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1. Introduction

The dynamical processes occurring in machine
drive systems are caused by vibrations occurring in the
system. They have a direct impact on noise emission, fa-
tigue strength, controllability and stability. Therefore, one
of the basic criteria used in designing contemporary me-
chanical structures are the dynamical properties of the
structure described in the form of frequency transfer func-
tions. By knowing them, it is possible to avoid operating
the system within resonance ranges which can compromise
the machine life and reliability [1-17]. The structural and
parametric identification of systems considering the dy-
namical machine properties is one of the methods for ex-
tending its life and improving reliability. This task can be
performed by using the algorithms of passive and active
synthesis [1-8, 12, 16]. The paper presents the method for
determining the structural and dynamical parameters of
machine drive systems by using the algorithm of active
synthesis. This method makes it possible to choose the
parameter and the controlling force of the system to main-
tain the loads at specified working conditions within rated
limits.

The active synthesis of mechanical systems in this
paper is understood as a calculation method used to identi-
fy the structure of a mechanical system, including its pa-
rameters and active force, meeting the desired characteris-
tics in the form of selected resonance and anti-resonance
frequencies. The characteristic feature of the obtained ac-
tive mechanical systems is the fact that the determined
parameters do not change over time and the fact that ob-
taining the assumed properties requires delivering an ex-
ternal source of energy.

The research on the passive and active synthesis
of torsionally oscillating mechanical drive systems is de-
veloped by the authors of this paper. The introduction to
the synthesis of machine drive systems, acting as torsional-
ly oscillating systems, is presented in [1]. This section pre-
sents the method of synthesizing the distribution of charac-
teristics on a continued fraction making it possible to ob-
tain the parameters and the model of a single-axis system.
In addition, paper [2] present the synthesis of drive sys-
tems using the method of characteristic distribution on
partial fractions (branched systems), the mixed method
(cascade-branched systems). Then, in the case of dynam-
ical models of the whole drive system obtained, the authors
determine the controlling force applied on the system that
counteracts the oscillation-inducing dynamical loads —
active synthesis [3, 4, 6, 8]. Afterwards, in [7] the authors
presented an attempt to extend the existing methods of

passive synthesis, aimed at obtaining the models of drive
systems including multi-stage gear units. This paper con-
stitutes an extension of the latter issue, by the problem of
vibration reduction in identified machine drive systems.
The reduction method was based on using the active syn-
thesis making it possible to obtain the desired mechanical
effect by properly selecting the dynamical properties of the
system, including the calculation of active force as a func-
tion of system coupling.

2. Idea of active synthesis of non-reduced machine
drive systems

The first stage of synthesizing the mechanical sys-
tems constitutes creating mathematical functions that, on
one hand, meet the requirements set for those systems,
while on the other, can be precisely implemented in real
systems. The problem is about creating rational functions
meeting the feasibility requirement and the desired dynam-
ical requirements. The method for determining the analytic
form of the dynamical characteristics consists in assuming
the sequence of resonance and anti-resonance frequencies
(poles and zeroes of the searched dynamical characteristics
— Fig. 1). The task formulated in the above-mentioned
way, aimed at determining the form of dynamical charac-
teristics, does not require performing the approximation
process, but instead it makes it possible to start the very
synthesis at once.

If the function describing the dynamical proper-
ties of the discrete oscillating system is assumed as dynam-
ic stiffness or the dynamical flexibility, then the following
transforms are used for individual characteristics:

V(s)=sY(s), @

where V(s) is mobility (mechanical admittance), Y(s) is
dynamical flexibility on the plane of complex variable s,

=
U(s)==2(s), 2

where U(s) is immobility (mechanical impedance), Z(s)

is dynamical stiffness on the plane of complex variable s.
By using the Egs. (1) and (2) it is possible to
transform the system motion description from generalized
displacements and force generalized into a motion descrip-
tion by using generalized velocity and force values. This is
the way to transform the dynamical flexibility function of


http://dx.doi.org/10.5755/j01.mech.20.2.4476

184

Y(w),
rad/Nm
0.003 —
0.002 — “ —
It
0.001 Jk —
0 50 100 150 200 250

w, rad/s

Fig. 1 Example of dynamical characteristics

the system into the mobility function or the dynamical
stiffness function of the system into the immobility func-
tion, used both to synthesize mechanical systems.

Because of the class of mechanical systems under
consideration, the synthesis task will be limited to the case
of semi-definite systems, when the number of the obtained
system elements is odd. The dynamical function meeting
these assumptions is the immobility function described by
the following formula:

sﬁ(sz+%nz)

U(s)=H-1——, (3)

n

H(Sz+a)12n)

j=1

where: H is any positive number, @,,@,,,...,@, are

sequence of resonance frequencies, @,,@,,,...,@,, are

sequence of anti-resonance frequencies. At the first step it
is necessary to subject the characteristics (3) to synthesis
by using the method of distribution on a continued fraction
(used for the first time to synthesize electrical circuits — the
Cauer method). Finally, it is possible to obtain the immo-
bility value in the form of a continued fraction having the
following form:

- . @

As a result of synthesizing the immobility characteristics
(3) we can obtain a discrete oscillating system presented in
Fig. 2, having the assumed properties in the form of reso-
nance and anti-resonance frequencies.

Fig. 2 Cascade model of a drive system
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The system obtained constitutes a start point for
determining the following: the controlling reducing force
and the forces eliminating vibrations and the non-reduced
drive system parameters in the form of a multi-stage gear
unit.

Once the parameters and structures of the passive
system are determined, it is possible to commence deter-
mining the value of force making it possible to stabilize,
reduce or eliminate system vibration near the resonance
system focus. The force excitation, as a setting value, can
be performed in the system on any identified inertial ele-



ment. The paper limits the search for the controlling force

to the first inertial element J;. To do this, the dynamical

characteristics of flexibility (1) are modified by introduc-
ing:

e vibration frequency drop parameters h for the selected
resonance frequencies (an example of the vibration re-
duction defined in this way is presented in Fig. 3), in
the following form:

; (32 +a)fn)
Yi(s)= H——1= , (5)
szl—[(s2 +2h, s+h2 + a;bnz)

i=1

e the parameters of shifting the vibration frequencies 4w
for the selected resonance frequencies (an example of
the vibration elimination defined in this way is present-
ed in Fig. 3), in the following form:
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; (sz+a)22n)
Y2(s)=H— . (6)

Szl_[(s2 +(a)bn +Aw,, )2)

i=1

o the parameters of reduction and shifting for the selected
resonance frequencies of the system, by introducing pa-
rameters h and 4w (an example of the characteristics is
presented in Fig. 3), in the following form:

n

]_[(s2 +a)fn)

Y3(s)=H 12 NG

n

32]—[(32 +2h, s+ h2 + (@, + A, )2)

i=1

Introducing those characteristics modifications Eqg. (2)
makes it possible to reduce system vibrations near the res-
onance frequency range — characteristic Eqg. (5), resonance
frequency shifts — characteristics Eq. (6) and hybrids of the
above-mentioned cases — characteristics Eq. (7).
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Fig. 3 Example of dynamical characteristics: Y1(w) - created by taking into account the free vibration frequency drop pa-
rameters, Y2(w) - by taking into account the free vibration frequency shift parameters, Y3(w) - created by taking in-
to account the free vibration frequency drop and shift parameters

To obtain a vibration drop near the resonance frequency
range of the system under analysis (Fig. 2), we adopt the
rule of control [9, 13], making it possible to calculate the
force excitation as a feedback function in the following
form:

M (5) = —(Kpy +KS+Kpp +K, o8+ 4Ky +K,o5) , (8)

ficients of the control system depending on the position
and velocity of the inertial elements of the system ana-
lyzed.

Then, the paper presents the method for determin-
ing the above-listed coefficients, which, consequently, will
make it possible to define the controlling force.

By using the identified structure parameters
(Fig. 2) it is possible to construct a dynamic stiffness ma-
trix in the following form:

where Ky, ,Kp,,.. Ky Ko Ky,. Ky, are amplification coef-
Jis?+¢ -c 0 0
-c J,,87+¢ +cC -c 0
Z(S)z 1 225 6 +Cy ) 22 , ©)
0 —-C,, J,,8°+Cy, +Cy, 0
0 0 0 JS? +Cy,



and the active force matrix, because of the fact that the
searched active force acts on the first inertial element only,
in the following form:

kpl +Kk,.8 kp2 +K,,S kp3 +K,5S kpn +K,,S
0 0 0 0
0 0 0 0
0 0 o | o

M, (s)= . (10)

Using the matrix M,(s) and matrix Z(s) allows us to
determine the following polynomial:

det(Z (s)+M, (s)) =A, " +A,, S+
+A, ST+ AT+ ASC.

To calculate the value of active force, the obtained poly-
nomial should be divided by the coefficient A, , and then

compared to the polynomial characterizing the adopted
dynamical properties of the resonance and free vibration
drop coefficients for selected frequencies. The presented
equation takes the following form depending on the case
under consideration, when an active force is applied:

(11)

M :f[(sz +2h, s+ +h3 ) (12)

MO 1o aaf) a9
Ao,

(14)

n
= H(s2 +2h, S + @ + 20, Aoy, + Aol + 0 )
i=1

Once the coefficients found at the same polyno-
mial exponents Egs. (12)-(14) are compared, we can de-
termine the parameter of the active force reducing the iden-
tified system vibrations. The earlier papers of the authors
[4-6] presented numerical calculations of the active force
applied in the torsionally and longitudinally oscillating
identified mechanical systems.

The obtained system presented in Fig. 2 is a mod-
el of the reduced system for the first shaft axis and consti-
tutes a starting point for creating a drive system with cou-
plings — toothed gears (primary system).

The use of the reverse reduction rule, saying that
the kinetic and potential energy values of the reduced and
primary systems are the same, does not provide an unam-
biguous solution. To do this, we introduce an additional
condition saying that all subsystems of the primary system
should meet the desired dynamical requirements in the
form of selected resonance values.

The synthesis of the primary system begins from
building a transmittance matrix:

YMES; leﬁs; YBES)) YlkEs))

YoulS) YaolS) Yauls) | Yals

YO0 vale) Yals) | Yale)| (19
RORAORACIEAS
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where Y;(s)= X, (s)/F;(s).(i=12....n; j=12,..k) are
operator transmittances between i input and j input and are
equal to the proportion of the i response transform to the j
forcing transform to be used to determine zeroes for the
dynamical characteristics describing the dynamical proper-
ties of primary systems. Then the system is disengaged to
create two subsystems in relation to the first reduced ele-
ment J,, and the resonance frequencies of the disengaged
subsystems are determined in relation to the first reduced
mass. By taking the highest values from the sequence of
the pre-set resonance frequency values and from the se-
guence of the anti-resonance values determined, it is possi-
ble to construct the dynamical characteristics describing
the properties of the searched primary subsystem at the
first axis. Such a function is subject to synthesis by using
the method of characteristics distribution on a continued
fraction to determine the system parameters before per-
forming the reduction at its shaft with stiffness cy, in the
following form:

sls?+ ) L,
U,(s)=H T(_I)sﬂwi =HJ,s+ 1 , (16)
Htc, HI.s

where @,, is max anti-resonance frequency determined for
system 1 in relation to Jy,, J;,J, are the values of inertial

elements of the subsystem obtained, C, is the value of

elastic element. For the values obtained it is necessary to
select the constant of proportionality H' to meet the fol-
lowing requirement:

J

HI, =J, = H' =L, (17)
J

The synthesis performed results in obtaining a
system structure taking into account the first disengage-
ment presented in Fig. 4.

Fig. 4 Model of a drive system taking into account the first
disengagement

Further synthesis used the subsystem of the
searched drive system reduced at the shaft with stiffness of
C,, Obtained as a result of designing the structure and pa-
rameters of the separated primary subsystem with stiffness
of ¢, (Fig. 4). The parameters of the subsystem under anal-
ysis take the following values:

Jy=3,-H3,,¢,,...,C 1y iy (18)

At the later stage of the synthesis, the obtained
subsystem is disengaged in relation to the subsequent iner-
tial element Js, reduced and the subsystem anti-resonance
frequencies are determined. After assuming the dynamical



properties of the system in the same way as for the en-
gagement J,, in relation to the inertial element described
above, the dynamical characteristics distributed on a con-
tinued equation is created, taking the following form:

2 2
L S\sTtwy,,) 1 1
U,(s)=H %_952+a)§z =HU,s+ 1 ,(19)
Ht, HI,.s

where H’:ﬁ is the constant of proportionality, @,, is

-
max anti-resonance frequency determined for subsystem
2’ in relation to Js;, J;,J, are the values of inertial ele-

ments of the subsystem obtained, c, is the value of elastic

element. This step of the synthesis results in obtaining the
system structure by taking into account the first and second
disengagement presented in Fig. 5.

Fig. 5 Model of a drive system taking into account the first
and second disengagement

On the other hand, the subsystem of the drive sys-
tem reduced at the shaft with stiffness of c; takes the fol-
lowing value:

Jp =33, -H;.6,....0 0, Jin- (20)

The above-described process continues until per-
forming the disengagement in relation to the Ji, element.

When synthesizing drive systems with couplings,
it is necessary to assume the requirements regarding the
total system transmission ratio. This ratio is the product of

selected single transmission ratios at each gear unit stage
expressed by the following formula:

(21)

k-1
by = Hli,i+1 )
i1

where iy is total transmission ratio, ij i.; iS ratio for subse-
guent gear unit stages. To obtain the real parameters of the
synthesized toothed gear it is necessary to take into ac-
count (23). It can be done by multiplying the drive system
parameters obtained by the selected ratio at individual
stages (it refers to the case, when the system is reduced at
the driveshaft), in the following form:
inertial elements:
Jp=31 5 dpr =35 3y, =35 'i122 v Jar =Jg 'i122;
Jy, =35 -i132; N
2

‘Jkr = sz hy -

R .2
=Jir e i = s i
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e elastic elements:

P _ .2 _ L2
Cir =C15 €y =Cppvlyy 5eens Gy =Gyl -

Finally, we obtain the drive system before reduc-
tion presented in Fig. 6, meeting the desired properties in
the form of resonance frequencies assumed in advance and
ratios for individual drive system stages.

Cll’
00000

Fig. 6 Model of a drive system taking into account all cou-
plings

The synthesis results in obtaining a machine drive
system taking into account couplings in the form of a mul-
ti-stage gear unit. The basic property of the system model
created and its subsystems is narrowing down the critical
(resonance) frequencies to the number assumed at the be-
ginning of the task.

3. Numerical example

Numerical calculations used to determine the pa-
rameters and structures of the system model in the form of
two-stage gear unit are presented. The input values, in or-
der to obtain the structure and parameters of the system,
consisted of:
the resonant and anti-resonant frequencies (poles and
zeros of the desired dynamic characteristic) in the form
of: w, =0rad/s, a,, =50rad/s, ,; =100rad/s,

w,, =150rad/s, w, =25rad/s, @,, =75radls,
@,; =125rad/s ;

vibration frequency drop parameters h for the selected
resonance frequencies in the form of: h,, =1rad/s,
h,; =2rad/s , h,, =1rad/s;

the parameters of shifting the vibration frequencies 4w
for the selected resonance frequencies in the form of:
Aaw,, =15rad/s, Aw,, =15radls, Aw,, =15rad/s;
which were used to describe the dynamic properties of the
discrete vibrating system in the form of dynamical flexibil-
ity:

v(s) (52 +25°)s? + 757 )s? +1257)
(s? +502 [s? +1007 Js? +1502 )’

-= (22)
S
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(52 +25°)s? + 757 )s? +1257)

Vi)= s2(s? +25+1+502 |2 + 45 + 4 +100% [s? + 25 +1+1502 )’ &
(52 +252)s? + 75 s +125?)
Y2(s)= , 24
) s2(s2 + (50 +15) Js? + (100 +15) [s? + (150 +15)¢ ) o
vals) = (52 +25°)s? + 757 )s? +125°) 25)

and the total gear ratio of the synthesised gear:

© 52(s? +25+1+(50+15) [s? + 45+ 4+ (100 +15)° [s2 + 25 + 1+ (150 +15)? )

The characteristic functions Egs. (22)-(25) were
used to determine the structure and set of parameters in

i 14 1 (26) accordance with the formal arrangement presented in the
BT mT T g previous chapter. The results of the various stages of drive
system synthesis are summarised in Table 1 and Table 2.
Table 1
The results of the various stage of drive system synthesis
Cascade model of a drive system Model of a drive system taking into account the
first disengagement
J, kgm? ¢, Nm/rad J, kgm? ¢, Nm/rad
Ji 1 C1 13125 Ji 1 C1 13125
g 2 21 11812 g A L4 11812
I 252 Czz o 0.7 Czz
J 4.62 8662 Yo 252 8662
“ ' C 3 4.62 Car
Model of a drive system taking into account the Model of a drive system taking into account all
first and second disengagement couplings
J, kgm® ¢, Nm/rad J, kgm? ¢, Nm/rad
Jy 1 Jir 1
3 3, 14 Cy 13125 4 Iy 14 Cir 13125
Jo 0.7 Joy 0.04
3. 211 Ca 11812 I 013 Cor 1312.44
Js 0.39 J3o 0.04
i 162 Ca; 8662 I 051 Car 962.44
Table 2
The values of controlling force parameter values
kp11 le1 kp21 kV21 kp31 kV37 kp4v kV47
Nm/rad Nms/rad Nm/rad Nms/rad Nm/rad Nms/rad Nm/rad Nms/rad
Y1(s) 26 8 -29.39 2.41 -10.86 -8 14.26 -2.4
Y2(s) 9675 0 2089.8 0 -5145.14 0 -6619.66 0
Y3(s) 9701 8 2076.92 10.66 -5177.54 -6.26 -6600.38 -12.4

4. Conclusion

This paper presents the problem of identifying the
torsionally vibrating discrete systems, considered as ma-
chine subassemblies featuring desired mechanical proper-
ties. The presented identification method makes it possible
to obtain the parameters and structures of non-reduced
machine drive system on account of the assumed reso-
nance and anti-resonance values and the transmission ratio.
In addition, the paper presents the method of active vibra-
tion reduction of the identified machine drive systems. The
aim of identifying an active system is to ensure that the
system meets the key operation requirements. The basic
criterion here is the reduction and elimination of vibrations
near the location in the system where the resonance origi-
nates.

The identified structure of multi-stage toothed

gear unit is not the only model featuring the pre-set dy-
namical properties. Using the presented method makes it
possible to obtain not only the cascade-structured systems,
but also the branched and branched-cascade structures. The
structures obtained in such a way and parameter values can
be used to select an optimum drive system. Further re-
search on synthesizing drive systems will focus on finding
the criterion for choosing appropriate drive system ob-
tained as a result of the synthesis.
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T. Dzitkowski, A. Dymarek

MASINU PAVAROJE NUSTATYTU MECHANINIU
VIRPESIU AKTYVUS SLOPINIMAS
DAUGIAPAKOPESE KRUMPLIARATINESE
PAVAROSE

Reziumé

Straipsnyje analizuojamas masiny pavaroje nusta-
tyty mechaniniy virpesiy aktyvus slopinimas daugiapako-
pése krumpliaratinése pavarose. Slopinimo metodas pa-
gristas aktyvia sinteze leidziancia pasiekti norimg mecha-
ninj efekta teisingai parenkant sistemos dinamines savybes.
Norimos dinaminés savybés suprantamos, kaip rezonansy
ir antirezonansy dazniy seka dinaminiy charakteristiky
formoje. Tokiu biidu parinktos savybés yra iSeities taskas
diskretiniy virpanéiy sistemy parametriniam ir struktiri-
niam identifikavimui.

T. Dzitkowski, A. Dymarek

ACTIVE REDUCTION OF IDENTIFIED MACHINE
DRIVE SYSTEM VIBRATIONS IN THE FORM OF
MULTI-STAGE GEAR UNITS

Summary

The paper presents the problem of vibration re-
duction in the identified machine drive systems in the form
of single or multi-stage gear units. The reduction method
was based on using an active synthesis making it possible
to obtain a desired mechanical effect by properly selecting
the dynamical system properties. The desired dynamical
properties are understood throughout the paper as a se-
quence of resonance and anti-resonance frequencies in the
form of dynamical characteristics. The properties assumed
in such a way constitute a starting point for the parametric
and structural identification of discrete oscillating systems.

Keywords: mechanical impedance, mechanical admit-
tance, resonant and anti-resonant frequencies.
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