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ABSTRACT: In this paper, the coupling has been investigated in the dynamic behavior of a two-mass
electromechanical system. In this system, mechanical perturbations like stiffness factor and moment of inertia lead to
electromagnetic torque torsional vibrations. Then, by analyzing the impact of mechanical parameters on the torque
ripple amplitude, solutions leading to a significant reduction of undesirable torsional vibrations are proposed.
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I. INTRODUCTION

The operation of electromechanical systems introduces frequent electrical and mechanical anomalies such as vibration
problems, dynamic variations of electromagnetic torque, oscillations of currents, and speeds induced by external or
internal factors in the system [1-2]. Thus, when several stresses act on the electrical and mechanical parts,
nonconforming behaviors and premature failures will occur with exceeding the design limits.

There is a rapid development of electromechanical systems driven by electric motors, which requires deep knowledge
of the dynamic interactions between electrical and mechanical parts. Among this knowledge is emphasized the
importance of electromechanical coupling effects taken into account when possibly exact results are required for the
study of extremely sensitive drive systems or for sufficiently precise and stable analyzes of their movements as well as
for the development of active control algorithms for appropriate behavior [3]. In most cases, sufficiently accurate
electromechanical models are generally not used due to the considerable simplifications of the mechanical system.

Moreover, as the definition of the term reminds us, a system is “a complex set of interacting elements”. This definition
highlights the word interaction (coupling) which takes on particular importance in our context of study. Indeed, these
couplings are also at the source of the electromechanical systems' complexity and can be present in the form of
coupling between the elements, coupling between the disciplines, or couplings with the environment in which the
system will evolve [4].

If we take an induction motor operating alone, when the rotor runs, its teeth will always turn relative to the stator teeth.
Periodic variations in flux density will occur between the stator and rotor teeth, creating vibrations. Sometimes it can
happen that these vibrations will start to resonate with the rotor's natural oscillations leading the motor to run very
poorly [5-6-7]. A large number of researches have been conducted in this direction. Now if this motor with its problems
presented above is integrated inside an electromechanical system, and other mechanical variables are added, the
behavior of the induction motor becomes critical and requires solutions.

Nowadays, a severity of electromechanical interaction is commonly observed in the case of "variable speed drives"
(VSD) of large rotating machines driven by synchronous or asynchronous motors controlled by load-switching
inverters. Under transient and steady-state operating conditions, these devices are responsible for generating additional
fluctuating torque components that can be a source of unexpected dangerous resonance effects of torsional vibration [8].
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Torsional vibrations of electromechanical systems usually cause a large fluctuation in the rotor rotational speed of the
motor. Such disturbances of the angular velocity superimposed on the average rotational speed of the rotor cause more
or less severe variations in the electromagnetic flux and therefore additional oscillations of the electric currents in the
motor windings.Then, the generated electromagnetic torque is also characterized by additional time-varying
components that induce torsional vibrations of the driven electromechanical system [9, 10]. According to the above, the
mechanical vibrations become coupled with the electrical vibrations of the rotor currents in the motor windings. The
character of such coupling is often complicated and involves acute theoretical calculations [10].

Usually, vibrations are considered a harmful phenomenon. They can cause many adverse effects such as reduced
operational efficiency of machines and vehicles, increased operating wear, or frequent increased risk of breakdowns.
For these types of reasons, the issue of vibration reduction in electromechanical systems is still an intensely studied
topic [11-13].

II. ELECTROMECHANICAL STUDY MODEL

An electric drive is an electromechanical system (Fig. 1) intended to carry out a precise technological process. It
consists of an electric motor, powered by a static converter or a generator, a control system, a mechanical transmission
system, and a load. The electrical power supplied by the power source to the power converter is transformed into
adjustable electrical power. The latter is transformed into electromagnetic and mechanical power by the motor. The
motor is in fact an electromechanical converter whose rotor can be associated with the mechanical part of the electric
drive. The mechanical power at the motor shaft is transmitted to the load via a mechanical converter.

The mechanical part of an electric drive constitutes in itself a complex system comprising the rotor of the motor, the
transmission elements, and the working body. The structural elements of the electromechanical system exhibit a more
or less complex interaction during operation. The simplified single-mass model, where the entire mechanical part is
represented by its inertia, is commonly used in the literature devoted to electrical drives.But, in many cases of training,
because of the finite rigidity of the connections between the different elements, it is important to make a representation
in the multi-mass of the mechanical part. This makes it possible to highlight the influence of mechanical disturbances
that can occur in these types of drives. For their analyses, the mechanical part is replaced by its equivalent calculation
model. This allows them to be compared to determine which ones have the greatest influence on drive operation.
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Fig. 1: Typical diagram of an electromechanical system

For the mechanical part, the equivalent model must be constituted by the elements which have a great influence on the
drive operation (figure 2) and which carry out the same type of movement, rotation, or translation [14].The latter is
referred to a previously chosen element whose movement is of the most interest and principle specification
requirements. The reference principle of the equivalent diagram is based on the conservation law of energy, the kinetic
and potential energies of the element before and after the reference must be equal.
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J1 ﬂ—D_D_D ------------ ﬂ_D_D ----- —D_D7 Jrk
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Fig. 2: Equivalent calculation diagram of an electromechanical drive
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The mechanical part of the electromechanical system consists of several elements connected by often elastic
connections. Fig. 2 presents the equivalent calculation diagram containing the parameters (moments of inertia J;,

stiffness factors k. angular velocities Qi or linear Vl , etc.), characterizing the movement of the rotor and all other

ii+1°
moving parts of the electromechanical drive.

Considering the large number of elements and existing links between them, the equivalent calculation scheme becomes
too complex, this complexity requires simplifications according to transformation rules. This is why parameters must
be referred to a previously chosen element (very often the rotor of the electric motor is chosen as the reference
element). This operation highlights the elements having the greatest influence (moment of inertia, stiffness coefficient,
etc.) on the movement of the electromechanical drive.

Thus by referring the moment of inertia of the i element rotating at speed Qi , to the speed Ql , we have:

2 2
R ()
2 2
We get the reference expression:
Q> T,
J = J . [ A— i 2

rt z le ilzl ( )
Where
i, = €2, isthe passing ratio from the reference shaft to the shaft i of the electromechanical system.

i Q )

After these reference operations, the moment of inertia of the driven system (considering only the rotational movement)
will be:

Ji
Jzzjl_'_E‘,.z 3)
Where r is the number of elements performing the rotational movement.

The equations describing the mechanical system are deduced from the following Lagrange motion model:

d /dL dL de
- (_> - = 0; )
ac\aq,) ~ dq, " d4,
Where L=W,-W,
W_ : kinetic energy of the system.
Wp : potential energy of the system.
W, : energy dissipated.
Using the expression for L in (4), we get the following equation:
d (dwW d (dW dw,. dw, dw
_< 'C>__< 'p>_ et = s)
dt\ dq, dt\ dq, dg, dg, dg,

Since our study only concerns the rotational movement, we therefore have g, =@, , 4, = Q; and Q; = T;.

@, and €, are respectively the displacement and the angular velocity of the element i. T;is the torque applied to

element i.
So the generalized Lagrange equation becomes (for each system element):

d (dW, d (dW, aw. dw, dWw,
atlan) - ( >_ o Tan, = T ©

+ +
The following equations (7), (8), and (9) respectively represent the expressions of the kinetic, potential, and dissipated
energies of a mechanical system with n masses in rotational motion:
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w. Z J, 07 )
W ZM (8)
W Z l l+] Q QH—] ) (9)

By introducing these last expressions into the generahzed Lagrange equation, we obtain a mechanical model with n
masses which is described by the following system of equations

ki,
Ji-8.Qy +T1(Q1 = Q)+ P12 — Q) =T, — T4

k k
J2-5.Q, +%(91 - Q) +$(Qz —Q3) = 12(Q; — Q) + f23(Q; —Q3) = — T, (10)

kn 1n

Jn-s.Qp — (Qn 1 n) - ﬁn—l,n(Qn—l - Qn) = —T,

Where:
J : moment of inertia of i" mass.
€2, : angular speed of ™ mass.

C,, : resistant torque applied to the i™ mass.
k

B..., : damping coefficient between i " and i + I masses.

. . . * th «th
;141 - stiffness coefficient between 1 ™ and i + 1 masses.

After the multi-mass system equation based on the generalized model with n masses is carried out, we specify our study
to a two-mass system which would therefore be described by the following system of equations

ki,
Jis O —— (= Q3) = Bro(Q — Q) = T, — Ty
k. an
12
J2.5.0; = T(Q1 —Q3) = P12 — Q) = —Tp
The system of equation (11) can be represented by the following Fig. 3, and from it, we can establish the structural
diagram of the two-mass mechanical model as presented in Fig. 4.
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T! —
Fig. 3: Equivalent diagram with two masses Fig. 4: Structural diagram of a two-mass mechanical system

The induction motor model is deduced supposing that the variables are expressed in a d-q reference frame rotating at
synchronous speed with respect to the immobile reference frame o — 8 related to the stator [15]. Induction motor

parameters in the reference frame o — f can be found using Park's direct transformation. To establish the two-phase

motor model, it is assumed that:
» The motor windings are symmetrical.
» The magnetic circuit is not saturated.
» Voltages and currents are sinusoidal.

The induction machine equations expressed in a reference frame rotating at synchronous speed W, are:
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( Vas = Rslgs + s¥q5 — Wslpqs
| Vis = Rylys + s¥ — weWyq

{Vdr = Ryl + sWar — (Ws — W) ¥, (12)
|qur = erqr + Squr + (Ws - Wr)lljdr

T,

e = PLg(Igslar — lgrlas

Where the magnetic equations are:
\Pds = Lxlds + MIdr
Vv,=LI +MI,

qs

(13)
\der = Lrldr + MIds
‘I’qr = Lrlqr +MIqS
and the stator and rotor currents are:
Lr\{lds —L,‘*¥,
Ids = 2
LL —I*,
7 = LY, —L,%W,
s 2
“ LI —1I°, (14)
LY, —L, ‘P "
Idr = 2
Lr —r,,
LA“PcIr — Lsrlyd.y
1, = 2
LI, —17,

Where:

v, .U i Components of the stator voltages expressed in the reference frame d —q ;
I,.1 g5 - Components of the stator currents expressed in the reference frame d—q ;
I,.1 o - Components of the rotor currents expressed in the reference frame d—q ;
Rs : stator resistance;

Rr : rotor resistance;

LX : stator inductance;

Lr : rotor inductance ;

Lsr : mutual inductance;

P : number of pole pairs;
T, : electromagnetic torque ;

@, : angular synchronous speed;
@, : angular rotor speed ;
To describe the electromechanical system modeled with two masses, we combine equations (11) and (12), we will get

two systems of equations after having replaced the derivative tool with the Laplace operator, and this is in order to
facilitate the implementation of these equations in Matlab Simulink.

III. SIMULATION OF ELECTROMECHANICAL SYSTEM

Regarding the choice of inertia, the inertia contribution of the motor in the total inertia of the system depends on the
type of drive. In many drives, this contribution is quite high because of the reference to the motor of the parameters of
most other moving parts.
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The following Fig. 5 presents the simulation model of the two-mass electromechanical system based on an induction
motor, there are three modules: the three-phase to two-phase transformation module, the induction motor, and the

driven mechanical part.
Park
Three-phase Transformation Induction

Source Motor

|~

Vs Vs

v v Vas Tem
wr

E— 5 V3

Tz Trz
Tem Tiz foF
s Jzs

Fig. 5: Simulation model of two-mass electromechanical system based on an induction motor

The parameters of the simulated electromechanical system are presented in Table 1[16].

Table 1:Electromechanical system parameters

P, | V. |L | T, | R | R L, L., L [p| f [ Jkem® | Jkegm’ ki B
kW A/ A | Nm Q Q H H H Hz Nm/rad | Nms/rad
22 12012 ] 12 |06 | 0,4 ] 0,061 | 0,059 | 0,061 | 2] 60 | 0,01575 | 0,00175 20 0,001

The following figures represent the results found by simulation of the dynamic performance of the studied

electromechanical system.
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Fig. 8: Spectrum diagram at the starting speed of

Fig. 7: Spectrum diagram at the starting speed
the second mass

Fig. 6: Electromagnetic torque starting
of the first mass

spectrum diagram
The simulation results presented by the previous Figs. 6, 7, and 8 firstly show the validity of the two-mass
electromechanical drive model based on an induction motor and highlight the starting state of the motor. It is
considered, initially, that the load and resistant torques are zero with a unit gear ratio.

During the transient state, the electromagnetic torque is characterized by disturbing oscillations then it stabilizes after
0.3s . In terms of speeds, we note that the speed of the first mass has a ramp form and it stabilizes at a value close to
that of synchronism, without forgetting to mention the presence of a few oscillations, especially at the beginning of
starting. Since we consider a unity gear ratio, the speed range of the second mass remains equal to that of the first one.
Nevertheless, we notice that the second mass amplitude of speed oscillations is greater than that of the first mass, this is
due to the fact that the moment of inertia J, is greater than/, . Consequently, by increasing the moment of inertia, the

amplitude of oscillations decreases.

In what follows, we will apply a step-type load torque at the level of the second mass equal to 6 Nmjust at r = 10s to

see the behavior of the system.
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190 210

” Mn.

o
2
8

=
e ——
3
®

180 v[v

CEM (Nm)
Omega 1 (rad/s)
OMEGA 2 ( rad/s)

170 1'

~
3
8

178 150
9 95 10 10.5 11 15 12 9 95 10 10.5 1 1.5 12 9 9.5 10 10.5 1" 1.5 12

Time (s) Time (s) Time (s)
Fig. 9: Electromagnetic torque evolution Fig. 10: First mass speed evolution following Fig. 11: Second mass speed evolution following
following the application of a load torque the application of a load torque the application of a load torque

It can be seen, that the application of a load torque is accompanied by the appearance of ripples in the electromagnetic
torque and by a slight decrease in the two speeds. For both speeds, we also notice an increase in oscillations when
applying a load torque. These oscillations are more important for the speed of the second mass because its inertia is low
compared to that of the first one.

These findings highlight the difference between the “electrical” transient state and the “mechanical” transient state.
Indeed, the transient state of "mechanical" origin is amortized much more slowly, this is due to the fact that, taking into
account the inertia of the rotor, gearbox, and load, the speed of the system cannot vary instantly.

IV.SIMULATIONRESULTS OF STIFFNESS FACTOR BETWEEN MASSES AND MOMENT OF INERTIA
ON THE ELECTROMECHANICAL SYSTEM DYNAMICS

Generally, the use of a single-mass model, which assumes that the connection between its elements is infinitely rigid,
does not highlight the dynamic properties of the electromechanical studied system. In order to remedy this problem, it
is necessary to take into account the existing elasticity between the elements of the system. For this purpose, multi-
mass modeling is essential. In our work, we adopt the two-mass model presented above.

It is important to point out that mechanical vibrations have a negative effect on the reliability and lifelong of the
electromechanical systems in which they arise. In certain practical cases, the monitoring of these vibrations proves to
be essential and makes it possible to avoid the degradation of the overall performances of the concerned processes.

We choose, in this first part, to analyze one of the main causes of mechanical vibrations in an electromechanical system
based on an induction motor which is the stiffness coefficient which gives us an idea about the rigidity between masses
k;».To study its effect on the system response, the stiffness coefficient k;, is varied while keeping all the other
parameters constant.

Eloctromagnetic Torque Speed of the first mass. Speed of the second mass.

l{\ i [ - , [
N h\\.”ﬂ/\/\ R ’n{\ A J\H /A\/
[l TYANATAININ Bt LU0 W&ww\/\/\/
: 3 i R A 3
n LY VY Y | TATAAY RRIL
v IR B
v Y
9 9.5 10 thzfsy 1" 1.5 12 ! 9 9.5 10 Twlzfs) " 1.5 12 9 9.5 10 n,::(: " 1.5 12
Fig. 12: Spectrum diagram of the Fig. 13: Spectrum diagram of the first mass Fig. 14 : Spectrum diagram of the second mass
electromagnetic torque after the application of ~ speed after the application of a load torque Tr2 ~ speed after the application of a load torque Tr2
a load torque Tr2 = 6 Nm at t = 10s, for =6 Nm at t = 10s, for different values of =6 Nm at t = 10s, for different values of
different values of stiffness coefficient k12 stiffness coefficient k12 stiffness coefficient k12

First, we note that our two-mass system is subject to oscillations (mechanical vibrations), differently from the single-
mass model, hence the interest in multi-mass modeling that allows us to really see the dynamic behavior of our
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electromechanical system. Fig. 12 highlights the importance of oscillations during the application of load torque, we
note that the greater the stiffness coefficient, these oscillations are better damped.

Curves in Fig. 13 represent the evolution of the speed of the first mass, this evolution is generated by significant
oscillations, especially at the moment of load torque application. In addition, we note that these oscillations decrease by
increasing the stiffness coefficient for the second mass.

The previous curves Fig. 14 clearly show that when the stiffness coefficient is increased, the oscillations generated by
the speed of the second mass decrease. By comparing the speed shapes, we notice that the amplitude of oscillations for
the second mass is greater than that of the first mass which has a higher inertia. So, to better study the

electromechanical system dynamics, it is in our interest to vary the inertia J, and examine the effect of this variation

on the amplitude of oscillations.

In this second part, we highlight the moment of inertia variation of the electromechanical system-driven part J,, all

other parameters remain constant including the inertia of the motor, in order to study the effect of this variation
response on the system dynamic performances and especially the undesirable oscillations generated.
We present by the following Figs. 15, 16, and 17, the various shapes found by simulation of the electromagnetic torque

and the two speeds for the first and second mass after changing the moment of inertia J , of the second mass.

Electromagnetic Torque Speed of the first mass Speed of the second mass
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§ ¢ U é 184 ] § 180 WU
8 l/{ g [
. 183 in 78
182 176
: l
181 U 174
95 10 105 1 ! 9 95 10 10.5 1 1.5 12
9 1 1.5 12 9 9.5 10 10.5 1" 1.5 12 i
Time (s) Time (s) Time (s)
Fig. 15: Spectrum diagram of the Fig. 16 : Spectrum diagram of first mass speed Fig. 17: Spectrum diagram of second mass
g p g g p g P g p g
electromagnetic torque after the application of after the application of a load torque Tr2 = 6 speed after the application of a load torque Tr2
a load torque Tr2 = 6 Nm at t = 10s, for Nm at t = 10s, for different values of moment =6 Nm at t = 10s, for different values of
different values of moment of inertia J, of inertia J» moment of inertia J,

We notice from the previous figures that when the moment of inertia of the mechanical part becomes important
compared to that of the motor, the oscillations are better damped. Also, we notice that the oscillation amplitudes are
more important at the level of the second mass which is the source of the mechanical vibrations.

V. CONCLUSION

In this paper, we have defined the multi-mass approach as a modeling principle, and we have exploited it to simulate
the main parts of an electromechanical system. By simulating our system, we highlighted the phenomenon of
mechanical vibration, which can take place. The transient state of electrical origin is dumped more quickly than that of
mechanical origin, this is due to the effects of driven part-associated parameters. This phenomenon becomes more
important when a load is suddenly applied.

To remedy these disturbances, we studied the importance of the stiffness coefficient between the masses as well as the
contribution of the moments of inertia of the system's mechanical part. In order to minimize the amplitude peak of
electromagnetic torque and second-mass speed, and improve the stability of the electromechanical system, simulation
results highlight the positive effect of an increase in the stiffness coefficient associated with an increase in the driven
mechanical part inertias. Thus, a damping of the mechanical resonance will be achieved as quickly as that of electrical
origin and consequently, an optimization of the electromechanical system operation is envisaged.
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