the metal, minimizes oxidation of the contact surface of the base
and the insert material, and, consequently, increases adhesion and the quality of the
product as a whole.

Mechanical tests of shear strength of the layers of bimetallic products “AK9ch+
ANS100.29” showed strength within the range of 42–60MPa. The achieved strength
range is comparable with the strength values obtained by other methods of manufac-
turing bimetallic products. Therefore, the studied technology can be recommended
for obtaining bimetallic products from other similar metals and alloys.

Further direction of the research on the proposed technology should be considered
as modeling of thermal processes occurring at the boundary of the connected mate-
rials during their crystallization under pressure in the process of their joint stamping
[16–18].

The resulting bimetallic blanks can be subjected to plastic deformation (hot bulk
stamping, cold extrusion, rotational processing, etc.) to give them their final shape
and dimensions. One of the effective methods of plastic processing is cold edge
unrolling [19, 20].

Expansion of the product range obtained by the developed method can be the use
of sintered working inserts with the gradient structure and special properties [21].
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Local Buckling of Box-Shaped Beams
Due to Skew Bending

Konstantin Manzhula, Alexander Naumov and Sergei Sokolov

Abstract Local buckling efficiency of different types of beams was review. For
beams with non-linear walls and parameterised geometry local buckling analysis
was made in ANSYS. Based on result of ASNSY calculation analytic formula was
evaluated in MathCAD based on least square method. Influence of different geomet-
rical parameters on local buckling stress value for beams with non-linear walls was
analysed.

Keywords Local buckling · Beams with non-linear walls · Analysis if beam with
parameterised geometry · Critical stress · FEM · ANSYS · Least square method

1 Introduction

There are different structures of beams which are in use in metal structures. The
most simples of them are standard elements. This kinds of beams usually included
in simple structures of building and other standard constructions. More difficult
structures are usually used in complicated facilities, for example box shaped beams.
It has upper and lower flanges, one or two walls and different rigidity-increasing
elements such as longitudinal ribs and cross members. Cross members have cut-outs
to avoid interference with longitudinal ribs (Fig. 1a). This design makes production
of beams more complex and expensive. Simple metal structures do not have box-
shaped beams. Usually engineers prefer beams with corrugated walls for this needs
[1–4]. Such type of beams mostly applies in cargos and facilities. For cranes and
bridges beams with corrugated walls are not popular solutions [5]. It is economically
profitable to use corrugated walls in mass production manufactories, for example for
freight cars (Fig. 1b). Only corrugated wall is not enough when the load to structure
is intricate. In this case longitudinal ribs are required (Fig. 1c). However, welding
of corrugated walls to longitudinal ribs makes production more complicated and it
increases labor intensity. Due to this fact for low volume products it is better to use
box-shaped beams. Walls, cross members and longitudinal beams for box-shaped
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Fig. 1 Types of metal structures: a box-shaped beam; b freight cars; c beam with corrugated wall

beams are made from standard straight metal panels. This increases mass of beam,
quantity of welding seams and as a results it increases production cost. Moreover,
hard mode usage of box-shaped beams rises chance of durability deformations of
welding seams [6].

Load is usually applied on the upper flange of box-shaped beams. So load can
make maximum impact in each point of all beam’s length. As a result, local buckling
can be arisen in any area of a beam’s wall. However, there are three calculating
schemes for local buckling calculation (Fig. 2). In these schemes local buckling
stress depends on normal stress, shear stress or combination of normal and shear
stresses [7].

Calculation local buckling stress for linearwall canbedonebasedonnext formulas
[8]:

Fig. 2 Calculation schemes of local buckling stress
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√
(σ/σcr )

2 + (τ/τcr )
2 ≤ 1/n; (1)

σ ≤ σcr/n = [σcr ]; (2)

τ ≤ τcr/n = [τcr ]; (3)

σ and τ—normal and shear stresses in a beam, σcr and τcr—critical normal and
shear stresses (when a beam is buckled), n—safety factor.

Formula (1) is used when a load is applied to ¼ of beam length (Fig. 2c). When a
load is applied to the center of a beam (Fig. 2a) only normal stress makes an impact
to local buckling stress. Formula (2) should be used in this case. Formula (3) is used
when only shear stress affects due to load on ends of beams (Fig. 2b).

The critical stress is expressed by the formula σcr = ksKso(t/d)2, where: ks is the
buckling factor reflecting the effect of fixing the conditions and distribution of stress
across the width of the plate; Kso—the factor having the dimension MPa; t—plate
thickness; and, d—height of the plate. The length of the plate is included in the
determination of ks .

This calculating scheme was analysed in previous article [9]. In this article was
reviewed influence of flection radius to local buckling. Formula for calculation local
buckling stress value was found.

Second one is to apply load on the ends of beam near fixation areas (Fig. 4b).
In this case local buckling depends on shear. The stability of the plate at stress is
represented by the equation τ ≤ τcr/n = [τcr ], where: τ—the maximum stress in
the plate; τcr—the critical stress of stability; and, n—the safety factor. The critical
stress is expressed by the formula τcr = kq Kso(t/d)2, where: kq is the buckling factor
reflecting the effect of fixing the conditions and distribution of shearing stress across
thewidth of the plate; Kso—the factor having the dimensionMPa, t—plate thickness;
and, d—height of the plate. The length of the plate is included in the determination
of kq . In this case combination of normal stress and shear stress affect local buckling
properties [10]. In this article will be analyzed second calculation scheme.

Flection radius application to walls of beams (Fig. 3), which are under bending
load, is a solution to exclude crossmembers and longitudinal ribs. Productionmethod
of metal plates with radius is not new. It is always used for production of pipes. There
are patents,which showbeams structureswithflection radius [11–13].However, there
are not any researches how radius affects local buckling stress and how to calculate
it for beams with non-linear walls. Only LLOYD standard [14] describes how to
calculate stress values, but only for one loading scheme.

Papers [9, 15–18] show that beams with non-linear walls have a better local
buckling performance than box-shaped beams with standard walls under a pressure
and a bending load.
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Fig. 3 Box-shaped beam
with non-linear walls

2 Methods

Previous dependencies (1)–(3) are not applicable for beams with non-linear walls, as
they have not taken into account the curvature of the walls. Assessment of the beam
wall local buckling was made in ANSYSWorkbench. To do this, cross-section of the
beam was developed. Also variable geometric parameters were selected (Table 1)
[19].

After that, project in Ansys Workbench was created. Structure of calculation
program includes static analysis and linear buckling analysis (Fig. 4). In this project
same 3D model with geometric parameters as in the Table 1 was created. Previously
discussed parameters were selected on created 3Dmodel. It will provide opportunity
to calculate all possible variant of beams geometry [20].

Second step was selection of beam material. It was performed in Ansys mate-
rial manager. As a result, structural steel from Ansys engineering data was selected
as material of the beam. Tensile yield strength of this steel is 250 mPa and tensile
ultimate strength is 460 mPa. Last step was input type of fixation of a beam [high-
lighted pink on (Fig. 3)], selection of load method [F on (Fig. 3)] and definition

Table 1 Geometric
parameter

Geometric
parameter

Unit of
measurement

Value

H mm 1000, 1600, 2000

tb mm 10, 16, 20, 24

tw mm 6, 10, 12, 16

b mm 400, 600, 800

Rw mm 2000, 4000, 8000

a mm 1000, 2000, 4000
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Fig. 4 Project schematic of buckling analysis in Ansys

of grid elements maximum size. Also stress and displacement values were put as
preferable results of calculation. After that all geometry combinations of beams can
be evaluated.

To analyse results of calculation in ANSYS, received data can be approximated
with next formula

τcr = A0(X1)
a1(X2)

a2(X3)
a3(X4)

a4(X5)
a5 . (4)

To do it, value of parameters Ao, ai should be found. Firstly, the logarithm of
formula (4) should be taken

log τ = log

(
A0

N∏
i=1

Xai
i

)
= log A0 +

N∑
i=1

ai · log Xi . (5)

whereXi is geometric parameter of beams, for example X1 = tb
H , X2 = tw

H , X3 = Rw
H ,

X4 = a
H , X5 = b

H .
Secondly, representing log Y = ỹ, log A0 = a0, log Xi = x̃i formula (5) can be

rewritten as:

ỹ = a0 + a1 x̃1 + a2 x̃2 + · · · + aN x̃N = a0 +
N∑
i=1

ai x̃i . (6)

Now, Eq. (6) can be solved with least square method. This method based on next
fact, that difference between values of critical stresses ym, whichwere found inAnsys
workbench, and values of critical stresses, which can be found by solving Eq. (6),
should be approached to 0
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� = 1

n

n∑
m=1

(ym − ỹm)
2 = 1

n

n∑
m=1

(
ym −

(
a0 +

N∑
i=1

ai x̃im

))2

→ min (7)

where n is quantity of beams variant calculated in Ansys workbench. Solution of
formula (7) is partial derivative, which should be alike 0

∂F

∂a0,i
= 0.

Applying this solution all parameters ai can be found from set of equations:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂F
∂a0

=
n∑

m=1

(
ym −

(
a0 +

N∑
i=1

ai x̃im

))
= 0

∂F
∂a1

=
n∑

m=1

((
ym −

(
a0 +

N∑
i=1

ai x̃im

))
· x̃1m

)
= 0

. . .

∂F
∂ai

=
n∑

m=1

((
ym −

(
a0 +

N∑
i=1

ai x̃im

))
· x̃im

)
= 0

. . .

∂F
∂aN

=
n∑

m=1

((
ym −

(
a0 +

N∑
i=1

ai xim

))
· x̃Nm

)
= 0

(8)

Set of equations can be represented as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

n∑
m=1

ym = a0
n∑

m=1
1 + a1

n∑
m=1

x̃1m + a2
n∑

m=1
x̃2m+ · · · + aN

n∑
m=1

x̃Nm

n∑
m=1

ym x̃1m = a0
n∑

m=1
x̃1m + a1

n∑
m=1

x̃1m x̃1m + a2
n∑

m=1
x̃2m x̃1m+ · · · + aN

n∑
m=1

x̃Nm x̃1m

. . .
n∑

m=1
ym x̃im = a0

n∑
m=1

x̃im + a1
n∑

m=1
x̃1m x̃im + a2

n∑
m=1

x̃2m x̃im+ · · · + aN
n∑

m=1
x̃Nm x̃im

. . .
n∑

m=1
ym x̃Nm = a0

n∑
m=1

x̃Nm + a1
n∑

m=1
x̃1m x̃Nm + a2

n∑
m=1

x̃2m x̃Nm+ · · · + aN
n∑

m=1
x̃Nm x̃Nm

(9)

and rewritten in matrix form Ỹ = A · X̃ , where
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Ỹ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

n∑
m=1

ym
n∑

m=1
ym x̃1m

n∑
m=1

ym x̃2m

. . .
n∑

m=1
ym x̃Nm

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

A =

⎛
⎜⎜⎜⎜⎜⎝

a0
a1
a2
. . .

aN

⎞
⎟⎟⎟⎟⎟⎠

,

X̃ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

n∑
m=1

1
n∑
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x̃1m

n∑
m=1

x̃2m . . .
n∑

m=1
x̃Nm

n∑
m=1

x̃1m
n∑
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x̃1m x̃1m

n∑
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x̃1m x̃2m . . .
n∑

m=1
x̃1m x̃Nm

n∑
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x̃2m
n∑
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x̃2m x̃1m

n∑
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x̃2m x̃2m . . .
n∑
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x̃2m x̃1m

. . . . . . . . . . . . . . .
n∑
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x̃Nm

n∑
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x̃Nm x̃1m
n∑
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x̃Nm x̃2m . . .

n∑
m=1

x̃Nm x̃Nm

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

From matrix equation Ỹ = A · X̃ parameters ai can be found as

A = X̃−1 · Ỹ (10)

3 Results and Discussion

In ANSYS 240 beams with different geometrical parameters were calculated. Dia-
grams of local buckling have same shape: two big beads on both walls (Fig. 5).
Same shape have beams with linear walls. However beams with non-linear walls
have higher value of critical buckling stress.

Fig. 5 Movements diagrams with loss of local stability for different beam geometry
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Table 2 Values of
parameters ai

a0 6.035

a1 −0.926

a2 2.32

a3 −0.385

a4 −0.41

a5 0.483

Evaluations based on least square method from previous article section can be
used to find analytic formula of local buckling stress. To do it, calculations were
done in MathCad software. Solutions of parameters ai from formula (7) are showed
in Table 2.

Finally, all parameters ai can be applied to formula (4) and it can be represented
as

τcr = 1.086 × 106 · (
b
H

)0.483 · ( tw
H

)2.32
( Rw

H

)0.385 · (
a
H

)0.41 · ( tb
H

)0.926 . (11)

Also in formula (7) can be added constant Kso= 0.759 MPa for structural steels
[8]

τcr = 1.43 × 106 · KS0 · (
b
H

)0.483 · ( tw
H

)2.332
( Rw

H

)0.385 · (
a
H

)0.41 · ( tb
H

)0.926 . (12)

The assessed value of formula (11) error can be found as

δ = τansys − τcr

τansys
· 100%. (13)

Average value of formula (11) error is 8.1%. Distribution of formula (12) results
to Ansys stress calculation is on a Fig. 6.

Graphic was created to understand which how radius makes impact to the value
of buckling critical stress (Fig. 7).

4 Conclusions

In this study box-shaped beams with non-linear walls were analyzed. This type of
beams is not frequently used in metals structures, but there are patents described
layout and geometric of beams. Advantage of such kind beams is bigger value of
local buckling stress. This property is important for main beams of traveling cranes,
so it can improve robustness of current structures. This is the reason why it is actual
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Fig. 6 Graphic of ansys and analytic formula (12) buckling stress

Fig. 7 Impact of a radius to a stress value for different thickness of a wall

to study beams with non-linear beams. Only finite element method can be used
for calculation stress value of beams with non-linear walls. Mechanic properties
variations of these beams due to flection radius increase are not studied.

Also it was defined that local buckling critical force of beams with non-linear
walls is bigger than critical force of standard box-shaped beams. Value of critical
force is increasing with gain of flections’ radius. The most important result of the
study is development of analytic formula for local buckling stress. It can be used on
earlier stages of metal structures engineering to get estimated values of stress and
geometric parameters.
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Thinnest Finishing Treatment
with a Focused Jet of Electrolytic Plasma

Alexander I. Popov, Mikhail M. Radkevich and Vasily G. Teplukhin

Abstract The article presents the results of experimental data on the formation
of thin layers of the surface of stainless steels by jet focused electrolyte-plasma
treatment. An experimental electrolyte-plasma installation is shown, which makes
it possible to remove the thinnest layers from the surface of samples using an
electrolyte-plasma discharge. In the work, hollow and type-setting current leads
were used. The surface roughness parameters during the processing of samples from
08X18H9T, AISI 304, and HVG stainless steels are studied. Samples with a low
level of surface roughness were obtained. A decrease in the mass of samples after
electrolyte-plasma treatment is shown. The minimum removal of metal from the
surface of the samples was recorded. The theoretical regularities of the formation of
the surface layer geometry are considered. The results of the work can be applied to
metallurgical, machine-building or turbine production.

Keywords Hollow cathode · Type-setting current lead · Electrolyte-plasma
discharge ·Material removal depth

1 Introduction

The formation of the surface layers of the product is an important final point of man-
ufacture. The quality of the surface layers largely determines the performance and
durability of the product. In the manufacture of accurate and critical products, very
stringent requirements are often met for the accuracy of the size to be performed, the
state of the surface layer, and the roughness parameter of the treated surface [1–5].
Obtaining these products in engineering is a technologically challenging task. To
solve this problem, both traditional and advanced technologies are used. Traditional
technologies include felt polishing, honing, shaving and superfinishing.Modern tech-
nologies include technologies of electric discharge machining, waterjet processing,
magnetically abrasive processing, ultrasonic processing and electrolyte-plasma pro-
cessing. Electrolytic-plasma treatment occupies a special place. This technology
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includes wide technological capabilities including surface treatment by polishing,
dimensional processing by removing surface layers, applying functional coatings.
Among the features of this method, several methods for producing electrolyte plasma
can be indicated. This is treatment in an electrolytic bath [6–10] using metal or elec-
trolytic electrodes [11–13], processing by the intersection of two or more electrolytic
jets [14, 15], and treatment with an electrolytic jet of a metal anode (cathode). Each
method, considered separately, has its advantages and disadvantages. Processing in
an electrolytic bath is characterized by high polishing speeds, high product tempera-
tures, high radiated output power, significant evaporation from the electrolytic bath,
and uneven removal at sharp edges and corners of the product [16–18]. Processing
with an electrolytic jet (jets) is characterized by equal processing speed, low power
allocated to the discharge, high precision processing over the entire surface, the abil-
ity to process products of any area, dimensional processing, and a small amount of
electrolyte evaporation [19, 20].

This makes it possible to consider jet electrolyte-plasma processing as a method
suitable for the accurate processing of various curved surfaces, including for critical
medical devices, cutting tools, gear profiles, steam and gas turbine blades, turbine
wheels for various purposes, 3Dmetal printing [1–5, 21–24]. Therefore, for blasting,
studies are carried out on temperature, the forms of existence of a plasma discharge,
methods for supplying an electrolytic jet, surface roughness and depth of removal,
research on the processing of various materials. There is practically no data on the
effect of jet electrolyte-plasma treatment on thin surface layers of the processed
material. Based on this, the goal of our work is to study the features of the thinnest
finish electrolyte-plasma treatment. The objectives of the work are to assess the range
of voltages and currents to obtain polished layers of high quality, the influence of
technologicalmodes on the roughness parameters of the surface layer, the assessment
of the state of the surface after processing, and the consideration of the theoretical
aspects of thin layer removal.

Equipment and Materials

In the course of the experiments we used the installation assembled in accordance
with [25], based on a power source assembled according to the Larionov scheme
[7]. The installation includes an electrolyte supply system and a power supply. The
negative pole of the power supply is connected to a hollow or stacked current supply,
and the positive to the sample being processed (Fig. 1).

The voltage supplied to the sample was set equal to 20–500 V. Processing of the
samples was carried out with a fixed current supply. To analyze the surface of the
samples, an LV-41 metallographic microscope (Lomo, Russia) was used. The depth
of removal of the processed material was measured by a digital electronic indicator
«Micron» with a division value of 1 µm. The weight of the samples was measured
on a laboratory balance BM213M balance with a division value of 0.001 mg. The
studies used hollow [26] and stacked [27] current leads. Solutions of ammonium
sulfate (Na2SO4)—5 g and ammonium citrate ((NH4) 3C6H5O7)—5 g in tap water,
ammonium sulfate ((NH4) 2SO4) and sodium sulfate (Na2SO4)—30 g in tap water
were used as electrolytes.
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Fig. 1 Schematic diagrams of electrolytic-plasma surface treatment: a 1—current lead holder, 2—
hollow current lead, 3—electrolytic cathode, 4—sample, 5—electrolyte intake bath, 6—electrolyte
supply pipe, 7—insulated supports, 8—Power Supply; b type-setting current lead

The electrolyte was supplied by a jet through a tube with a diameter of 3 mmwith
a flow rate of 2.4–9.0 l/h. The measurement of the flow rate of the electrolyte was
carried out by passing an electrolyte of 100 g mass with fixation of the transit time
along the stopwatch. The experiment was carried out at atmospheric pressure. Used
25 marked samples with a size of 45 × 50 mm, 100 × 200 mm from stainless steel
08X18H9T, AISI 304, HVG.

2 Experiment Results

2.1 Assessment of Volt–Ampere Characteristics

Volt–ampere characteristic is one of the important technological indicators of the
process. We have fixed the parameters of the change in the electric discharge current
depending on the applied voltage. The research results are presented in Fig. 2. It
is shown that a limited voltage range corresponds to the polishing region to obtain
thin surface layers of high quality. This range fits into voltages from 180 to 360 V.
An important parameter of the process is the electrolyte feed rate. With an increase
in the electrolyte feed rate of more than 6 l/h. the intensity of the processing mode
changes. This leads to a decrease in the surface roughness parameter.

2.2 Determination of Surface Roughness Parameters

During the experiments, the roughness of the samples was obtained in the range of
operating voltages from 20 to 500 V. It was shown that in the voltage range from 220
to 380 V, a sharp decrease in the roughness parameter to Ra 0.034 µm is observed
(Fig. 3).
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Fig. 2 Volt–ampere process characteristic: 1—electrolyte flow rate 2 l/h; 2—flow rate of electrolyte
4 l/h; 3—electrolyte flow rate 6 l/h; 4—electrolyte flow rate of 8 l/h

Fig. 3 The dependence of the roughness parameter on voltage during electrolytic-plasma treatment
of AISI 304 steel using a type-setting current supply

It is shown that for different stresses a surface is formed with a different level
of roughness and a microrelief. It was noted that in the electrolysis mode 20–80 V.
The steel surface has a smoothed microrelief with a matte surface without gloss. In
the process of stepwise increase in voltage, a transition is observed from the matte
surface to the appearance in the middle part of the treatment of a polished zone with
a characteristic specular gloss (Fig. 4).
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Fig. 4 Appearance of the surface of samples made of AISI 304 steel during electrolyte-plasma
processing using a type-setting current supply

2.3 Reflectivity

In the process of plasma jet processing, the surface acquires high reflectivity. An
example of surface treatment quality is shown in Fig. 5.

2.4 Determination of Material Weight Loss

With a change in the state of the surface of the sample, a change in its mass also
occurs. An example of a change in mass loss for samples from HVG steel is shown
in Fig. 6.

The range from 160 to 300 V is characterized by an increased removal of metal
in the electric discharge zone. This leads to a change in surface shape. With a fixed
current lead and a sample, a spherical hole is usually formed in the processing zone.
Its depth depends on the flow rate of the electrolyte, the time of formation of the
electric discharge, the composition of the electrolyte, the current and the distance
between the current leads.
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Fig. 5 An example of the
reflectivity of the surface of
AISI 304 steel after finishing
electrolytic-plasma treatment

Fig. 6 Dependence of sample mass loss on voltage during electrolytic-plasma treatment of HVG
steel using hollow current supply

2.5 Shaped Polished Surface with Minimal Removal Depth

Thin surface treatment with a minimum removal depth implies a low surface rough-
ness parameter Ra. For accurate processing, it is necessary to obtain a low sur-
face roughness parameter Ra while removing the surface layer corresponding to the
maximum height Rmax of the microprofile.

When this condition is met, a superthin surface treatment is provided Experiments
show that with the combined processing of steel 20X13 using stacked and hollow
current leads, it is possible to achieve a minimum thickness of removal from the
metal surface (Table 1).
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Table 1 Depth of material removal from the surface of the samples using hollow current lead

Modes Surface parameters

Voltage U,
V

Current I,
A

Electrolyte
feed rate,
l/h

Feed S,
mm/min

The
number of
passes n,
pcs

Length of
the
processed
surface,
mm

Depth of
removal,
mm

225 1,02 9,0 34,1 1 50 0,112

230 0,71 9,0 17,1 1 50 0,130

230 0,65 6,1 17,1 1 50 0,058

The parameters of the depth of material removal using hollow and type-setting
current leads, and an electrolyte containing a solution of ammonium sulfate and
sodium sulfate in tap water, are fixed in Table 2.

The experimental results show that the minimum depth of removal from the metal
surfacewas 0.016mm,which corresponds to theminimum surface roughness param-
eter Ra 0.083 µm. The results of measuring the depth of processing with a fixed
hollow current supply during the treatment of AISI 304 steel show that a change in
the depth of the surface layer is possibly less than 16µm.Measurements of the depth
of removal of the surface layer are presented in Table 3.

Table 2 Depth of material removal from the surface of the samples with sequential use of type-
setting and hollow current leads

Modes Surface parameters

Voltage
U, V

Current
I, A

Electrolyte
feed rate,
l/h

Number of passes
type-setting/hollow
current lead n, pcs

Processing
area cm2

Roughness
parameter
Ra
surface,
µm

Depth of
removal,
mm

250–260 1,2–1,5 4–6 2/1 (3) 36 0,062 0,020

260 1,1 5 3/2 (5) 4 0,036 0,045

260 1,1 5 1 48 0,083 0,016

Table 3 Depth of material removal from the surface of the samples using fixed hollow current lea

Modes Surface parameters

Voltage U, V Current I, A Electrolyte feed
rate, l/h

t, s Processing area,
cm2

Depth of
removal, mm

240 0,4 4 600 0,78 0,005

300 0,3 2 133 0,28 0,001

240 2,5 5 15 3,14 0,006
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Fig. 7 Changes in the
surface state of samples
during the processing of
AISI 304 steel using
sequentially stacked and
hollow current leads: a is the
initial surface, b is the
formation of microdefects on
the surface, c–e is the process
of leveling the surface, f is
the polished surface

2.6 Polished Surface Forming Mechanism

During the action of an electrolyte-plasma discharge on the surface of the sample,
a complex mechanism for removing the surface layer was recorded. It depends on
the initial roughness parameter and on the quality of preparation of the surface layer.
Figure 7 shows the change in the state of the surface of the samples during the
processing of AISI 304 steel during processing.

3 Results Discussion

Analysis of changes in the surface layer of samples during jet focused electrolyte-
plasma treatment shows the complex nature of changes in the surface microprofile.

The initial level of surface roughness (Fig. 8a) is characterized by a developed sur-
face microprofile having unevenly distributed microroughness apexes. These peaks
are usually formed in the technological process of preliminary grinding of the sur-
face. This is due to the plowing of the original surface with abrasive grains. After
numerous acts of exposure to the surface with abrasive grain, an uneven profile forms
with deep depressions between the peaks.

When voltage is applied to the current leads, the electrolytic jet changes its geo-
metric shape and is formed in accordance with the lines of the electromagnetic field
strength [20].

With an appropriate distance, voltage, and electrolyte concentration, the formation
of a shallow bubble phase of the entire discharge region occurs. In the local zone
above the surface of the sample, a vapor-gas shell is formed,which is a thin layer equal
to 50–100 µm according to different authors [11, 14, 16]. The electrolyte-plasma
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Fig. 8 Scheme of surface
layer formation during
electrolyte-plasma treatment:
a initial surface, b surface
during the initial treatment
period, c surface during the
processing process, d surface
during the final treatment
period

layer exceeds the parameter of the initial surface roughness Ra 0.4–0.8 microns more
than 50–100 times. The electric field strength in this region reaches 104 − 106 V/m.

This leads to the occurrence of low power discharges at the tops of microrough-
nesses. Numerous discharges arising at the vertices of the microroughness lead to
their smooth rounding and increase in radius for each individual vertex (Fig. 8b, c).

The removal depth R
∑

of the surface to remove the occurrence of these
microcraters can be calculated by the formula.

where,
Ra—roughness parameter of the initial surface;
K = 1–40—defective layer coefficient.
The value of K can take values in the range from 1 to 40.
It depends on the initial roughness parameter Ra, the presence of contaminants

on the surface of the samples, the technological mode of processing, the electrolyte
used, the thickness of the oxide film on the surface of the sample and the type of
current supply, the distance between current leads.

A decrease in K leads to a decrease in the depth of the defective layer and the
achievement of superthin treatment is facilitated by the preparation of the surface
before treatment by purification from fatty and other contaminants, a decrease in the
current of the electrolyte-plasma discharge, and selection of the electrolyte, which
helps to reduce the thickness of the oxide film.

The increase in the distance between the current leads and the formation of an
electrolyte-plasma discharge in the form of a straight cone using stacked current
leads helps to remove thin layers from 5 to 1 µm from the surface, which allows you
to remove from the surface a value corresponding to Rmax.
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4 Conclusions

1. Selection ofmodes for thinnest processingmakes it possible to exclude formation
of primary defects occurring in zones of valleys between tops of micro relief.

2. The technology of processing the thinnest layers allows to remove the volume
of material equal to the initial value Rmax. Thus, it is possible to remove the
thinnest layer corresponding to the height of the surface micro relief.

3. This type of processing allows to treat products with small tolerances for size
from 1 to 20 µm. This makes it possible to process a wide range of products.
These include: cardio-surgical stents, gears, blades of gas and steam turbines,
mono wheels.

Acknowledgements The authors express their gratitude to graphic designer Diana A. Popova.
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On the Calculation of Blades
Highly-Effective Impellers of Centrifugal
Compressors

Vladimir A. Pukhliy, Sergey T. Miroshnichenko, Olga G. Lepekha,
Alexander A. Zhuravlev and Alexandra K. Pomeranskaya

Abstract An example of weld-joints testing of a new pressure vessel made of stain-
less steel is considered. The main methods of testing were the method of radiography
and the method of acoustic emission. Dangerous defects in the refinery column were
detected before running began as a result of the joint application of these methods.
This example demonstrates the effectiveness of using such the properties of acoustic
emission method, as the integral nature of testing, high sensitivity and the ability to
record developing (the most hazardous) defects in the application to the diagnosis of
the industrial pressure vessels state. Also the results of metallographic examination
of the specimen of column shell with detected defects are presented. The question
of the sequence of application of different methods of nondestructive testing for
optimization of the procedure for inspection of large-sized equipment is discussed.

Keywords Acoustic emission · Radiographic testing · Pressure vessels · Stainless
steel · Cracks in the welds · Sequence of application of testing methods

1 Introduction

Earlier, Seleznev et al. [1, 2] at the Department of Compressor Engineering of St.
Peterburg Polytechnic Institute conducted aerodynamic tests of centrifugal compres-
sor wheel models, using the blade shape formed by conjugating two curves (arcs)
with different curvature radii (R1 and R2) (Fig. 1). Figure 1 shows the impeller of a
centrifugal compressor with S-shaped blades.

Designed wheels with S-shaped blades are not inferior in their aerodynamic qual-
ities, and in some cases surpass similar production samples of wheels. Thus, the
developed mill fan with S-shaped blades [3] has significantly better aerodynamic
parameters compared to similar production samples. This fact can be explained by
the following: the initial section of the rotor blades, which is bent back, contributes to
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Fig. 1 Centrifugal impeller
with S-blades

a continuous potential flow around the blade cascade, at the final section the velocity
diagram changes, which in turn contributes to an increase in pressure. As a result, the
impellers of such centrifugal compressors have advanced aerodynamic parameters.

2 Statement of the Problem and Its Solution

Let us consider the stress-strain state of S-shaped rotor blades of centrifugal com-
pressors. Figure 2 shows the geometry and coordinate system of a trapezoid S-shaped

Fig. 2 Centrifugal impeller
with S-blades
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blade. The calculation of the blade can bemade by dividing it into two interconnected
cylindrical panels [4].

The problem reduces to the calculation of these panels for the load, conditioned by
the centrifugal inertia forces of the panels’ masses, taking into account the conditions
of their mutual conjugation [5].

The stress state of the panel is described by linear equations of Vlasov–Donnel
shallow shell theory [6, 7], which are written in the dimensionless coordinate system
ξ = x/ l and η = y/b1 as follows:

∂2ū

∂ξ2
+ 1 − ν

2
m2 d

2ū

∂η2
+ 1 + ν

2
m

d2v̄

∂ξ∂η
+ l

R

∂w̄

∂ξ
= − (1 − ν2)l2 p

Eh2
;

1 + ν

2
m

∂2ū

∂ξ∂η
+ m2 ∂2v̄

∂η2
+ 1 − ν

2

∂2v̄

∂ξ2
+ νml

R

∂w̄

∂η
= 0;

12
l3

Rh2
∂ ū

∂ξ
+ 12

νml3

Rh2
∂ v̄

∂η
+ ∇4

mw̄ + 12
l4

R2h2
w̄ = 12

(1 − ν2)ql4

Eh4
.

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(1)

Here ū = u/h; v̄ = v/h; w̄ = w/h are dimensionless displacement functions;
m = l/b1 is geometric parameter of the blade; q and p are the normal and tangential
components of the centrifugal load:

q = (γ/g)ω2hR2 cos β2;

p = (γ/g)ω2h(R2 sin β2 − ξ l), (2)

where β2 is the angle of the stream exit.
The boundary conditions at the edges η1 = (k1mξ + 1) and η2 = α(k1mξ + 1),

adjacent to the disks, correspond to rigid fixing conditions:

w̄ = ∂w̄

∂n
= ū = v̄ = 0 (3)

Here k1 = tgγ1; α = −b2/b1 are geometric parameters of the blade.
It should be noted that the boundary conditions (3) are somewhat idealized. In real

life, due to the difference in radialmovements of themain and covering discs, the edge
of the blade adjacent to the covering disc is shifted at some value Δ(ξ,η).However,
for the considered class of centrifugal compressors with medium-width blades, the
formulation of the boundary conditions (3.35) is quite acceptable, the operational
margin in this case is about 10% [8].

The boundary conditions for the leading (ξ = 1) and exit (ξ = 0) edges of the
blade correspond to the conditions of the free edge (Fig. 2). In this case we have:

N11 = N12 = M11 = Q0
1 = 0,

or in the displacement functions:
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∂ ū
∂ξ

+ νm ∂ v̄
∂η

− νl
R w̄ = 0;

m ∂ ū
∂η

+ ∂ v̄
∂ξ

= 0;
∂2w̄
∂ξ2

+ νm2 ∂2w̄
∂η2 = 0;

∂3w̄
∂ξ3

+ (2 − ν)m2 ∂3w̄
∂ξ∂η2 = 0.

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(4)

3 Conjugation (Matching) Conditions

We now proceed to the conditions for connecting cylindrical panels I and II [5, 9].
On the joint straight edge ξ = ξ0 for panels I and II, the following equations should
be valid (Figs. 3 and 4).

Fig. 3 On the development
of conjugation (matching)
conditions (power factors in
the panels)

Fig. 4 On the development
of conjugation (matching)
conditions (displacement in
the panels)
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N 1
11 = N 2

11;
N 1
12 = N 2

12;
Q1

1 = Q2
1;

M1
11 = M2

11.

⎫
⎪⎪⎬

⎪⎪⎭

(5)

ū1 = ū2;
v̄1 = v̄2;
w̄1 = w̄2;
∂(w̄1)

∂ξ
= ∂(w̄2)

∂ξ
.

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(6)

Applying (5) and (6) into the elastic shell conjugation conditions instead of the
forces and moments of their expression through displacements, and also assuming
R = −R2 for panel I and R = R! for panel II, we obtain the following group of
conjugation conditions:

∂ ū1
∂ξ

+ νm ∂ v̄1
∂η

− νl
R2
w̄1 = ∂ ū2

∂ξ
+ νm ∂ v̄2

∂η
+ νl

R1
w̄2;

m ∂ ū1
∂η

+ ∂ v̄1
∂ξ

= m ∂ ū2
∂η

+ ∂ v̄2
∂ξ

;
∂2w̄1
∂ξ2

+ νm2 ∂2w̄1
∂η2 = ∂2w̄2

∂ξ2
+ νm2 ∂2w̄2

∂η2 ;
∂3w̄1
∂ξ3

+ (2 − ν)m2 ∂3w̄1
∂ξ∂η2 = ∂3w̄2

∂ξ3
+ (2 − ν)m2 ∂3w̄2

∂ξ∂η2 ;
ū1 = ū2; v̄1 = v̄2; w̄1 = w̄2; ∂w̄1

∂ξ
= ∂w̄2

∂ξ
.

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

(7)

4 Solution of a Two-Dimensional Boundary Value Problem

For the solution of the boundary value problem for the system of elliptic Eq. (1),
we apply the analytical approach based on a combination of the method of integral
relations, developed by Dorodnitsyn [10, 11] and the modified method of successive
approximations, developed by professor Pukhliy and published in the academic press
[12, 13].

Subsequently, the method was extended to the solution of initial and initial-
boundary value problems of mathematical physics [14, 15]. The problems of the
method convergence were considered in [12, 15]. It should be noted that earlier
this approach was used in the authors’ work [16] for purposes of calculating the of
working blades of diagonal turbomachines.

In accordance with the method of integral relations, the initial system of Eq. (1)
will be presented in a divergent form:

∂X

∂ξ
+ ∂Y

∂η
+ L = 0, (8)

where
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X = {Xi } = {ū, v̄, w̄, z1, z2, z3, z4, z5};

Y = B0X + B1
∂X

∂η
+ B2

∂2X

∂η2
+ B3

∂3X

∂η3
;

L = BX + b̄.

Using functions z1, z2, . . . , z5, derivatives are denoted:

z1 = ū,1; z2 = v̄,1; z3 = w̄,1; z4 = w̄,11; z5 = w̄,111. (9)

Upon that, the elements of the matrices Br = {
bSmn

}
and B = {bmn}, (S = 0, 1, 2,

3; m, n = 1, 2, … 8) take the following values:

b028 = 12 ml3

Rh2 ; b035 = 2ml
(1−ν)R ; b015 = 1+ν

1−ν
m;

b054 = 1+ν
2 m; b114 = 1−ν

2 m; b125 = 2m2

1−ν
;

b178 = 2m2; b338 = m4; b38 = 12l4

h2R2 ;
b48 = 12 νl2

Rh2 ; b64 = νl
R ; b41 = b52 = b63 = b76 = b87 = −1.

(10)

The remaining elements equal to zero. The components of the vector b̄ will be
the following:

b8 = −1; b1 = b2 = b3 = b4 = b5 = b6 = b7 = 0. (11)

In accordance with the method of integral relations, the solution to system (8) is
found as follows:

Xi (ξ,η) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

n∑

j=1
Xi j (ξ)Pj (ξ,η) (i = 3, 6, 7, 8);

n∑

j=1
Xi j (ξ)Pj,2(ξ,η) (i = 1, 2);

n∑

j=1
Xij(ξ)Pj,22(ξ,η) (i = 4, 5).

(12)

where the Jacobi orthogonal polynomials [17, 18] were chosen as the system of
approximating functions Pj (ξ,η), constructed for the oblique edges of the blade.

Pj (ξ,η) =P1(ξ,η)

n∑

j=1

[

η − (1 + α) r

2

] j−1

,

P1(ξ,η) =η4 − 2(1 + α)rη3 + (1 + 4α + α2)r2η2 − 2α(1 + α)r3η + α2r4,

r =1 + kmξ. (13)

Let us turn our attention to the properties of polynomials Pj (ξ,η). Polynomials
Pj (ξ,η) on the interval [r, αr] fulfil the orthogonality conditions:
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(Pi , Pk) =
αr∫

r

Pi Pkdη = 0 when i �= k. (14)

They form a system of linearly independent functions and fulfil the boundary
conditions (3). The constructed polynomials have another important property: their
first and second derivatives are also orthogonal. To demonstrate it, let us consider
the value

cos
(
Pi , Pj

) =
(
Pi , Pj

)

‖Pi‖
∥
∥Pj

∥
∥
,

in this case, the polynomials Pi and Pj are considered as generalized vectors in a
Hilbert space L2 [18].

For specific values for polynomials (13) we obtain:

cos(P1, P2) = 0; cos
(
P1,2, P2,2

) = 0; cos
(
P1,22, P2,22

) = 0,

which corresponds to angles of 90º.

5 Application of the Modified Method of Successive
Approximations to the Integration of Systems
of Ordinary Differential Equations

Applying the procedure of the method of integral relations to the initial system of
partial differential Eq. (8), we obtain a system of ordinary differential equations of
order 8n with variable coefficients, which can be presented in the normal Cauchy
form:

dXm

dξ
=

m∗
∑

ν=1

Am,νXν + fm (m = 1, 2, . . . ,m∗) (15)

Here Am,ν is a variable coefficient;
Following that, a modified method of successive approximations, developed by

Professor V. A. Pukhliy and published by him in the academic press [12–15], is
applied to solve the system of Eq. (15). The method has been widely used to solve a
number of practical problems, for example, for studying the SSS of working blades
of diagonal turbomachines [16], as well as for studying the SSS of wing-shaped
blades of centrifugal pumps [19].

Here, to accelerate the convergence of the solution, the method of telescopic
shift of the Lanczos power series is used [20]. The idea of the method is that the
Maclaurin series at our disposal is telescopically shifted to a much shorter series,
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without losing accuracy. For this purpose, the possibility of representing any power
series in terms of shifted Chebyshev polynomials on the interval [0, 1] is used.

In accordance with the method and in order to accelerate the convergence of
the obtained solution, variable coefficients Am,ν and free terms fm are represented
through the shifted Chebyshev polynomials T ∗

k (ξ):

Aν,m =
q∑

r=0

aν,m,r d
−1
r

r∑

k=0

akT
∗
k (ξ), fm =

q∑

r=0

fm,r (dr · r !)−1
r∑

k=0

akT
∗
k (ξ). (16)

Here q—is the degree of the interpolation polynomial; ak—coefficients of expan-
sion ξ2 in a series of Chebyshev polynomials. In the expression (16) dr = 1 for r =
0 and dr = 22r−1 for the other r.

The general solution of the system of Eq. (15) can be written as:

Xm =
s∑

μ=1

Cμ

[

d−1
0 a0T

∗
0 (ξ) δ +

∞∑

n=1

Xm,μ,n

]

+
q∑

j=0

tm, j,0
[
d j+1( j + 1)!]−1

j+1∑

k=0

akT
∗
k (ξ) +

∞∑

n=2

Xm,n, (17)

where tm, j,0 = fm,r when j = r; μ —is the number of the fundamental function;
Cμ—constants of integration.

In solution (17), δ = 1 if m= μ and δ = 0 for the other μ. The first approximation
Xm,μ,1 is obtained by substituting the zeroth-order approximation:

d−1
0 a0T ∗

0 (ξ) δ to the right side of the homogeneous system dXm
dξ

=
s∑

ν=1
Bν,m Xν.

Subsequent approximations are carried out according to recurrence formulas:

Xm,μ,n =
β∑

j=1

tm,μ,n, j
[
dn+ j−1(n + j − 1)!]−1

n+ j−1∑

k=0

akT
∗
k (ξ);

Xm,n =
β∑

j=1

tm,n, j
[
dn+ j−1(n + j − 1)!]−1

n+ j−1∑

k=0

akT
∗
k (ξ) , (18)

where β = n (q + 3) – 2.
The systems of fundamental functions (18) are uniformly converging series.

Therewith, coefficients tm,μ,n, j and tm,n, j are determined through the coefficients
of the previous approximation using recurrence formulas:

tm,μ,n, j =
s∑

ν=1

q∑

r=0

bν,m,r tν,μ,n−1, j−r (n + j − 1)−1
r∏

γ=0

(n + j − 1 − γ),
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tm,μ,n, j =
s∑

ν=1

q∑

r=0

bν,m,r tν,μ,n−1, j−r (n + j − 1)−1
r∏

γ=0

(n + j − 1 − γ),

The constants Cμ, included in the general solution (17) are found from the
conditions of the panels connection (7).

Further on, the system of Eq. (1) is solved for each panel of an S-shaped blade,
under the boundary conditions (3) and (4) when the panels are interconnected (7).

The dimensionless stress functions for each panel of the blade are determined by
the following expressions:

σ̄ξ = l

h

[
∂ ū

∂ξ
+ ν

(

m
∂ v̄

∂η
+ l

R
w̄

)]

− 1

2

(
∂2w̄

∂ξ2
+ νm2 ∂2w̄

∂η2

)

;

σ̄η = l

h

[

m
∂ v̄

∂η
+ l

R
w̄ + ν

∂ ū

∂ξ

]

− 1

2

(

m2 ∂2w̄

∂η2
+ ν

∂2w̄

∂ξ2

)

;

σ̄ξη = 1

2

l

h

(

m
∂ ū

∂η
+ ∂ v̄

∂ξ

)

+ (1 + ν)m

2

∂2w̄

∂ξ∂η
.

Calculation example. In accordance with the above algorithm, a software
program for numerical implementation of the suggested analytical solution, was
developed.

The initial data for the calculation: for the wheel: Rk = 40 cm, the number of
blades z = 8, n = 25 s−1 (1500 rpm); for the blade l = 30 sm, m = 1, α = 0, γ−1

= 10º, with R1 = R2 = 44 sm, h = 0.3 sm, the material used for the blade—is
Steel-20. Figure 5 shows the distribution diagrams of dimensionless stresses σ̄η in
the key sections of the blade (solid lines).

Fig. 5 Distribution
diagrams of the
dimensionless stresses σ̄η in
the key sections of the
S-shaped blade: I—the exit
edge of the blade; II—the
middle part of the blade;
III—the leading edge of the
blade; ◦—the results of strain
measurement of the blade
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The results of strain measurement (circles) are also presented here; therewith, the
divergence between the calculation results and the strain measurement data does not
exceed 15%.

6 Conclusions

1. Professor K.R.Seleznev at the Department of Compressor Engineering of the
Leningrad Polytechnic Institute, according to the results of aerodynamic tests of
impellers of centrifugal compressors, received significantly better aerodynamic
parameters for impellers with S-shaped blades.

2. An analytical approach to calculating the stress-strain state of S-shaped blades
based on the theory of conjugated cylindrical shells is presented.

3. The original boundary-value problem described by systems of partial differential
equations, by the method of integral relations Dorodnitsyn is reduced to systems
of ordinary differential equations, in the general case with variable coefficients.

4. To solve the resulting system of differential equations, the modified method of
successive approximations developed by Professor V.A. Pukhliy and presented
by him in the academic press is subsequently applied.

Acknowledgements The authors thank Alexander Evgrafov, professor at the St. Petersburg
Polytechnic University, for valuable comments on the article.
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Determination of Dynamic Errors
in Machines with Elastic Links

Yuri A. Semenov and Nadezhda S. Semenova

Abstract One of the important objectives in the design of machines is the reduction
of dynamic errors caused by elastic vibrations of actuating mechanisms in a steady
state and transient conditions. This objective is especially relevant in the production of
high-performancemachines, such as industrial robots, positioning stages, and others.
The open kinematic structure of actuatingmechanisms results in a significantly lower
stiffness of the structure and greater dynamic loads, which in turn leads to intensive
vibrations of operating elements in transient conditions. Furthermore, dynamic errors
caused by free vibrations several times exceed static positioning errors of actuating
mechanisms. Therefore, conventional methods of reducing dynamic errors with the
use of flywheels, counterbalancemechanisms, shock absorber, dynamic dampers and
other passive means do not always prove to be efficient. Instead feedback control
systems have broader functional capabilities.

Keywords Chain system with the fixed end · Dynamic errors · Frequency
equation · Fundamental mode

1 Introduction

In modern machines, gears remain the primary way of transmitting power. This
is due to their small size, well-developed manufacturing technology, the ability to
accurately provide the required gear ratio.However, it is known that gears are a source
of internal vibration activity of the machine unit. The measure of this vibroactivity is
the perturbing moments caused by the rigidity of the gearing, the kinematic error of
the gear, and leading to dynamic errors. Under dynamic error understand deviations
of laws of movement of links from their program values. The vibrations caused by
them can lead to both the opening of the mating profiles of the teeth, and to the
shifting of the lateral gaps between the teeth of the wheels. Dynamic loads arising
in the drive, can thus be several times higher than the load from the moment of the
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resistance forces applied to the working body of the machine and determined from
the strength calculation of the transmission.

2 The Building of a Machine Aggregate Simulation Model

Earlier machine aggregate simulations incorporated a model of a mechanism with
rigid links [1]. However, in practice, structural elements of links and kinematic joints
transform under the action of static and dynamic loads emerging in a steady state
and in motion. As a result, laws of motion for a machine’s operating elements differ
from laws of motions imposed exclusively by engines. Therefore, one of the primary
objectives of machine dynamics is identification of static and dynamic errors caused
by the transformation of links and kinematic joints.

First, amplitudes of dynamic errors of a machine aggregate resulting from the
flexibility of its bearings should be estimated [2–7]. Figure 1 shows a dynamic model
of amachine aggregate. Gears 1 and 2 of a single-stage gear reducer and the actuating
element 3 are set into rotation by the engine rotor 0. The figure depicts elements that
are considered elastic; c01, c12, c23 are their stiffness; b01, b12, b23 are the damping
coefficients; J0, J1, J2, J3 are the moments of inertia of the masses relative to their
axes of rotation; M0 and Mc are the driving torque and the drag torque respectively.
The bending flexibility of shafts and the flexibility of the bearings shall be neglected.

The system under consideration has four degrees of freedom. Absolute rotation
angles of the engine rotor q0, gears q1−q2 and the actuating element q3 can be chosen
as generalized coordinates. It should be more convenient to align these coordinates
to the axis of the engine rotor, thus introducing new generalized coordinates:

ϕ0 = q0; ϕ1 = q1; ϕ2 = i12q2; ϕ3 = i12q3, (1)

where i12 is a transmission ratio of the gearing. Deformations of shafts and gears
connected to driving wheels can be defined as:

Fig. 1 A dynamic model of
a machine aggregate
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θ01 = ϕ1 − ϕ0; θ12 = rb2q2 − rb1q1 = rb1(ϕ2 − ϕ1); θ23 = i−1
12 (ϕ3 − ϕ2), (2)

where rb1, rb2 are radii of the base circles.
Next, kinetic and potential energies and the dissipative functions should be

determined to generate Lagrangian equations of the second order.
The kinetic energy of the system is defined as:

T = 1

2

3∑

s=0

Jsq̇
2
s = 1

2

3∑

s=0

Js

(
ϕ̇s

i0,s

)2

= 1

2

3∑

s=0

Js∗ϕ̇2
s (3)

where

J0∗ = J0; J1∗ = J1; J2∗ = i−2
12 J2; J3∗ = i−2

12 J3 (4)

are the moments of inertia of links of the transmission device adduced to the rotation
axis of the engine rotor.

The potential energy of the system is defined as:

� = 1

2

3∑

s=1

cs−1,sθ
2
s−1,s = 1

2

3∑

s=1

cs∗(ϕs − ϕs−1)
2 (5)

where

c1∗ = c01; c2∗ = r2b1c12; c3∗ = i−2
12 c23. (6)

The dissipative functions of system are defined as:

� = 1

2

3∑

s=1

bs−1,s θ̇
2
s−1,s = 1

2

3∑

s=1

bs∗(ϕ̇s − ϕ̇s−1)
2, (7)

where

b1∗ = b01; b2∗ = r2b1b12; b3∗ = i−2
12 b23. (8)

External forces in a mechanical system are the driving torque M0, applied to the
engine rotor, and the drag torqueMc, applied to the actuating element. The elementary
work of external forces in the virtual deformation of the system should be expressed
as:

δW = M0δq0 + Mcδq3. (9)

The generalized drag force for the generalized coordinate ϕ3 can be derived as:
M3 = i−1

12 Mc.
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Fig. 2 The reduced model
of a free chain system

By applying the following Lagrange equations:

d

dt

(
∂T

∂ϕ̇s

)
− ∂T

∂ϕs
= − ∂�

∂ϕs
− ∂�

∂ϕ̇s
+ Ms, (10)

it is apparent that (s = 0, 1, 2, . . . , 3):

Js ϕ̈s + bs(ϕ̇s − ϕ̇s−1) − bs+1(ϕ̇s+1 − ϕ̇s) + cs(ϕs − ϕs−1) − cs+1(ϕs+1 − ϕs) = Ms .

(11)

An asterisk is omitted in the system parameters for clarity and c0 = b0 = c4 =
b4 = 0, are applied.

The derived differential Eq. (11) describe motions in a transmission device as
belonging to a system of perfectly rigid bodies interconnected in series by instanta-
neous elastic and dissipative elements. As each rigid body has one degree of freedom,
such a one-dimensional model can be considered as a chain system. Figure 2 shows
a four-mass oscillating system compatible with the differential Eq. (11).

It is possible to produce a set of equations for obtaining ϕ0 − ϕ3 and the driving
torque when combining these equations with an engine performance equation M0.

The equations of motion in a mechanical system can also be written in another
way if the law of motion for the engine rotor is known. In this case, an equation can
be easily derived from the equations of motion (11), where s = 0:

J0ϕ̈0 − b1(ϕ̇1 − ϕ̇0) − c1(ϕ1 − ϕ0) = M0

Next, deformation coordinates should be considered that define the shifting of
masses relative to the engine rotor:

θs = ϕs − ϕ0(t). (12)

Finally, the equations of the system motion can be written as:

Js θ̈s + bs(θs − θ̇s−1) − bs+1(θ̇s+1 − θ̇s) + cs(θs − θs−1)

−cs+1(θs+1 − θs) = Ms − Js ϕ̈0(t), s = 1, 2, 3,
J0ϕ̈0 − b1θ̇1 − c1θ1 = M0.

⎫
⎬

⎭ (13)
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Fig. 3 The reduced model
of a chain system with the
fixed end

where θ0 = θ̇0 = 0, c4 = b4 = 0, M1 = M2 = 0. are taken into account.
Figure 3 demonstrates a chain oscillating system. Its equations of forced oscil-

lations caused by the applied active inertia forces and the forces of moving space
−Js ϕ̈0(t) coincide with Eq. (13). The system depicted in Fig. 2 will be further called
a free system, while the system in Fig. 3 will be called a system with the fixed left
end [8–25].

3 Determination of Dynamic Errors in Transient
Conditions

First, the equations of motion (13) should be presented in a matrix:

J θ̈ + Bθ̇ + Cθ = M − J ϕ̈0 · 1,
J0ϕ̈0 − b1θ̇1 − c1θ1 = M0,

. (14)

where θ = (θ1, θ2, θ3)
T is a three-dimensional column matrix, the generalized

force matrix is M = (0, 0, M3)
T , 1 = (1, . . . , 1)T is a single column, and

three-dimensional symmetric matrices of dissipative and elastic system parameters
are:

J =
⎛

⎝
J1 0 0
0 J2 0
0 0 J3

⎞

⎠; B =
⎛

⎝
b1 + b2 −b2 0

−b2 b2 + b3 −b3
0 −b3 b3

⎞

⎠;

C =
⎛

⎝
c1 + c2 −c2 0
−c2 c2 + c3 −c3
0 −c3 c3

⎞

⎠.

Next, based on the generalized coordinates of a mechanical system, principal
coordinates can be calculated with the help of a linear conversion:
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θ =
3∑

m=1

hmzm . (15)

As columns hm , which are fundamental modes, are linearly independent, Eq. (15)
establishes one-to-one correspondence between generalized coordinates θm and
principal coordinates zm .

By introducing (15) into the first matrix system Eq. (14), the following equation
can be generated:

J
3∑

m=1

hm z̈m + B
3∑

m=1

hm żm + C
3∑

m=1

hmzm = M − J ϕ̈0 · 1.

Next, the equation should be consecutively multiplied by fundamental modes hs :

3∑

m=1

(Jhm)T hs z̈m +
3∑

m=1

(Bhm)T hs żm +
3∑

m=1

(Chm)T hszm = MThs − (J · 1)hs ϕ̈0.

(16)

Taking into consideration the mode orthogonality:

(Jhm)T hs = 0; (Chm)T hs = 0 if s �= m,

Eq. (16) can be written as follows:

αm z̈m +
3∑

m=1

βms żs + γmzm = Zm − gmϕ̈0 (m = 1, 2, 3), (17)

where

Zm = MThm, gm = (J · 1)T hm =
3∑

r=1

Jrhmr , βms = (Bhm)T hs .

The coefficient αm = (Jhm)T hm is called a modal moment of inertia (from the
English word mode), and a scalar γm = (Chm)T hm is called modal stiffness, or
stiffness adduced to the mode m.

A complete separation of variables in Eq. (17) may occur if the damping coeffi-
cients are zero or proportional to the respective stiffness (bm = λcm), or masses. In
this case, Eq. (17) can be defined as follows:

αm z̈m + βm żm + γmzm = Zm − gmϕ̈0 (m = 1, 2, 3). (18)

Next, Eq. (18) should be presented in an operator form (d()/dt → p()):
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(αm p
2 + βm p + γm)zm = Zm − gmϕ̈0 (m = 1, 2, 3). (19)

Thus,

zm = (αm p
2 + βm p + γm)−1Zm − (αm p

2 + βm p + γm)−1gmϕ̈0. (20)

Now, based on the principal coordinates, initial coordinates can be computed. For
s = 1, 2, 3, they are the following:

θs =
3∑

m=1

hmszm =
3∑

m=1

hms(αm p
2 + βm p + γm)−1Zm

−
3∑

m=1

hms(αm p
2 + βm p + γm)−1gmϕ̈0 =

3∑

r=1

esr (p)Mr − σs(p)ϕ̈0, (21)

where the operator of dynamic compliance linking the external moment with a
deformation error is:

esr (p) =
3∑

m=1

hmshmr

αm p2 + βm p + γm
, (22)

and the transfer function linking the kinematic force with a deformation error is:

σs(p) =
3∑

m=1

hmsgm
αm p2 + βm p + γm

. (23)

Assuming the engine rotor rotates steadily (ϕ̇0 = const), the drag torque M3 =
−M30 + M31sinνt is applied to the latest mass of a chain system and the positional
damping coefficient is bs = ψcs/2πν (ψ = 0.2−0.6—is the absorption coefficient),
a deformation error in a fixed end system in accordance with (21–22) ϕ̈0 = const
may be defined as follows (s = 1, 2, 3):

θs = �s + θ̃s = −M30|es3( j0)| + M31|es3( jν)| sin
[
νt + arg es3( jν)

]

= −M30

3∑

m=1

hmshm3

γm
+ M31

3∑

m=1

hmshm3

γm

√[
1 −

(
ν
km

)2
]2

+
(

ψ

2π

)2
sin(νt + ξm).

(24)

The equation includes tgξm = ψ/2π
(ν/km )2−1

, γm = k2mαm .

Next, deviations in the laws of motion ϕs(t) from the program ones should
be determined through identification of dynamic errors in the machine aggregate
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depicted in Fig. 1 under the following system parameters (see Fig. 3): c1 =
8 × 105N · m; c2 = 1.44 × 106N · m; c3 = 1.2 × 106N · m; J0 = 0.6 kg · m2;
J1 = 2.9×10−3 kg ·m2; J2 = 1.5×10−2 kg ·m2; J3 = 2.7 kg ·m2; M30 = 10 N ·m;
M31 = 50 N · m.

The frequency equation can be generated:

∣∣∣∣∣∣

c1 + c2 − J1k2 −c2 0
−c2 c2 + c3 − J2k2 −c3
0 −c3 c3 − J3k2

∣∣∣∣∣∣

= 0.00011745k6 − 111443k4 + 1.041333 × 1013k2

− 1.3834 × 1018 = 0,

that can be used to calculate fundamental frequencies: k1 = 364 s−1; k2 = 10243 s−1;
k3 = 29048 s−1 and fundamental modes:

h1 = (1, 1, 1)T ; h2 = (1.5553, 1.3442,−0.1437)T ;
h3 = (2.219,−0.0057, 0.00007)T .

Modal stiffness:

γ1 = (Ch1)
T h1 = 8 × 105 N · m; γ2 = (Ch2)

T h2 = 4.656289 × 106 N · m;
γ3 = (Ch3)

T h3 = 1.106678 × 106 N · m.

Static errors in principal coordinates zm0 = −M30hm3/γm , in particular z10 =
−0.27 × 10−4, z20 = 0.12 × 10−7, z30 = −0.68 × 10−10, and dynamic errors in
principal coordinates (m = 1, 2, 3):

z̃1 = M31h13

γ1

√[
1 −

(
ν
k1

)2
]2

+
(

ψ

2π

)2
sin(ν t + ξ1) = 0.137 × 10−2sin(350t − 0.681),

z̃2 = M31h23

γ2

√[
1 −

(
ν
k2

)2
]2

+
(

ψ

2π

)2
sin(ν t + ξ2) = 0.613 × 10−7sin(350t − 0.063),

z̃3 = M31h33

γ3

√[
1 −

(
ν
k3

)2
]2

+
(

ψ

2π

)2
sin(ν t + ξ3) = 0.342 × 10−10sin(350t − 0.063).

Thus, the static and dynamic errors are:
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θ10 = h11z10 + h21z20 + h31z30,
θ20 = h12z10 + h22z20 + h32z30,
θ30 = h13z10 + h23z20 + h33z30.

θ̃1 = h11 z̃1 + h21 z̃2 + h31 z̃3,
θ̃2 = h12 z̃1 + h22 z̃2 + h32 z̃3,
θ̃3 = h13 z̃1 + h23 z̃2 + h33 z̃3.

4 Determination of Dynamic Errors in Transient
Conditions

Determination of deformation errors in transient processes is of great significance
for the dynamic analysis of machines with program management (various machines,
robotmanipulators,multi-moving platforms and others), transient processes ofwhich
take a considerable amount of the operation time.

External moments in transient processes are assumed to be zero for clarity. It
should not be complicated to consider these moments in the calculation as the
equations of motion are presented in a linear set.

Eq. (21) at Mr = 0 (r = 1, 2, 3) can generate the following (s = 1, 2, 3):

θs = −σs(p)ϕ̈0 = −
n∑

m=1

gmhms

αm p2 + βm p + γm
ϕ̈0 = −

n∑

m=1

ρ(m)
s

τ2m p
2 + 2ζmτm p + 1

ϕ̈0,

(25)

where

gm = (J · 1)T hm =
3∑

r=1

Jrhmr ; ρ(m)
s = gmhms/γm .

The Duhamel integral should be applied to determine dynamic errors:

θs(t) = −
n∑

m=1

ρ(m)
s km√
1 − ξ2m

t∫

0

e−ξmkm (t−ξ)sin

[√
1 − ξ2mkm(t − ξ)

]
ε(ξ)dξ (s = 1, 2, 3).

(26)

It is evident that θs(t) represents free vibrations emerging in a system as a result of
disturbances caused by accelerated motion. These vibrations, which continue after
the positioning, are considered highly undesirable as they lead to oscillations in a
machine’s operating elements hindering proper operating processes.

InEq. (26) the first summand is of themost significance. This is due to two reasons.
First, the coefficients ρ(m)

s decline rapidly with a higher m. Second, the duration of a
transient process usually exceeds by several times the longest free vibrations period
of the system, that is T1. The most significant summand in Eq. (26) is the first one
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(m = 1), that corresponds to damped vibrations in the first mode:

θs(t) ≈ − ρ(1)
s k1√
1 − ξ21

t∫

0

e−ξ1k1(t−ξ)sin[
√
1 − ξ21k1(t − ξ)] ε(ξ)dξ (s = 1, 2, .., 3).

(27)

A dynamic error of a gear θ2(t) in a constant run-up and braking in a three-mass
system with the fixed end (see Fig. 3) can be determined with the Duhamel integral:

ε(t) = ε0η(t) − 2ε0η(t − tp) + ε0η(t − tT),

where ε0 = 10 s−2 is the acceleration amplitude, η(t) is the unit-step function,
tp = 3 s is the run-up time, tT = 2tp is the braking time. In the system under
consideration

g1 = J1h11 + J2h12 + J3h13 = 6.017 kgm2;
g2 = J1h21 + J2h22 + J3h23 = 0.0076 kgm2;
g3 = J1h31 + J2h32 + J3h33 = 0.948 × 10−6 kgm2;
ρ

(1)
2 = g1h12

γ1
= 0.169 × 10−4 s2;

ρ
(2)
2 = g1h22

γ2
= 0.229 × 10−8 s2;

ρ
(2)
3 = g3h32

γ3
= −0.126 × 10−10 s2, n1 = 1.

Thus, the dynamic error in the transient process is:

θ2(t) ≈ −ρ
(2)
1 k1 I1(t),

where

I1(t) =

⎧
⎪⎪⎨

⎪⎪⎩

ε0k
−1
1 (e−n1t cos k1t − 1) 0 ≤ t ≤ t,

ε0k
−1
1

[
1 + e−n1t cos k1t − 2e−n1(t−tp) cos k1(t − tp)

]
tp ≤ t ≤ tT,

ε0k
−1
1

[
e−n1t cos k1t − 2e−n1(t−tp) cos k1(t − tp)

+e−n1(t−tT) cos k1(t − tT)
] t ≥ tT.

Equation (27) demonstrates that amplitudes of dynamic errors with a predeter-
mined terminal angular velocity (in the case of run-up and braking) or with a prede-
termined rotation angle (in the case of positioning) are inversely proportional to the
time of the transient process and the square of the first fundamental frequency. There-
fore, the reduction of errors in transient processes can be achieved through decreased
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Fig. 4 The graph of the dynamic error that occurs in the machine during the run-up

masses or a greater stiffness of a transmission device and a longer transient process.
Figure 4 shows the dependency graph θ2(t).

In practice, implementation of these recommendations is limited. A greater stiff-
ness of a transmission device is usually accompanied by greater reciprocatingmasses,
thus failing to significantly increase the first fundamental frequency. A longer tran-
sient process results in a decreased machine performance, which is undesirable. In
conclusion, it can be stated that the reduction of dynamic errors in contemporary
machines is a complicated technical task.
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Localization of Plastic Deformation
in Austenitic Steel at Low-Temperature
Cycling Loading

Margarita A. Skotnikova, Angelina A. Strelnikova, Galina V. Ivanova,
Alexander A. Popov and Ilnur S. Syundyukov

Abstract Using electron microscopy, the instability (localization) of plastic defor-
mation in austenitic steel CHS-52 (Chelyabinsk steel) at low temperature cyclic
loading of welded vessels intended for transportation and storage of cryogenic liq-
uids to increase their service life was studied. It is shown that with a decrease in
the deformation temperature from 293 (room) to 20 K, steel CHS-52 is intensively
strengthened, and its plasticity characteristics are intensively reduced, while remain-
ing at a sufficiently high level. The lower the deformation temperature and the smaller
the value of the cyclic loading, the greater the number of cycles the localization of
plastic deformation occurs and the destruction of the sample is achieved.

Keywords Austenitic steel · Low temperatures · Electron microscopy · Fatigue ·
Service life

1 Introduction

It is known that the durability and reliability of machines andmechanisms are largely
determined by the resistance of their material to premature localization of plastic
deformation and to the emergence of cracks capable of propagation in these places.

The transition from uniform plastic deformation to localized, in the vast majority
of cases, parts of machines undergo a decrease in the test temperature, with an
increase in the loading rate, under the influence of cyclic loads (fatigue, friction pairs,
vibrations, high-speed blade treatment), especially from materials with low energy
of package defect (for example, from highly alloyed austenitic steels or titanium
alloys) [1–10].

The characteristic feature of low-temperature deformation of alloys is the occur-
rence of a strongly excited resiliently stressed field in them and formation of non-
equilibrium solid solutions supersaturated by alloying elements and point defects.
In these conditions, energy dissipation is in the occurrence of additional effects of
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Fig. 1 Welded vessel for transportation and storage of cryogenic liquids

mass transfer (high-growth drift skips), in the appearance of metastable structures
and phases [11, 12].

Therefore, low temperature tests and electronmicroscopic studieswere carried out
to develop and investigate welded vessels for the transport and storage of cryogenic
liquids (see Fig. 1).

The purpose of this work was to study the instability (localization) of plastic
deformation in austenitic steel CHS-52 during low-temperature cyclizing loading
of welded vessels intended for transportation and storage of cryogenic liquids to
increase their service life.

2 Methodology and Materials

Cryogenic steel should provide the necessary strength in combination with high
viscosity and plasticity, low sensitivity to stress concentration and low tendency
to brittle fracture. Given the technology of manufacturing products operating at low
temperatures, such steels should have goodweld ability andhigh corrosion resistance.
Therefore, chromium nickel austenitic steel CHS-52was selected as the test material,
see Table 1.

Table 1 Austenitic steel chemical composition CHS-52

Steel
grade

Mass fraction, %

C Si S P Cr Mn Ni N

CHS-52 <0.07 <0.6 <0.025 <0.035 12.0–14.8 19.0–22.0 3.8–5.3 0.08–0.18
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The study examined the effect of low-cycle fatigue on austenitic steel structure
after room temperature tests in air (293 K), liquid nitrogen (77 K) and liquid helium
(4.2 K).

Material in an initial state represented a sheet semi-finished product 12 mm thick
after an austenization lasting 0.5 h at a temperature of 1050 °C and coolings in
water. Cylindrical five-fold samples (without incision) with 4 mm working diameter
were cut across the rolling direction. Cyclic tests at zero tension with a frequency
of 15–20 cycle/min were carried out on a UM7-10TM machine at loading speeds of
0.58–57.9 mm/min.

Structural studies were carried out with a microvisor of a metallographic
invariant μVizo-MET-221 and a transmission electron microscope �M-200 using
microdifractive analysis.

3 Results of Work

As showed standard mechanical tests on active stretching, Fig. 2, with fall of tem-
perature of deformation from 293 (room) to 20 K, ChS-52 steel was intensively
strengthened (strength of σB and a limit of fluidity of σ0,2), and its characteristics of
plasticity (relative narrowing of ψ and lengthening of δ increased) decreased, in too
time remaining at rather high level.

However, in the transition from 20 to 4.2 K, a decrease temporary burst resistance
of 120 MPa and a sharp increase in the relative steel narrowing of 30–50% were

Fig. 2 Results of standard mechanical tensile tests steel CHS-52 at temperatures between 4.2 and
293 K
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Fig. 3 Curves of cyclic creep at various temperatures and sizes of the enclosed circulating tension:
0.96–0.99 σB, 293 K; 0.77–0.92 σB, 77 K; 0.90–0.97 σB, 4.2 K steel CHS-52

observed. At the same time values of yield strength and relative elongation changed
little.

Low-cycle fatigue of the steel CHS-52 structure was studied on the basis of 104
loading cycles. Apparently fromFig. 3, the curve of cyclic creep received at a temper-
ature 293 K under the influence of the enclosed circulating tension 0.96 σB consisted
of three sites: the unsteady, established and accelerated creep. With increase in the
enclosed tension from 0.97 to 0.99 σB, the course of curves of the saved-up plastic
deformation became more accelerated.

The curves of cyclic creep received at a temperature 77 K with increase in the
enclosed circulating tension 0.77 and 0.92 σB consisted of sites of the established
and unsteady creep, respectively, Fig. 3.

The curves of cyclic creep received at a temperature 4.2 K with increase in the
enclosed circulating tension from 0.90 to 0.97 σB consisted of sites of the established
creep and differed in only a level in the saved-up plastic deformation, Fig. 3.

The structure of the steel CHS-52 in its original state, Fig. 4, contained austenite
grains with chaotic dislocations, with an average density of 106 cm−2. Dislocations
were often split, indicating low packing defect energy (P.D.E.) of steel, Fig. 4a.
Second phase releases were not observed in austenite, Fig. 4b.

Cyclic loading at a temperature of 293 K showed, Fig. 4 that at σ = 0.96 σB

increase in number of cycles from 1000 Fig. 4c to 2200 led Fig. 4d to emergence
of the 2nd system of sliding in which places of crossing, conditions for localization
of deformation, strengthening of rotary (rotational) fashion of deformation, Fig. 4d
and origin of micro cracks are created.
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Fig. 4 Electron-microscopic images of steel structure CHS-52 in initial state (a, b) and after cyclic
tests: at 293 K, 1000 cycles (c), 2200 cycles (d); At 77 K, 100 cycles (e); 6600 cycles (f); At 4.2 K,
207 cycles (g); 3530 cycles (h). X20000 (a, d, f, g), x30000 (b, c, e, h)
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Cyclic loading at a temperature of 77Kshowed, Fig. 4 that atσ=0.77σB already at
100 cycles of test sliding strips with sharper outlines were formed, Fig. 4e compared
to structure obtained at 293 K, Fig. 4c. This can be explained by the fact that at
room temperature the sliding strips were formed at a time and uniformly in terms
of sample volume, Fig. 4c. At nitrogen temperature sliding strips were not formed
at a time. Therefore, strips with increased dislocation density where deformation
localization occurred earlier compared to bands with lower dislocation density had
sharper outlines, Fig. 4e.

At a temperature of 77 K, the increase in the number of cycles from 100, Fig. 4e
to 6600 Fig. 4f resulted in the emergence of a second sliding system, at the points
of intersection of which conditions are created for localization of deformation and
equalizationof dislocationdensity in areas free from them.The increase in dislocation
density was accompanied by the formation of separate textures, tangles up to the
formation of rectangular cellular structures, the cell boundaries being extended along
crystallographic directions corresponding to sliding along prismatic planes, Fig. 4f.
Dislocations were so redistributed in grain volume that their plexuses formed blurred
walls (boundaries) between parallel rows of flat clusters in their (two) intersecting
sliding systems, Fig. 4f.

Cyclic loading at a temperature of 4.2 To, Fig. 4, showed that at σ = 0.90 σB,
increase in number of cycles from 207, Fig. 4g to 3530, Fig. 4h led to disintegration
of flat dislocation congestions and formation of rectangular cellular structures. The
multi-stage disintegration of austenite was not observed at these temperatures, and
therefore the energy released was spent on heating. Possible local warms along the
sliding lines can be judged from the traces of dislocation polygonization in individual
areas.

4 Conclusion

Thus, as the results obtained with the use of transmission electron microscopy
showed, there are no qualitative changes in the deformation and destruction of steel
CHS-52 with reduction of low-temperature cyclizing loading in the working range
from293 to20K in thematerial ofweldedvessels intended for transportation and stor-
age of cryogenic liquids. The intensity of plastic deformation accumulation processes
varies only quantifiably.

It is known that the durability and reliability of machines and mechanisms are
largely determined by the resistance of their material to premature localization of
plastic deformation and to the emergence of cracks capable of propagation in these
places.

The lower the deformation temperature and the lower the cyclic loading value,
the localization of plastic deformation occurs after a larger number of cycles and the
destruction of the sample is achieved.

At the same time, the ability to resist cyclic creep does not change, and destruc-
tion also, as at room temperature, occurs as a result of formation and development



Localization of Plastic Deformation in Austenitic Steel … 181

to a critical value of fatigue crack. Only the kinetics (intensity) of plastic deforma-
tion accumulation change (slows down). The failure is due to the reinforcement at
low localisation temperatures of the plastic deformation in the individual areas of
intersection of the sliding strips and, as a result, to the reinforcement of the rotary
modes.

As the temperature decreases during the cyclic creep of the steel, its ability to
accumulate residual deformation decreases dramatically. This is because the bulk of
the accumulated deformation is realized in the first loading cycle. The increase in the
number of loading cycles leads to the disintegration of flat clusters and the formation
of rectangular cellular structures (a grid of dislocation cells).

Increase of regularity and frequency of distribution of dislocation clusters lines,
reduction of deformation localization step indicates decrease of overvoltage intensity
inside grain body and probable redistribution of stresses at their boundaries.

At the stage of steady-state creep processes of plastic deformation accumula-
tion, as well as processes of dynamic structural and concentration relaxation are in
equilibrium.
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Research of Vibrations of the Drive
of Cycle Machines Under Powering
Closure of Mechanisms

Iosif I. Vulfson

Abstract A number of dynamic models have been proposed for studying the vibra-
tions of the drive of cyclic machines, taking into account the gaps and characteristics
of electric motors. Compared with the known works, new factors are investigated
that affect the vibrational activity of the drive. It is established that the power force
closure used to eliminate breaks in the kinematic chain is also a source of excitation
of oscillations. Under certain conditions, these fluctuations can lead to a decrease in
the efficiency of the power circuit and to an increase in the vibrational activity of
the system, which requires appropriate correction of the methods for the dynamic
synthesis of machines of this class. The obtained dynamic effect is confirmed by the
results of computer simulation.

Keywords Cycle machines · Dynamic models · Vibrations · Gaps · Force
closure · Computer modelling

1 Introduction

In many modern machines of textile, printing, light and a number of other industries,
technological operations are performed by the so-called cyclicmechanisms (leverage
mechanism, cam, Maltese, etc.), that perform a given programmed movement [1–
6]. Typically, this class of machines operates at high operating speeds, at which
programmed motion is substantially distorted by excited vibrations.

In order to facilitate the subsequent presentation, we will first briefly dwell on
some general issues related to the problem under consideration. Rational dynamic
synthesis of oscillatory systems in this case plays a special role because of gaps
that can lead to large distortions of a given programmed movement of the working
bodies, as well as to increased noise, dynamic loads and vibration activity of the
drive. The gap, as a rule, is a concomitant factor of any kinematic pair that carries
out the movable connection of the links of the mechanism. Often, it is the size of the
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gaps that ultimately limits the performance and operational characteristics, which
makes it significantly toughen the accuracy requirements for their manufacture and
assembly. Then the kinematic pairs can be considered non-restraining bonds, which
usually include the moving connections of links with one-way contact. Although
the kinematic pair as a whole implements two-way communication, with gaps this
function is only partially fulfilled. When shifting in the gap, local breaks in the
kinematic chain occur, which are typical for systemswith unilateral constraints [1, 2].

According to the effect on the oscillatory system, two typical cases of themanifes-
tation of the gap can be distinguished, each of which corresponds to a corresponding
region of variation of parameters and external disturbances. In the first case, the
gap manifests itself as a nonlinear element that significantly affects the frequency
spectrum of free vibrations.

In the second case, the influence of the gap mainly manifests itself as an impulse
perturbation over a limited time interval of the kinematic cycle in the absence of
any noticeable distortion of the frequency spectrum of the original linear system.
At the same time, however, the possibility of multiple collisions, leading to vibro-
shock modes, in which the dynamic effect of the gaps approaches the first case,
remains. As the analysis performed using the results of [7] shows, at practically
feasible parameter values, the transition from one phase to another with the so-called
quasi-plastic impact. In this case, a rapidly damping high-frequency bounce occurs.
In essence, the effect observed in this case is close to an absolutely inelastic shock.

2 Dynamic Models

Let us turn to the dynamic models shown in Fig. 1, which reflect the characteristics
of the oscillatory drive system (“input”) and the working body (“output”).

Fig. 1 Dynamic models
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The following conventions are accepted here: J moments of inertia; c—stiffness
factors;ψ—scattering coefficients;�—a position function realizing the relationship
between the input and output links; s—clearance; u—gear ratio of the gearbox.
Dynamic model 1 (Fig. 1a) also includes the characteristics of an electric motor
(subsystem M), which can be represented as a series connection of conventional
“elastic” and “dissipative” elements [4, 9]. Equivalent compliance of the engine, as
a rule, significantly exceeds the compliance of the drive. In some cases, this makes
it possible to use the simplified dynamic model 2 (Fig. 1b), in which the motor
effect can be properly allowed by taking into account the reduced inertia moment of
the rotor [3, 4, 8, 9]. Both models take into account the force characteristic of the
oscillatory system.

As shown in [1–7], ifwe restrict ourselves to taking into account the characteristics
at the “output”, then passing through the gap without a power circuit, the level of
additional vibrations excited when the kinematic contact is restored is determined
by a criterion that is equal to the ratio of the extremum of the additional acceleration
after sampling the gap to the extremum of ideal acceleration [1, 2]:

ξ = �′′′
∗
√

(4.5)2/3β41N
2 + N−2, (1)

where, β1 = 3

√
s/

∣∣�′′′∗
∣∣, N = k2/ω∗, s is the gap value, k2 = √

c2/J2 is the natural
frequency in the absence of a gap (c0 � c2), ω∗—is the ideal angular velocity of
the input link, �′′′∗ = d3�/d3ϕ3 (the asterisk corresponds to the moment of contact
breaking).

Figure 2 shows a family of curves forξ(N , β1),β1 = 10−3 (curve 1),β1 = 5×10−4

(curve 2), β1 = 10−4 (curve 3).
Based on the formula (1) can be determined system parameters that satisfy the

requirement ξ ≤ ξ∗, where ξ∗ is the permissible value of the level of accelerations
caused by the gap (usually ξ∗ < 0.1− 0.2).When cross the gap, it is very important to
eliminate repeated collisions. As shown in [1, 2, 8], in order to exclude the possibility

Fig. 2 Determination of
additional accelerations at a
single intersection of the gap
zone
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of vibro-shock modes in a first approximation, the condition must be satisfied. In
Fig. 2, this condition corresponds to the region located below curve 4.

3 Dynamic Analysis

In the development of previous studies in this article, the main attention will be paid
to the role of the drive (“input”) in the excitation of oscillations of the working body
and the resulting dynamic errors. Below is a system of differential equations for
models 1 (Fig. 1a). To give a more general view of the analysis results, let us move
on to a new variable, for which we take “dimensionless time” ϕ = ω∗t , where ω∗ is
the angular velocity of the “ideal” engine.

ντω2
∗ J

∗
0 �ω′′ + νJ ∗

0 ω∗�ω′ + ω−1
∗ �ω − νk

2
1ω

2
∗q1 = 0;

q ′′
1 +

{
μΠ ′k22

[
2δ2k

−1
2 (q ′

1Π
′
∗ − q ′

2) + q1Π
′
∗ − q2 − 0.5s sgn(�′

∗q1 − q2)
]}

× �(
∣∣�′

∗q1 − q2
∣∣ − 0.5s) + k

2
1(2δ1k

−1
1 q ′

1 + q1) = 0;
q ′′
2 + k

2
2[2δ2k−1

2 (−q ′
1�

′
∗ + q ′

2) − q1�
′
∗ + q2 − 0.5ssgn(−�′

∗q1 + q2)]
× �(

∣∣�′
∗q1 − q2

∣∣ − 0.5s) + �′′
∗(1 + �ω)2 + �′

∗�ω′ + k
2
0(�0 + �∗) = M2/J22,

(2)

where �ω is the dynamic error of the angular velocity at the “input” (see below);
q1, q2 - coordinates in disk sections; ( )′ = d/dϕ; ν , τ—the coefficient of slope
of the static characteristic and the electromagnetic time constant of the electric
motor, reduced to the cross section [1, 2, 9]; J11(see Fig. 1a); ki = ki/ω∗;
k1 =

√
c1

/
J 1 , k2 =

√
c2

/
J2 , k0 =

√
c0

/
J 2; μ = u2 JM/J11; J ∗

0 = J1u−2;

δi = ψi/(4π); �0—preload of the closing device; M2—moment of external forces;
u is ratio of the reduction gear;�(ϕ, s, q1, q2)—unit function, equal� = 0, � = 1,
respectively, with a negative and a positive argument. Here and below, the dimen-
sionless parameters marked with a dash correspond to their initial value, referred to
ω∗.

The characteristic of an asynchronous electric motor and a DC motor can be
represented as a rheological model ofMaxwell, in which the rotor is connected to the
stator by means of an “elastic element” with a stiffness coefficient c∗ = (ν�m0τ)

−1

and a series-connected damper with a moment of resistance bm�m0. Here bm = ν−1
m ;

�m0 is the angular velocity of the ideal engine idle [1–4, 8, 9]. In relation to the drives
of cycle machines, the analysis of the influence of the electric motor is considered
in detail in the monograph [1].

In articles [8, 9] it was shown that the conditional equivalent stiffness coefficient
of the electric motor is significantly lower than the reduced stiffness coefficient of
the mechanical drive subsystem. In practice, this means that often sufficient accuracy



Research of Vibrations of the Drive of Cycle Machines … 187

in the operating speed range gives an assumption in which the influence of the motor
on the drive dynamics is limited by taking into account the moment of inertia of the
rotor. Dynamic model 2 corresponds to this assumption. The system of differential
equations corresponding to thismodel coincideswith (2), ifwe accept, i.e., neglect the
variability of rotation of the motor rotor. For engineering estimates, one can also use
the method of successive approximations, taking as a solution to the first equation
of system (2), in which one can restrict oneself to the static characteristic of the
engine (�ω ≡ 0). Reactive moments associated with the coordinates, in this case,
can be replaced by the moment of resistance, based on the results of kinetostatic
analysis. However, it should be noted that some errors of not only quantitative,
but also qualitative level are possible due to changes in the frequency and modal
characteristics (see below).

4 Dynamic Synthesis

In engineering calculations, to identify the most important factors, preference is
usually given to relatively simple dynamic models, which at the same time make it
possible, if necessary, to determine the appropriateness of their further complication.
First, we consider some features of the influence of force closure at the kinetostatic
level using on the dynamic model shown Fig. 1b. In so doing we select the stiffness
coefficient in such a way as to exclude the breaking of the kinematic chain (c1 =
∞; c2 = ∞). If we restrict ourselves to the case of kinematic excitation, then the
condition must be met

W∗ = p2∗[h0 + �(ϕ)] >
∣∣−�′′(ϕ) + W2(ϕ)

∣∣, (3)

where p∗ = p0/k2; p0 =
√
c0

/
J2; W2(ϕ) = M2(ϕ)/J2; h0 is the preload.

Figure 3 shows examples of the dynamic component functions of W.
The function W2 (curves 2.0; 2.1; 2.2) displays the position of static equilibrium,

which in the last two cases changes when the closing system deforms. Function W∗

Fig. 3 Typical function
graphs W∗(ϕ); W2(ϕ): 1.0;
2.0—
p∗ = 0; 1.1; 2.1 − p∗ =
1; 1.2; 2.2 − p∗ = 1.3
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(a) (b)

Fig. 4 Graphs q2: 1—deformations from the moment of inertial forces of the working body;
2—dynamic errors when accounting vibrations; 3—the boundaries of the gap

(curves 1.0; 1.1; 1.2) correspond to the reactivemoment at the input of the output link.
Obviously, in a first approximation, to eliminate the discontinuity in the continuity
of motion, the graphs of this function should not intersect the abscissa axis. Curve
1.0 is a mirror image of the graph of a given function of the accelerations of the
working body. When taking into account the elasticity of the drive elements, the
simplest model is described by the second equation of system (2) when, only the
elastic-dissipative properties of the working body are taken into account.

Figure 4 illustrates the dynamic effect of the preload of the power circuit at. In the
absence of a force closure (Fig. 4a), significant oscillations are excited when hifting
in the gap, and when it is connected (Fig. 4b), only accompanying vibrations arise,
caused by kinematic excitation [1–3].

At first glance, the model used provides an exhaustive result for solving the prob-
lem. However, the reliable operation of the closure system can be disturbed for
various reasons, among which the drive oscillations, excited by, among other fac-
tors, the closing force, play a significant role. If dynamic loads are predominant,
the condition F = ξ

∣∣Pi
∣∣
max must be met, where Pi is the inertia force, F is the

closing force, ξ > 1 is the safety factor. During oscillations, both the closing force
and the inertia forces determined on the basis of the kinetostatic model can vary
significantly. This can lead to a violation of the power circuit, which cannot be
eliminated by an increase in the closing force. This effect is associated with the
non-stationary kinematic connection, due to which, with a nonlinear position func-
tion, even the constant component of the closing force is transformed into a variable
momentM0 = �′F0, acting on the drive. In this case, additionally forced oscillations
of the input link are excited, which cause an increment of inertial loads on the output
link. Let F = F0 + c0�, where c0, F0 is the stiffness coefficient and the force from
the preliminary deformation of the closing spring. Between F0 and

∣∣Pi
∣∣
max there is

a functional connection
∣∣Pi

∣∣
max = Ψ (F0). The function Ψ (F0) at the kinetostatic

level in a first approximation can be determined on the basis of (3):

� = minW∗ > max
∣∣−�′′(ϕ) + W2(ϕ)

∣∣. (4)
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However, excite oscillations are not taken into account (see below). We give a
certain increment F0 in force equal to �F0. Then, restricting ourselves to the linear
approximation, we have

∣∣Pi
∣∣
max + �Pi ≈ �(F0) + ∂�

∂F0
(F0)�F. (5)

We introduce the concept of an ideal increment of the safety factor �ξ0 =
�F/

∣∣Pi
∣∣
max for an absolutely rigid drive, i.e., for �Pi = 0. Using (5), it can be

shown that,�ξ = ζ�ξ0, where ζ = (1−h)/(1+h δξ0); h = ∂�
dF0

(F0); δξ0 = �ξ0/ξ.
If h > 1, the parameter ζ < 0. Then it can be expected that an increase in the closing
force will lead to an increase in the intensity of breaks in the kinematic coupling and
a further deterioration of the mechanism. This means that an attempt to eliminate
breaks in the kinematic contact by increasing the closing force will be unsuccess-
ful, and the closure system will completely lose its sensitivity to installation and
operating adjustments, i.e., in fact, it will be uncontrollable.

The formula (5) does not take into account the excited oscillations. To eliminate
the effect of uncontrollability by force closure, remaining within the framework of
dynamic model 2, it can be shown that in a first approximation [1, 2]:

h ≈ (3 − 4)
σ
∣∣Pi∗�′′∣∣

max
c1(σ − 1)

. (6)

Here c1 is the reduced torsional stiffness of the drive; σ = p1/p2, where p1 , p2
are the partial frequencies of the leading and driven subsystems of the mechanism;
Pi∗—the ideal inertia force (or moment of inertial forces) in the zone of possible
breaking of the kinematic chain. From (6) it follows that with some margin the
condition σ > 1 must be satisfied.

Next, wewill analyze the results of computermodeling of the system of Eq. (2). At
the same time, the data obtained in the calculations of a number of knitting machines
were used as basic initial parameters [1]: J0 = 0.1; J1 = 0.16 kg m2; J2 = 0.2
kg m2; ν = 0.05 Nm; τ = 0.002 s.(the rest of the data is given in the course of the
presentation).

In Fig. 5 shows graphs of normalized values of deviations of the angular velocity
of the engine from the average value. In this case, only the partial frequency of the
drive subsystem was varied, and the partial frequency of the working body remained
unchanged.

Figure 6 presents graphs that complement the previously given graphs taking into
account the excited oscillations. Here, curves 1 and 2 coincide with curves 1.2 and
2.1 in Fig. 3, and curve 3 corresponds to the function

W∗ + q ′′
2 = −[�′′ + p2∗(h + q ′′

2 )].

The analysis of the results of computer simulation showed the effectiveness of
the force closure, which was manifested in a significant reduction in the level of
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Fig. 5 Graphs of the characteristics of the drive with the angular speed of the electric motor:
a p∗ = 1.3; k1 = 20; k2 = 30; b p∗ = 1.3; k1 = 40; k2 = 30

Fig. 6 Graphs Wj (ϕ): a p∗ = 0; k1 = 20; k2 = 30; b p∗ = 1.3; k1 = 20; k2 = 30; c p∗ =
0; k1 = 40; k2 = 30; d p∗

.
= 1.3; k1 = 40; k2 = 30

vibrations and the elimination of vibrational modes when shifting in the gaps. We
also note that the growth of the vibrational activity of the systemwas confirmedwhen
the conditions for the uncontrollability of the fault system are violated (see formula
(6)). The optimal values of the parameters correspond to the graph in Fig. 6g. The
comparison of this graph with the graph in Fig. 6b (curves 3) indicates that when
using a power short circuit, it does not guarantee the possibility of vibro-shockmodes
in the gap.
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In conclusion, we note that the high-frequency oscillations detected during the
force closure of cyclic mechanisms can also lead to a violation of the conditions of
dynamic stability in the zones of parametric resonances [1–4]. This problem requires
a separate consideration.
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Electrolyte-Plasma Polishing Ionization
Model

Sergey V. Zakharov and Mikhail T. Korotkikh

Abstract The analysis of the current state of research in the field of electrolyte-
plasma processing. The models of electrolyte-plasma polishing (EPP) are compared
and analyzed.An ionizationmodel of theEPPprocess is proposed,whichmatches the
observed phenomena with physicochemical phenomena in the treatment zone. The
proposed model is experimentally confirmed by EPP of various metals and alloys.
The proposed model of the EPP process allows one to reasonably choose the process
parameters and the composition of electrolytes both during polishing of metals and
during the implementation of their oxidation processes.

Keywords Electrolyte-plasma polishing · Electrolyte-plasma processing ·
Finishing · Roughness reduction · Vapored gas layer · Ionization model

1 Introduction

A promising method of electrolyte-plasma polishing originates in the nineteenth
century from the works of Sluginov [1–4] and is associated with the development
of experimental studies on the processes of luminescence and heating that occur
near the electrode surface. In technology, it was proposed to use these phenomena in
1956 [5], but this technology found practical application only in 1979 [6]. Despite the
expanding application of this technological method, it is still in the stage of intensive
study [7–10].

The constantly growing interest in high-voltage electrolyte-plasma processes is
associated with the following reasons:

1. Improving decorative properties.

The use of electrolyte-plasmapolishing in the cycle ofmanufacturing products allows
you to achieve a consistently high quality surface of products of almost any geom-
etry. This is due to the introduction of technology in the production cycle of luxury
segment products, as increases marginality of products. A number of North-West
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of Russia companies, such as ACEA-SPB, Baltex, Olympus, Sunerazh, Center for
Actual Technologies and others, process their products with this method, primarily
in order to obtain decorative product properties. Most often, EPGs are used for such
products as: chippers and dampers, railings and fences, towel rails and plumbing,
underframes and furniture frames, lighting and decoration elements for buildings,
CCTV and intercom systems, jewelry and souvenirs.

2. Decrease in technological roughness.

If it is necessary to process the surface to a certain technological roughness and the
impossibility of obtaining the required quality for one reason or another by standard
methods like:

– The outer surfaces of the spheres of ball valves of large and extra-large sizes;
– Especially narrow landing necks of the pressed shafts;
– Closing pores, smoothing the edges and surfaces on the housings of auxiliary
equipment nuclear reactors, etc.

The use of EPP allows solving this problem without special technological
difficulties.

3. Lack of a unified theory.

To date, there is no generally accepted consistent model of both electrolyte-plasma
treatment in general andEPP in particular, which causes the appearance of conflicting
articles, monographs and patents in this field that do not allow making sound and
practical recommendations for the implementation of these processes.

The articles andmonographs on this subject mainly describe empirical results and
interpret them in various ways, construct process control models, and propose regime
parameters with solution compositions without disclosing the physical principle of
substance transformation and the process phenomenology. Thus, the number of pub-
lications on the topic is progressively increasing, and a qualitative transition from
empiricism to theory does not occur. A direct consequence of this is the invariability
of the regime-compositional processing parameters at industrial enterprises. In the
absence of a single theoretical basis, practitioners often refuse to work with materials
other than stainless steels, since the composition and mode of this treatment have
been known for more than 30 years [11].

The aim of the presented work was to form a theoretically substantiated model of
a high-voltage electrolyte-plasma process.

2 Theoretical Part

In formal terms, EPP coincides with anodic electrochemical processes, and the dis-
tinguishing features are the composition of the solution and the high voltage (200–
400V) applied between the workpieces (anode) and an auxiliary electrode (cathode).
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As a rule, the composition of the aqueous solution includes salts in a low concen-
tration (1–10%). Operating temperature range 40–100 °C. When trying to process
products in classical solutions for electrochemical processing under EPP modes, the
surface of the samples is destroyed, undergoes severe erosion or is covered with an
amorphous non-functional layer.

To understand the processes occurring near the anode during EPP and differences
from electrochemical polishing, it is necessary to consider the current-voltage char-
acteristic (CVC) of the EPP (Fig. 1) in the metal-electrolyte system. With increasing
voltage, the current value and the metal-electrolyte interface have different parame-
ters, several sections can be noted. After applying voltage, the anode gradually passes
through each section to the rated voltage. At relatively low voltages (U1 − U2), the
kinetics of electrode processes obeys the Faraday law [12]. The CVC of the cell
changes in accordance with Ohm’s law- an increase in voltage leads to a proportional
increase in the current.

At this stage, electrolysis occurs, accompanied by the release of oxygen at the
anode. The increase in current is limited by the partial screening effect of gaseous
products on the electrode surface. In areas free of oxygen bubbles,where the electrode
remains in contact with the electrolyte, the current density continues to increase,
causing local boiling of the electrolyte surrounding the electrode (Fig. 2) and the
formation of a vapor-gas layer (VGL). An increase in current leads to an increase in
heat release, in accordance with the Joule-Lenz law.

As a result, in the voltage rangeU3, an increase in voltage leads to the appearanceof
spark discharges in theVGL (Fig. 3).When approaching the voltageU4, the electrode
is surrounded by a continuous VGL with low electrical conductivity. Almost all the
voltage applied to the cell now drops on this thin near-electrode layer. The electric
field reaches a value of 106 − 108 V/m, which is sufficient to start the process of
ionization of the VGL.

Fig. 1 Current-voltage characteristic of EPP
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Fig. 2 Forming spark discharges in VGL

Fig. 3 Comparison of surfaces after electric discharge machining in finishing conditions

Subsequent processes after ionization of VGL are an area of current research.
Professor Mirzoev [13] formulated the questions that need to be answered by the
theoretical model of the EPP process:

– What is the nature of the current passing through the gas layer;
– What is the metal removal mechanism;
– What is the surface leveling mechanism;
– Whether the metal surface is in contact with the ionized gas layer (plasma) or is
the oxide (oxide-salt) film separated from it;

– Whether at least short-term local touches of the electrolyte with the surface of the
metal or oxide film take place.
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In addition, a consistent model should coordinate the loss of mass of the anode
with the Faraday law, as well as take into account and explain the actually recorded
and repeatedly confirmed phenomena that occur during EPI:

– The presence and generation of valence unbound ions in VGL [14–20]. The same
is confirmed [21–24] by analysis of emission spectra;

– The presence of a gas electric (glow) discharge in the VGL [25, 26], which is
the process of electric current flowing through a gas due to the formation of free
charge carriers by the avalanche-like generation of charged particles during shock
ionization of a gas by electrons accelerated by an electric field;

– The presence of high-frequency current oscillations [5, 27] caused by the action of
an electric field on a charge arising from a violation of the plasma quasineutrality.
This field seeks to restore disturbed balance. Returning to the equilibrium position,
the charge passes by inertia this position, which again leads to the appearance of
a strong returning field, typical mechanical (sinusoidal) oscillations occur. Fluc-
tuations occurring in electrolyte plasma are high-frequency (~3 MHz) and, as we
have shown, do not depend on the area of the treated surface.

Currently, for the EPP process, there are a sufficient number of process models
that can be divided into the following groups:

Spark model [5, 28, 29].
The earliest model first proposed by Muras in 1956. The basis of this model is the

assumption that electrolyte bridges (Fig. 2), acting on the surface of the anode, subject
it to erosion polishing. The material evaporates at the point of spark breakdown.

This assumption is not confirmed, since the researchers, including us, could not
find traces of evaporation or condensation of the metal in the electrolyte solution,
melting on the surface of the workpiece. Observation of the treated surface in an
optical microscope (Figs. 3, 4) disproves this thesis.

Figure 3 [30] shows samples of steel grade 65G after finishing electroerosive
processing. Increase the top row ×10, the bottom row ×100. Micro roughness of
the surface from left to right: Ra 1.8 μm, Ra 1.86 μm, Ra 3.48 μm. In all three
cases, there are traces of melting on the surface. Figure 4 shows a sample of steel
15KhNFSh after EPP. Magnification ×250. Roughness Ra 0.4. On the surface of the
sample, no traces of fusion and holes from spark discharges are observed.

Ionization-spark model [31].
The basis of this model is the assumption that spark discharges affecting the sur-

face ionize the material in the zone of spark breakdown (Fig. 5), which subsequently
enters into physicochemical interaction with the components of the electrolyte
solution.

Compared to the original model, the absence of condensed vaporized material is
explained, but there are still no traces of spark breakdown.

Plasma-cavitation model [32].
Updating a less common model, published in 2014. The basis of this model is the

assumption that, as a result of melting of the upper layer of the anode, it is carried out
by high-temperature plasma, which forms inside the bubble at significant voltages.
When expanding, the gas bubble creates a high shock wave, creating an effect similar
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Fig. 4 The surface after electrolyte-plasma polishing of steel 15KhNFSh, magnification × 250

Fig. 5 Emission of atoms from the surface of the anode

to the phenomenon of cavitation. Ions and anions fall into the resulting void, which
form a new oxide layer, destroyed by a new shock wave (Fig. 6).

Thismodel is notwidely used because it is very controversial, built on assumptions
and not confirmed by calculations of the energy balance during the implementation
of the process.

Thermionic emission model [33–35].
First proposed by Duraji V.N. in 1988. The basis of this model is the observation

that the current passing through the system causes heating of the anode surface, as a
result of which the anode emits ions from its surface (Fig. 7), which, in turn, provide
the electric conductivity of the VGL and support non-stationary glow discharge.

However, both other researchers [29] and we have found that during processing
by the EPP, the workpiece is not subjected to any significant heating, above 120 °C.

An adsorption-complex model [36].
Based on practical observations of polishing corrosion-resistant steels and tita-

nium alloys on known solutions, thismodel, proposed in 2013,most closely describes
the processes that occur during EPI. The basis of this model is the assumption that
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Fig. 6 Plasma-cavitation model

Fig. 7 Thermionic emission

the anodic dissolution of metals occurs by the complexation mechanism through a
series of sequential or sequentially parallel intermediate stages. At the first stage,
complexes with the participation of water molecules are formed on the surface of
metals. In the subsequent stages, anions of the electrolyte solution and (or) water
molecules take part. At the final stage of dissolution, water-soluble compounds are
formed on the surface of the anode, which upon transition into the solution dissociate
into simple ions.
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Anodic dissolution of metals under EPI conditions occurs in the field of mixed
electrochemical and diffusion kinetics. Diffusion limitations arise as a result of hin-
dered ion mass transfer through surface salt, oxide, and hydroxide adsorption-phase
films. When dissolving the components of corrosion-resistant and structural carbon
steels, a significant role is played by chemical processes.

To illustrate this model, we consider an example of a reaction proposed by the
authors:

Fe + H2O ↔ FeH2Oadsorbed

FeH2Oadsorbed + SO2−
4solved ↔ FeH2OadsorbedSO

2−
4adsorbed

FeH2Oadsorbed + SO2−
4solved → FeSO−

4adsorbed + H2O + e−

FeH2OadsorbedSO
2−
4adsorbed → FeSO−

4adsorbed + H2O + e−

FeSO−
4adsorbed + H2O ↔ FeOHadsorbed + H+

solved + SO2−
4solved

FeOHadsorbed + SO2−
4solved → FeSO4solved + OH−

solved + e−

FeSO4solved ↔ Fe2+solved + SO2−
4solved

This model explains the appearance of oxide films of various properties on the
anode surface; during the processing, the ionic nature of the electrolyte solution and
its effect are taken into account.

However, in the proposed mechanism of anodic dissolution, the role of electric
current in the process of formation of the adsorption layer is not described, the
influence of electrolyte plasma on the processes occurring on the surface of the
workpiece is not shown.

Proposed Ionization Model of the EPI Process
The main mechanism of ionization is ion-electron emission. The source of the ions
are the components of the solution. Depending on the number, activity and mass of
molecules in solution, the plasma treatment process can begin at various tempera-
ture and technological conditions [9]. At the moment of contact of the electrolyte
bridge with the surface of the anode, anions moving in an electric field to the surface
of the anode with an energy exceeding a certain threshold (~10 eV) colliding with
the surface of the anode interact with it, causing electron emission [25]. Energy is
transferred to the target electrons during the Auger neutralization of the bombarding
ion. This process is observed if the ion has an unoccupied energy level lower than
the Fermi level in the bombarded metal. In this case, one of the electrons from the
conduction band can go to this level, thereby neutralizing the ion. When neutralized,
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energy is released that is transferred to another electron of the metal, which already
gets the opportunity to leave the metal atom. Potential ion-electron emission is pos-
sible only if the inequality Ip > 2� is satisfied, where Ip is the ionization energy of
atoms, and F is the electron work function from the metal.

Emission efficiency is characterized by the so-called pull-out coefficient γ, which
is equal to the average number of knocked out electrons per ion. For potential knock-
out, γ increases with increasing ionization energy Ip and for singly charged ions it
can reach several tens of percent. For multiply charged ions, the coefficient γ can
exceed unity due to the multistep process of ion neutralization. The coefficient γ for
potential ion-electron emission weakly depends on the energy of the bombarding
ions, up to energies of the order of 1 keV. At higher energies, the emission efficiency
begins to decrease and tends to zero in the limit of high energies.

As a result of the movement of charged particles through the VGL, collisions with
the atoms of the gaseous vapor layer occur. In this case, an avalanche-like increase
in the number of charged particles occurs, since new ions and electrons are formed
in the ionization process, which also begin to participate in collisions with atoms,
causing their ionization.

These processes lead to the formation of a thin, unsteady layer of gas plasma in the
VGL around the anode, inwhich, in the ionized form, there are ions of all components
of the electrolyte solution. The temperature of a low-temperature plasma in the case
of formation in an aqueous medium can be in the range of 373−10,000 °C. The
lower temperature limit is caused by such a parameter of the aquatic environment
as the boiling crisis. Thus, the formation of gas plasma around the treated anode is
a consequence of the processes occurring between the liquid cathode and the metal
anode, causing the removal of atoms from the surface of the anode.

During the interaction of the anion with a metal atom, an intermediate substance
is formed, which, depending on its physical properties and the intensity of formation,
in turn, depends on the number of ions in the solution. At low formation intensities,
soluble salts have time to dissolve from the surface at the moment of subsequent
contact of the electrolyte bridge with the surface. Consider the example of copper:

Cu + 2NO−
3

300 eV→ Cu(NO3)2 + 2e−

Cu(NO3)2 + H2O → Cu+ + 2NO−
3

At high formation intensities, soluble salts do not have time to dissolve upon
subsequent contact of the electrolyte bridge with the surface, interacting with the
plasma layer surrounding it. It undergoes plasma-chemical interactions, heating and
transition to a less energy-consuming state.

Cu + 2NO−
3

300 eV→ Cu(NO3)2 + 2e−

CuNO3
170◦C→ CuO + NO2
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After such a transition, around the anode to be treated the VGL and plasma layer
will remain stable, and depending on the properties of the oxide, anodic dissolu-
tion may continue or stop. What determines the conditions for the formation of
oxide layers by the microarc oxidation process, which is also used in technological
processes.

To increase the dissolution rate of salts formed on the surface, various complexing
agents are used (citric acid, oxalic acid, TrillionB, glycerin, ethanol, urotropine, etc.).

Experimental confirmationof theproposedmodel of electrolyte-plasma treatment.
To confirm the ionization model of the process, it was considered necessary:

– determine the total energy of the process;
– determine the energy spent on heating the electrolyte solution, equipment, heat
loss during the process;

– determine the energy spent on the removal of the anode material;
– evaluate the data obtained by comparing with the physical parameters of the
material.

3 Practical Part

To conduct an experiment to determine the amount of energy, a laboratory setup was
created that allows you to measure the amount of heat released in the electrolyte,
determine the shape and energy of the high-frequency current pulses in the plasma
discharge, and the mass loss of the processed product, the electrolyte composition
before and after processing.

The conditions of the experiment. A sample with a precisely measured mass
(anode) was installed in a bath with an electrolyte heated to 70 °C. An electrodemade
of 08Kh18N10T steel was used as a cathode. The bath with electrolyte is multilayer
insulated. During the EPI process, the electrolyte temperature continuously increased
to 95 °C (Fig. 8), which allowed us to record the current-voltage characteristics of
the process at various temperatures and high-frequency current components with
an oscilloscope. When the electrolyte solution reached a temperature of 95 °C, the
process stopped and the mass of the removed material was determined.

Processing of experimental data. Based on the proposed model, knowing the
composition of the electrolyte, we compose the reaction equation. The processing
of samples from aluminum alloy was carried out in potassium salts of nitric or
hydrochloric acid. Consider the example of potassium nitrate and aluminum:

KNO3
H2O←→ K+ + NO−

3

Al3+ + 3NO−
3

300 eV−→ Al(NO3)3 + 3e−

When dissolved inwater, KNO3 dissociates intoK+ andNO−
3 ions, which, in turn,

participate in the directedmotion of charged particles, accelerating in an electric field.
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The calorimetry of theEPPprocesswas carried out on anarrower sample ofmetals.
Almost pure metals and alloys were processed. Their parameters are summarized in
Tables 1, 2.

Processing mode: 300 V, initial temperature 70 °C (in the case of AMg5 with
80 °C), final 95 °C. The composition of the aqueous electrolyte solution:KNO3—5%,
C6H8O7—3% [7–9, 21].

The energy required for ionization of a distant mass is determined by the formula:

Ei = M · E

where, Ei is the calculated ionization energy of the removed metal, M is the molar
mass of the removed metal, E is the energy of sequential ionization of the electron.

The calculated ionization energy for the treated metals is presented in Table 3.

Table 1 Energy sequential ionization of the processed materials

Metal Molar mass,
μ (g/mol)

Energy of
sequential
ionization of
1 electron, E
(J/mol)

Energy of
sequential
ionization of
2 electron, E
(J/mol)

Energy of
sequential
ionization of
3 electron, E
(J/mol)

Energy of
sequential
ionization of
4 electron, E
(J/mol)

Magnesium 24,305 737,778 1,450,682 7,732,758 –

Aluminium 26,981 577,600 1,660,734 2,744,090 11,578,000

Ferrum 55,845 762,479 1,561,160 2,957,423 5,499,550

Niccolum 58,693 737,141 1,752,976 3,393,448 5,596,033

Cuprum 63,546 745,574 1,958,122 3,551,295 5,682,868

Zincum 65,409 906,182 1,732,879 3,829,620 5,943,373
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Table 3 Estimated ionization energy

Metal alloy Ionization energy
of a remote metal,
J

Calculated ionization energy, J

Mg2+ Al3+ Fe2+ Ni4+ Cu2+ Zn2+

AMg5 7876 253 7623

U12 14,726 14,930

NPA1 9981 9981

M1 13,575 13,575

L63 11,435 7668 3767

Zn0 15,843 15,843

The results of processing the experimental data are summarized in Tables 4, 5.
The error of the total calculated and practical total energy does not exceed 2%,

while the calculated ionization energy of the removed metal is significantly higher
than the practical one. This is due to the fact that aluminum and copper can form
substances with a valence of Al+ and Cu+ [37], which in turn requires less energy.
Obviously, it is necessary to apply a correction factor that corrects the calculated
results, but this has not been found in the literature.

The significance of this deviation can be estimated by comparing the energy cost
components of the ionization removalmechanismwith other knownmaterial removal
mechanisms.

The comparison was carried out with mathematically simulated process models,
which is the spark model of material evaporation. When comparing energy costs
(Table 5), it is obvious that the mechanism of material evaporation in the discharge

Table 4 Calorimetric results of the EPI process

Metal alloy Energy, J

AMg5 U12 NPA1 M1 L63 Zn0

Practical total energy 219,767 310,885 285,494 300,177 272,188 264,595

Practical heating energy 214,260 296,158 273,062 288,241 257,834 247,331

Practical remote energy 5507 14,726 9850 11,936 11,875 14,893

Calculated remote energy 7876 14,930 9981 13,573 11,435 15,843

Deviation of the practical
from the calculated energy
of metal removal

−2369 −204 −130 −1636 440 −949

Comparison of the
calculated and practical total
energy (%)

101.1 100.07 100.05 100.55 99.84 100.4

Comparison of the
calculated and practical
removal energy (%)

143 101.39 101.32 133.71 96.29 106.4
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Table 5 Comparison of
energy calculations for
various mechanisms

Metal alloy Energy Model

Ionization Spark

AMg5 Total 101.1 98

Removal 143.0 18.4

U12 Total 100.1 96.6

Removal 101.4 27.5

NPA1 Total 100.05 96.8

Removal 101.32 7.7

M1 Total 100.5 96.9

Removal 113.7 22

L63 Total 99.8 96.4

Removal 96.3 17

Zn0 Total 100.4 97.2

Removal 106.4 49.8

requires significantly less energy. The closest values to the practically expended
energy according to the comparison results of the ionization mechanism.

In order to confirm the transition of the treated metal ions to the electrolyte solu-
tion, the solutions after treatment with a known amount of solute were titrated. The
result confirms the transition of anode ions to solutionwith an accuracy of at least 98%
regardless of the material of the treated anode (AMg5, U12, M1, 08KP, 20Kh13),
which is a direct confirmation of the proposed model and a direct refutation of the
results of other authors [16].

4 Practical Value

The formation of an electrolyte solution for the metal being treated is reduced to
assessing the solubility of the salt formed as a result of processing. If you need to
handle awide range ofmaterials, the rational use of nitrates, as they have awide range
of soluble metal salts and therefore provide the largest range of polished metals. In
the case of polishing a particular metal, it is worth giving preference to cheaper salts,
forming soluble compounds with this metal. The boundary of the production of an
electrolyte solution when it is saturated with ions of the processedmaterial still needs
to be clarified, as well as the influence of the quantitative value of the solubility of
salt.

When using ammonium salts to form an electrolyte solution, in the process of
intensive work, active evolution of ammonia, changes in the pH of the solution, as
well as the formation of colonies of microorganisms on the electrolyte mirror during
downtime are observed. These factors negatively affect the workflow. To avoid this,
metal-based salts should be preferred.
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5 Conclusions

1. An ionizationmodel of the EPP process is proposed, whichmatches the observed
phenomena with physicochemical phenomena in the treatment zone.

2. The proposed model is experimentally confirmed by EPP of various metals and
alloys.

3. The proposed model of the EPP process allows one to reasonably choose the
process parameters and electrolyte composition both during polishing of metals
and during the implementation of their oxidation processes.
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Research and Development of a Spring
Drive with Recovery Energy
in the Presence of a Variable Inertial
Load

Victor L. Zhavner, Wen Zhao, Chuanchao Yan and Long Wu

Abstract A spring drive with energy recovery, working with an external variable
inertial load that occurs in devices for unwinding and pulling packaging material in
packaging equipment, is considered. In order to reduce energy costs, the device does
not have a brake installed on the supporting device for a roll with packaging material,
due to this, areas with freely sagging packagingmaterial appear. Operatingmodes are
considered when the packaging material is not stretched and in this case the energy
consumption is minimal. In the case of tension of the packaging material, an external
inertial load appears due to the acceleration of the roll with the packaging material
to the required maximum speed of the spring drive carriage. The dependence for
determining the turn-off coordinate of the pneumatic drive depending on the current
value of the mass of the roll is determined.

Keywords Spring drive · Energy recovery · Pneumatic cylinder · External inertial
load · Spring battery · Dissipative losses

1 Introduction

Reducing energy consumption by process equipment remains a priority. There is an
extensive range of tasks in which the working bodies make reciprocating movements
with high energy costs due to the acceleration and braking of the working masses
(machine elements). Moreover, with an increase in productivity, for example, by 2
times, energy consumption increases by 4 times, and the required engine power by
8 times [1]. Energy costs can be reduced by using mechatronic spring motors with
energy recovery.

The history of the development ofmechatronic spring drives beganwith amechan-
ical arm developed by Electrolux (Sweden) for loading stamping equipment [2]. In
practice, it was a robotic system combining a feed conveyor, a mechanical arm with
a mechatronic spring drive, stamping equipment, an information-measuring system,
and a control device. The spring drive, built on the basis of a spiral spring, provided
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acceleration and braking and a controlled technological dwell. The spring-loaded
spiral drive completely coincided with the drive explaining the operation of the
reciprocating compressor, in accordance with the German patent [3] obtained by L.
Szilard and A. Einstein in 1932.

The initial stage of development of spring drives with energy recovery was char-
acterized by the study of spring drives using spiral springs [4] pp. 218–224, and an
electric drive to compensate for dissipative losses. There, the ultimate performance
characteristics were determined. At the same time, mechatronic spring drives using
standard helical coil springs [5, 6] were proposed, which made it possible to increase
the mass of transported products. At low speed, hydraulic drives can be used to
compensate for dissipative losses, while simultaneously securing the output link in
extreme positions. It was shown in [7] that the use of pneumatic cylinders to com-
pensate for dissipative losses provides the highest speed, while the appearance on the
market of pneumatic cylinders with brakes ensures that the drive output link is fixed
in extreme positions. Since the mechatronic spring drive is a self-oscillating system,
in which to maintain the required period of oscillations, it is possible to construct a
control system in accordance with the Erie theorem [8, 9].

In [10], the use of mechatronic regenerative drives in robotic systems was
examined in detail, and in [11, 12] for the automation of loading and auxiliary
operations.

In [13], a mechatronic spring drive was considered, in which a pneumatic cylinder
with a compression spring located in the rod cavity was used. In this case, the main
power element of the drive is a non-linear spring battery. It is shown in thework that in
the particular case, if the preliminary spring force is equal to the product of the spring
stiffness by a number equal to the minimum distance between the axis of the hinged
joint of the pneumatic cylinder body and the guides, the spring accumulator acquires
the properties of a linear oscillator. We also note the work [14] in which nonlinear
spring accumulators with an output rotary link are considered and, when used in
mechatronic springs, the drives provide a sinusoidal law of variation of speed and
acceleration [15]. With regard to the smoothness of motion, this law does not seem
to be much better: both speed and acceleration theoretically change continuously,
and they begin and end their change with zero values. In [16], nonlinear spring
accumulators with an output link performing reciprocating movements at various
values of spring pretension in the neutral position were studied. In [17], mechatronic
spring actuators based on pneumatic cylinders with return springs were investigated.
In all the works discussed above, drives with no technological load with constant
mass were considered and their use reduces energy costs for the selected type of
work operations by 5 times.

The aim of this work is to study a mechatronic spring drive with energy recovery
in the presence of a variable inertial load that occurs, in particular, in devices for
unwinding and pulling packaging material in packaging equipment.
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2 Research Methods and Results

A typical example of the possible use ofmechatronic spring driveswith energy recov-
ery in devices for unwinding and pulling packaging material operating in discrete
mode is studied. Figure 1 shows a diagram of the device under study, consisting of
a pneumatic drive, a roll with packaging material, guides and tension rollers, and a
device for folding the packaging tape. Note the following features of the device:

1. A variable moment of inertia of the roll, since during the operation both the
diameter of the roll and its mass decrease.

2. The device does not have a brake, which in typical devices provides constant
tension of the packaging material, so the following configurations of packaging
material are possible. The first configuration with a constant tension of the pack-
aging material, the second configuration, when the length of the sagging material
provides the device with a stationary roll. The third configuration, when the start
of work occurs when the roll is stationary, the packaging material is pulled and
then its rotation begins.

3. There are restrictions on the collision speed of the drive carriage with the stop
block. This is due to the fact that during the packing of loose materials, many
loose materials behave like a liquid and can rise up at the edge of the bag at high
collision speeds.

When the axis of the tension roller is at point O1, the packaging material is
tensioned and the roll is stationary. When the drive is turned on, we have an inertial
load mode, depending on the current value of the moment of inertia of the roll.

If the axis of the tension roller is between points O1 and O2, it is necessary to
accelerate the roll with the packaging material to an angular speed when the linear
speed of the packaging material that escapes from it becomes equal to the linear

Fig. 1 Diagram of a device for unwinding and pulling packagingmaterial. 1— roll, 2—guide roller,
3—tension roller, 4—guide, 5—packaging material, 6—pneumatic cylinder
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Fig. 2 Diagram of a mechatronic spring drive with energy recovery and using a pneumatic cylinder
to compensate for dissipative losses

speed of the drive carriage. In this case, we are dealing with an inertial load, but it
does not occur immediately.

If the axis of the tension roller is located between points O2 and O3, then there is
no variable inertial load, since the roll is stationary during the process of pulling the
packaging material, and the axis of the tension roller rises vertically by an amount
equal to half the stroke of the device for pulling. Work without inertial load occurs
until the axis of the tension roller is above the point O2.

From the point of viewof reducing energy costs for pulling the packagingmaterial,
it is advisable to have a sufficiently large length of sagging packaging material, since
in this case there are no energy costs for accelerating the roll.

Figure 2 shows a mechatronic spring drive with energy recovery for pulling
packaging material using a pneumatic cylinder to compensate for dissipative losses.

The considered spring drive consists of a linear spring battery with two tension
springs installed on both sides of the carriage 2, moving along the guides 3. To
compensate for dissipative losses, a pneumatic cylinder 4 is used, theworking cavities
of which are connected to the distributor 5, the electromagnetic drives of which Y1
andY2 are connected to the control system6. In addition, on the case of the pneumatic
cylinder 4, position sensors D1, D2, D3 and D4 are installed, the outputs of which
are connected to the control system 6. The drive is also equipped with an additional
distributor 7, the electromagnetic drive Y3 of which is also connected to the control
system 6. The input of the pneumatic distributor 7 is connected to one of the outputs
of the pneumatic distributor 5, and the second input of the distributor 7 is connected
to the atmosphere through an adjustable throttle 8. The distributor 7 is designed for
pre-charging the spring battery.
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Fig. 3 Diagram of a spring
battery with two tension
springs

Mechatronic spring recovery drives with energy recovery are self-oscillating sys-
temswith external energy pumping to compensate for dissipative losses. All themain
characteristics of such drives are determined by the used spring batteries.

Without taking into account dissipative losses, the considered spring drive is a con-
servative linear oscillator with an oscillation frequency independent of the amplitude,
therefore, in this case, all the dependencies used for linear oscillators are applicable.
To compensate for dissipative losses, a double-acting pneumatic cylinder 1 with a
pneumatic distributor 2 is used, in which the cavities of the pneumatic cylinder are
connected to the atmosphere in the neutral position. This drive configuration allows
to programmatically organize, in accordance with Erie’s theorem [10], any possible
option for the pneumatic cylinder to compensate for dissipative losses and to ensure
maximum carriage speed in the middle position, which provides kinetic energy in
the middle position for potential energy accumulation in the device and coming to
an extreme position. Figure 3 shows a diagram of a spring battery with two tension
springs.

In the spring battery in question, the working elongation of each spring is:

hmax = 2xmax (1)

The maximum potential energy of each spring is equal to:

Umax = 0.5c · h2max = 2cx2max (2)

In the neutral position of the system, the potential energy of the spring battery is
minimal and equal to the effective potential energy:

(3)

The total spring stiffness is 2c and the oscillation half-period t is equal to:

t = π

√
m

2c
(4)
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Spring force during working deformation:

F2 = 2cxmax (5)

The maximum speed is equal to:

ẋmax = π

t
· xmax (6)

where t is the set travel time between the extreme positions.
The maximum acceleration is equal to:

ẍmax = 2cxmax
m

(7)

The work to overcome dissipative forces is equal to:

(8)

where ϕ is the loss coefficient in the spring battery
From the equation ofmechanical energy of the systemwithout taking into account

dissipative losses, having the form:

Umax = UT + TT, (9)

after transformations, Eq. (9) will sequentially take the form:

cx2max = cx2T + 1

2
mẋ2T (10)

and

x2T
x2max

+ ẋ2T
x2max · 2c

m

= 1 (11)

which corresponds to the ellipse equation:

x2T
a2

+ ẋ2T
b2

= 1

where:

a2 = x2max (12)

b2 = π2

t2
· x2max (13)
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Figure 4 shows the graphs of speed and acceleration when the system parameters
in the stroke and idle modes are the same and there is no external inertial load.

After the middle carriage passes through its middle position, its speed decreases
and if before that the packaging material was pulled and the roll with packaging
material rotated, the roll will continue to rotate in the free-run mode, and the speed
of the carriage will also decrease due to inertia forces, in accordance with Eq. (10).

Figure 5 shows the cyclograms of the operation of the spring drive and the
inclusion of the pneumatic cylinder in various modes.

Fig. 4 Graphs of speed and acceleration of the output link of the spring drive

Fig. 5 With three cyclograms
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Figure 5a shows the cyclogram for turning on the pneumatic cylinder at the begin-
ning and end of displacement to compensate for dissipative losses, which provides
the upper part of the curve in Fig. 4.

Figure 5b shows the cyclogram for turning on the pneumatic cylinder in idlemode.
If there is an external inertial load during the working stroke, in order to ensure

maximum speed when the carriage passes through the middle position, the duration
of the pneumatic cylinder activation increases and depends on the current value of
the moment of inertia of the roll. Figure 5d shows the cyclogram for turning on the
pneumatic cylinder, where the coordinate xk corresponds to the coordinate of the
carriage at which the pneumatic cylinder is turned off.

If for a working stroke in the presence of an external inertial load, use the cyclo-
gram in Fig. 5a. then the blue curve shows the curve of the change in the speed of the
carriage from its coordinate. It is seen that the kinetic energy of the carriage will be
less than required and it will not reach the extreme position. In connection with these
increases the duration of the inclusion of the pneumatic cylinder. Let us determine
the coordinate for turning off the pneumatic cylinder.

The equation of mechanical energy for this regime has the form:

(14)

From Eq. (14) can find the value of the turn-off coordinate of the pneumatic
cylinder:

(15)

The choice of parameters for a pneumatic cylinder is determined from two
conditions:

1. The force on the rod of the pneumatic cylinder Fc must be equal to or greater
than the maximum spring force. In this case, locking in the extreme positions
automatically occurs and there is no need to install controlled clamps, which
simplifies the design and increases the reliability of the drive.

2. The speed of the rod at the time of turning on or off the pneumatic cylinder must
be higher than the speed of the spring battery. As a rule, the maximum rod speed
of a pneumatic cylinder is in the range of 0.5–1 m/s. Otherwise, the pneumatic
cylinder will begin to perform the function of the brake

Determine the length of the packaging material being rewound after the middle
carriage has passed with a rotating roll, since get two dynamic systems: a freely
rotating roll with a wrapping packaging material and a carriage in which the kinetic
energy of the elements performing a rectilinear motion passes into the potential
energy of a spring drive.
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Fig. 6 Two options for installing the roll on the supporting device

The kinetic energy of a rotating roll is determined from the expression:

T = 1

2
· J ∗

T · q̇
2
max
2

= 1

2
· 1
2

· mT · R2
T · ẋ

2
max
R2
T

= 1

4
· mT · ẋ2max (16)

Figure 6 shows two options for installing the roll on the supporting device: one is
a typical version, when the axis of the roll coincides with the axis of rotation of the
supporting device, in the second version, the roll is freely mounted on the supporting
device and a friction gear is formed, while the supporting device has an angular
velocity greater than the angular velocity roll.

The moment of friction in the support is determined from the expression:

(17)

The work of the friction forces during the free run of the roll to a complete stop is

(18)

From the joint solution of Eqs. (17) and (18) we obtain an expression for
determining the angle of rotation of the roll q to its full stop

(19)

which allows to determine the length of the material being wound:

(20)
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When the roll is freely mounted on a rotating support (see Fig. 6). In the case, the
angle of rotation of the support device is

(21)

In this case, the length of the wrapped packaging material with a free run-out will
decrease by D/d, since the work to overcome the friction forces is increased.

From Eq. (20) it follows that the length of the material being wound is determined
by the design parameters, the maximum speed of the carriage and the current value
of the roll radix. With the maximum radius of the roll, the largest length of wrapped
packaging material takes place

Define the relationship between the geometric and inertial characteristics of the
roll.

Consider the roll as a solid disk, then themoment of inertia of the roll of packaging
material is determined from the expression:

J = 0.5 · mT R2
T (22)

where Rt is the current value of the radius of the roll
mT is the current value of the mass of the roll
The maximum angular velocity of rotation of the roll q̇ is equal to:

q̇ = ẋmax
R

(23)

where ẋmax is the maximum tape speed
The design characteristics of the drive are reduced mass. The work is interested

in the relationship between the reduced mass of the coil and its current mass.
The estimated mass mp includes the reduced mass of the coil to the spring drive

carriage mpp and the mass mdq of all moving translational elements of the drive,
for example, the mass of the carriage, rod and piston of the pneumatic cylinder, the
mass of the gripper.

(24)

the relationship between the reduced mass of the roll and the actual value of

(25)

As can be seen from Eqs. (24) and (25), both the calculated and reduced masses
are variable and depend on the current value of the mass of the roll with packaging
material.
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3 Results Discussion

The developed mechatronic spring drive for unwinding and pulling packaging mate-
rial using a pneumatic cylinder to compensate for dissipative losses can also be
used when working with external inertial loads, reducing energy costs and providing
favorable dynamic modes of operation.

It is shown that in the mode when the packaging material is stretched, the linear
speed of the packaging material is equal to the speed of the spring drive carriage.
When passing the middle position of the carriage, the maximum kinetic energy of the
system is achieved and two dynamic systems arise: the free run-out of the roll and the
corresponding unwinding of the packaging material until the roll stops completely
and the carriage moves to the stop.

The length of the rewind tape during free run-out does not depend on the mass of
the roll, but depends only on the current value of the outer diameter of the roll and
the peripheral speed of the packaging material at the time the free-run starts.

The next study, taking into account the results obtained, will be associated with
the use of timer control in the construction of control systems

The developedmechatronic spring drive reduces energy costs due to energy recov-
ery and the choice of operating modes taking into account the current value of the
mass of the coil and the automatic determination of the configuration of the packaging
material and the value of the current value of the mass of the coil.

The results of the work were used in the development of a mechatronic pneumatic
drive system for a filling and packaging machine for bulk products. The results of
the work can be used by developers of energy-saving technological equipment.

4 Conclusion

The problem of using a spring drive with energy recovery in the presence of an
external variable inertial load is solved. Further development of the work will be the
study of the possibility of using timer control of the moment the pneumatic cylinder
is turned off, which will further reduce energy consumption, simplify the design and
increase the reliability of the system.

Further research will determine the ultimate performance for this type of drive.
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Research of Spring Accumulators
with Output Rotary Link Used
in Technological Equipment to Reduce
Energy Consumption

Milana V. Zhavner, Sen Li and Chuanchao Yan

Abstract Mechatronic spring driveswith energy recovery for stepmovements based
on pneumatic cylinders with return springs are investigated. Mechatronic spring
drives are used in conveyor lines and rotary tables of filling and packaging equip-
ment of the food and pharmaceutical industries. Mathematical models of the spring
accumulator with pre-tensioning of the spring are built. A mechatronic spring drive
has been developed for rotary tables of a filling and packaging machine, using two
pneumatic cylinders. One of the pneumatic cylinderswith a return spring. The second
pneumatic cylinder provides the output of the rotary link from the position of unstable
equilibrium in which the system is located during technological dwell. Dependences
are given for determining dissipative losses in the elements of a spring accumulator,
the total values of which determine the energy consumption of the engine to com-
pensate for dissipative losses. The energy costs in the considered drives are several
times less than the energy costs in other types of drives. The scheme of a mechatronic
spring drive for rotary tables of filling and packaging equipment using two pneumatic
cylinders with return springs has been developed.

Keywords Spring drive · Dissipative losses · Energy recovery · Pneumatic
cylinders with return springs

1 Introduction

In cyclic drives in the extreme positions of which a controlled dwell is provided [1,
2], energy consumption is reduced by using mechatronic spring drives with energy
recovery [3–5], while energy consumption can be reduced several times [6–8]. Tra-
ditionally, a mechatronic spring drive with energy recovery contains a linear or non-
linear spring battery, a control system, controlled clamps and an engine to compensate
for dissipative losses [9–11]. When moving products with sufficiently large masses
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(more than 1000 kg) and at low speed, it is advisable to use a hydraulic drive to
compensate for dissipative losses. The use of electric motors to compensate for dis-
sipative losses is limited by low speed, since the compensation of dissipative losses
occurs throughout the movement and, at high speed, engine power increases, and
gears with a large gear ratio are required [12]. At high speed, it is preferable to
use pneumatic cylinders, which, in addition to compensating for dissipative losses,
provide fixation of the output link in the extreme positions [13–15].

2 Statement of the Problem and Research Methods

This paper discusses mechatronic drives with energy recovery for step movements.
Such drives are built on the basis of non-linear spring batteries with an output rotary
link [3–5]. Pneumatic cylinders are used to compensate for dissipative losses. Also,
in drives with one-sided load, pneumatic cylinders with return springs are used [12].
In this paper, it is proposed to use pneumatic cylinders with return springs in step-
by-step drives that perform three functions: a spring accumulator, an engine for
compensating dissipative losses, and a fixing device.

3 Research Methodology

The object of research is mechatronic spring drives with energy recovery for step
movements using pneumatic cylinders with return springs. Traditionally, such pneu-
matic cylinders are used in drives with one-sided load, where the return springs
provide, after completing the operation, the movement of the working body to its
original position. Since these pneumatic cylinders contain the basic elements neces-
sary and sufficient for the implementation of mechatronic spring drives with energy
recovery, the task is to analyze the characteristics of pneumatic cylinders and the syn-
thesis of mechatronic spring drives with energy recovery to obtain step movements,
for example, for turntables of packaging and packaging equipment, which will ulti-
mately simplify their design, increase reliability, reduce costs for both design and
energy consumption during operation.

The mechatronic spring drive for step movements is a self-oscillating system con-
sisting of a non-linear spring battery, an engine for compensating dissipative losses,
an information-measuring system and a control system [15–17]. To compensate for
dissipative losses, it is preferable to use pneumatic engines with the highest speed.

In Fig. 1 shows a step mechatronic drive with energy recovery, constructed using
pneumatic cylinders with return springs located in the rod cavity. The mechatronic
stepper drive is implemented according to the scheme of a non-linear spring battery
with a single spring.

The rotary Table 1 is connected by a transmission with a flexible connection 2
with a rotary link 3, which is pivotally connected to two pneumatic cylinders.
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Fig. 1 Diagram of a stepper drive with energy recovery and the use of pneumatic drives. 1—rotary
link, 2—pneumatic cylinderwith return springs, 3—pneumatic cylinder, 4—rotary table, 5—toothed
belt drive, 6—pneumatic distributor 5/3, 7—pneumatic distributor 3/2, 8—control system

Table 1 The value of the coefficient Ktq depending on the parameters s̄1 and a′

2 4 6 8 10 12 14 16

0 21.74 20.00 19.38 19.07 18.88 18.75 18.66 18.59

1 17.61 16.17 15.67 15.41 15.25 15.15 15.07 15.01

2 15.20 13.95 13.51 13.29 13.15 13.06 12.99 12.95

3 13.57 12.45 12.06 11.86 11.74 11.65 11.59 11.55

4 12.37 11.35 10.99 10.81 10.70 10.62 10.57 10.53

5 11.44 10.50 10.17 10.00 9.89 9.82 9.77 9.74

6 10.70 9.81 9.50 9.34 9.25 9.18 9.14 9.10

7 10.08 9.25 8.95 8.80 8.71 8.65 8.61 8.67

8 9.56 8.77 8.49 8.35 8.26 8.20 8.16 8.13

9 9.11 8.36 8.09 7.96 7.87 7.82 7.78 7.75

10 8.72 8.00 7.75 7.62 7.53 7.48 7.45 7.42
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Fig. 2 Nonlinear spring accumulator with output rotary link based on compression spring

A diagram of a non-linear spring battery with an output rotary link for step
movements is shown in Fig. 2.

Figure 2 shows a diagram of a spring battery on the basis of which mechatronic
spring drives with energy recovery for step movements are built [3–5]. A feature of
the spring battery shown in Fig. 2, is the presence of pre-compression of the spring
S1, which provides a minimum spring force FH (show Table 1.)

The geometrical characteristics of the spring battery is:
a—the distance between the axes of the ball joints of the output rotary link and

the rocker rock mechanism.
R—is the radius of the output rotary link.
L0—is the size between the axis of the swivel of the output link, with the link that

performs translational motion, in a stable equilibrium position.
The energy characteristics of a spring battery are: potential energy V (q) and

moment characteristic M (q).
We determine the characteristics of spring batteries using pneumatic cylinders

with return springs.

s1 = FH/c (1)
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Then the minimum potential energy of the spring is

Vmin = 0.5F2
H/c (2)

The maximum potential energy of the spring is

Vmax = 0.5c(h + s1)
2 = 1

2
c(2r + s1)

2 (3)

Current value of potential energy

VT = 1

2
c�L2

sp (4)

�Lsp—current spring extension

�Lsp =
√
r2 + a2 + 2ar cos q − (L0 − s1) (5)

In view of Eq. (5), expression (4) takes the form

VT = 1

2
cr2

(√
1 + a′2 + 2a′ cos q − (

L̄ − s1
))2

(6)

Where s1—is the value of spring precompression.
a′ = a

r , L̄ = L0
r , s1 = s1

r —dimensionless coefficients defining geometric
relations.

When using standard pneumatic cylinders with return springs, the force character-
istics of the spring are set:FH ,FK, and the stroke of the rod h, whichmakes it possible
to determine the spring stiffness c and the value of the spring precompression s1.

In the general case, a work operation that is associated with step movements is
determined by three parameters:

q—the maximum angle of rotation,
t—the rotation time at the maximum angle,
J—the reduced moment of inertia of the rotation mechanism, reduced to the axis

of rotation of the output link of the spring battery.
In [3], the problem was solved for determining the time of rotation of the spring

accumulator by an angle equal to 2π, when s1 = 0.
The basic rotation time for a given reduced moment of inertia J is determined

by the stiffness of the spring c and the design parameters of the spring battery:
dimensions a and r.

t =
√

J

2
·

2π∫

0

dq√
Vmax − VT

(7)

Equation (7) can be written as
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t =
2π∫

0

dq

q̇(q)
= 1

r

√
J

c
· Ktq (8)

where

Ktq =
2π∫

0

dq
√

(2 + s1)
2 −

(√
1 + a′2 + 2a′ cos q − (

L̄ − s1
))2

(9)

Table 1 presents the value of the coefficient depending on the parameters s1 and
a′.

As can be seen from Table 1, with an increase in the value of the parameters s1,
a′ and the coefficient Ktq decreases, which means that the speed increases.

The maximum value of the reduced moment of inertia J for known values of Ktq

and a given value of t, after the conversion of Eq. (8), we obtain from the following
expression

J = t2 · r2 · c
K 2

tq
(10)

Table 2 presents the characteristics of pneumatic cylinders with return springs of
the Italian company Pnevmax [12], in which the coefficient values are added Ktq .

The use of modern control systems allows you to compensate for the energy costs
of dissipative losses in any part of the movement and thereby synthesize a variety
of laws of motion, in the case of linear spring batteries. In the case of constructive
solutions with non-linear spring batteries, the supply of a compensation pulse in the
middle position of the output link is impossible [15].

To determine the speed of the output link,wewrite the equation of totalmechanical
energy without taking into account dissipative losses:

Vmax − VT = T (11)

Maximum kinetic energy

T = J · q̇2

2
(12)

where J—reduced moment of inertia of the links of the drive of the rotary table to
the output link; q̇—output link angular velocity.

The current angular velocity is determined from the joint solution of Eqs. (11)
and (12) and is equal to:
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Table 2 Characteristics of pneumatic cylinders with return springs of the Italian company Pnevmax

Series piston diameter (mm) FH (N) FK (N) c (N/m) Ktq

Microcylinders series
ISO 6431-1260 (travel
0–40 mm)

ø 12 9.9 26.5 415 14.84

ø 16 10.8 22.6 295 13.56

ø 20 10.8 22.6 295 13.58

ø 25 7.9 49.1 1030 17.22

ø 32 19.7 53.0 832.5 14.76

ø 40 39.3 106.0 1667.5 14.71

ø 50 39.3 106.0 1667.5 14.70

Microcylinders series
ISO 6431-128 «MIR»
(travel 0–50 mm)

ø 12 4.0 8.7 94 13.83

ø 16 7.5 21.0 270 15.12

ø 20 11.0 22.0 220 13.32

ø 25 16.5 30.7 284 12.79

ø 32 23.0 52.5 590 11.16

Cylinders Series ISO
15552-1319-20-21
(travel 0–50 mm)

ø 32 17.2 41.7 490 15.28

ø 40 24.6 83.4 1176 15.57

ø 50 51.0 114.8 1276 13.74

ø 63 51.0 114.8 1276 13.71

ø 80 98.1 194.2 1922 12.89

ø 100 98.1 194.2 1922 12.87

Where FH—Initial force, with extended stem; FK—Maximum force with spring retracted; c—
spring stiffness

q̇ =
√
2(Vmax − VT )

J
(13)

After substituting the values of the maximum and current potential energies, the
above formula will take the form:

q̇ = r

√√√√√c

[
(2 + s̄)2 −

(√
1 + a′2 + 2a′ cos q − (

L̄ − s̄
))2

]

J
, (14)

or

q̇ = r

√
c

J
· q̇ ′, (15)

where

q̇ ′ = (2 + s̄)2 −
(√

1 + a′2 + 2a′ cos q − (
L̄ − s̄

))2
(16)
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– an equation that determines the value of the angular velocity in a dimensionless
form.

In Fig. 3 presents graphs of the change in the reduced moment of inertia of the
rotary table J from a given travel time t for pneumatic cylinders, the parameters and
characteristics of which are given in Table 1.

Fig. 3 Graphs of the change
of the given moment J from
the given time of movement t
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Dissipative losses in a spring battery are determined by internal friction losses in
the spring and losses in kinematic pairs.

The total losses to overcome the friction forces are determined by the equation:

Adis = A1 + A2 (17)

where Adis—is the total work of the drive to overcome all dissipative forces;
A1—drive operation to overcome internal friction in the spring;
A2—operation of the drive to overcome friction in the articulated joints of the

spring battery.
The operation of the drive to overcome internal friction in the spring is determined

by the following equation

A1 = 2ψcr2 = ψVmax (18)

For springs, the dispersion coefficient can be taken equal toψ = 0.01−0.015 [4].
The work of the friction forces in the articulated joints of the spring battery is

determined by the formula [3]

A2 = 4rc f (d + d2) (19)

where f—articulation friction coefficient,
d—diameter of the axles of the hinge joints of the spring battery,
d2—diameter of the axis of the output link of the drive.
To ensure rotation, you can use a spring battery with two springs, shown in Fig. 4.
To ensure rotation at any angle, you can use a spring battery with two pneumatic

cylinders with return springs, shown in Fig. 5.

4 Results Discussion

Mathematical dependencies are obtained, which make it possible to determine the
characteristics of a mechatronic spring drive by the parameters of pneumatic cylin-
ders. It is established that the pre-tensioning of the spring increases the speed. For
each standard cylinder, the limit values of the moments of inertia of the rotary tables
are set, which are reduced to the output link of the spring drive, depending on the
rotation time, up to 1 s. It is shown that the energy consumption of a mechatronic
spring drive with energy recovery is determined by the friction losses in the elements
of the spring battery. In connection with these, energy consumption is several times
reduced. Calculation formulas for determining dissipative losses are given.
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Fig. 4 Diagram of a spring
battery with two tension
springs

5 Conclusions

A comparative analysis of spring accumulators with an output rotary link with spring
pre-tensioning with spring accumulators without preliminary tension is carried out.
It is shown that an increase in pre-tension leads to an increase in speed with a
slight increase in size. It is established that with an increase in the initial length of
the pneumatic cylinder with a return spring, it leads to an increase in speed. The
maximum values of the moments of inertia of the rotary tables are determined when
using each standard size of a standard pneumatic cylinder with a return spring, which
can be moved by such mechatronic drives at a given rotation time. The results of the
work were used to develop a mechatronic pneumatic drive system for a filling and
packaging machine for bulk food products. The results of the work can be used in
the development of energy-saving technological equipment.
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Fig. 5 Spring accumulator
diagram with two pneumatic
cylinders with return springs
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