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Abstract. Many industrial rotating machines driven by asynchronous motors are often affected by detrimental torsional vibrations. In this paper,
a method of attenuation of torsional vibrations in such objects is proposed. Here, an asynchronous motor under proper control can simultaneously
operate as a source of drive and actuator. Namely, by means of the proper control of motor operation, it is possible to suppress torsional vibrations
in the object under study. Using this approach, both transient and steady-state torsional vibrations of the rotating machine drive system can be
effectively attenuated, and its precise operational motions can be assured. The theoretical investigations are conducted by means of a structural
mechanical model of the drive system and an advanced circuit model of the asynchronous motor controlled using two methods: the direct torque
control — space vector modulation (DTC-SVM) and the rotational velocity-controlled torque (RVCT) based on the momentary rotational velocity
of the driven machine working tool. From the obtained results it follows that by means of the RVCT technique steady-state torsional vibrations
induced harmonically and transient torsional vibrations excited by switching various types of control on and off can be suppressed as effectively

as using the advanced vector method DTC-SVM.
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1. INTRODUCTION

From among various kinds of vibrations occurring in drive sys-
tems of machines, and vehicles, the torsional ones are very im-
portant as naturally associated with their fundamental rotational
motion. Torsional vibrations are a source of additional oscilla-
tory angular displacements superimposed on the nominal ro-
tational motions of the object in question. On the one hand,
this phenomenon results in severe dynamic overloads leading
to dangerous material fatigue of the most heavily affected and
responsible elements of these mechanical systems, e.g., shaft
segments, joints, and couplings, in too fast wear of gear stage
teeth as well as in harmful noise generation and unexpected loss
of transmitted energy. On the other hand, during regular op-
erational conditions, torsional vibrations are hardly detectable,
and contrary to lateral and axial oscillations of drive systems,
they are difficult to measure and monitor. Thus, this problem
has been investigated for many years by many authors, which
is evidenced not only by numerous research papers but also by
classic monographs, see [1,2].

The well-known, traditional passive methods of attenuation
of torsional vibrations described in [1] and applied so far for
a long time are not sufficiently effective in the majority of prac-
tical applications. However, active and semi-active vibration
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control of drive systems of rotating machines, mechanisms, and
vehicles creates new possibilities for improvement of their ef-
fective operation. Recently observed fast development of active,
semi-active, and adaptive control strategies for mechanical sys-
tems opens new possibilities for suppressing this detrimental
phenomenon. At this point, however, it should be emphasized
that torsional vibrations are generally difficult to control, not
only from the point of view of generating the appropriate values
of control torques but also from the viewpoint of a convenient
technique of applying control torques to the quickly rotating el-
ements of the rotating machine drive system. Unfortunately, it
is not possible to find so many published research results in this
field, apart from a few attempts to actively control the torsional
vibrations of shafts using piezoelectric actuators, as seen in [3].
But in such cases, relatively small values of control torque can
be generated, so piezoelectric actuators can usually be used in
low-power drive systems.

As it follows, from [4-7], for example, an application of
rotary dampers with the magneto-rheological fluid (MRF) en-
ables us an effective semi-active suppression of torsional vibra-
tions in several mechanical systems. But in order to generate
sufficiently large values of damping torques using such rotary
dampers, big masses and geometrical dimensions of these de-
vices are required, respectively.

It should be noted that all the above-mentioned methods of
attenuating torsional vibrations of rotating machinery drive sys-
tems rely on direct impact on the mechanical system by ap-
plying control torques to it, regardless of whether the cause of
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excitation of these vibrations is a source of the drive itself or
power receiver. It turns out, however, that torsional vibrations
can be suppressed using the drive source itself, i.e. by means
of an electric motor equipped with voltage-frequency inverters
and various control systems. Then, the driving electric motor
also acts as an actuator controlling the torsional vibrations of
the driven mechanical system. For such motors, various control
strategies have been developed, which are described in numer-
ous publications, e.g. in [8§—19]. In order to prevent machine
drive systems against transient torsional overloading, depend-
ing on the given electric motor type, several control methods are
already quite commonly applied in industrial practice. In [8, 9]
by means of the driving electric motor open-loop control at-
tempts were made to avoid the Sommerfeld effects. For asyn-
chronous motors, as in [8] for example, the well-known stan-
dard “U/ f = const” scalar control method is often applied for
many years. However, nowadays more advanced vector closed-
loop control approaches have become increasingly common.
The most popular are the field orientation control (FOC), direct
torque control (DTC), model predictive control (MPC) method,
and others, almost all of them with several modifications, as de-
scribed in [10-13, 15]. Nevertheless, it should be remembered
that the vector FOC and DTC control of asynchronous motors
is not always able to effectively minimize torsional transient
vibrations induced by the motor itself, which was mentioned
in [12, 15], and computationally demonstrated in [16]. In con-
nection with the above, even more advanced control algorithms
are gradually being developed, such as model predictive con-
trol (MPC) described in [15], and direct torque and rotor flux
control (DTRFC) used in [17], which can facilitate a possibly
effective reduction of amplitudes of torsional vibrations gener-
ated not only by electric drive motors but also by energy re-
ceivers and other sources. Nevertheless, it is worth emphasiz-
ing that the above-mentioned methods and their modifications
have been mainly used so far to eliminate torsional transient vi-
brations caused by sudden changes in the operating conditions
of the electromechanical systems and to ensure the most pre-
cise parameters of their motion. However, it is very difficult to
find in the available literature analogous results of research on
the attenuation of steady-state torsional vibrations, especially in
resonant conditions.

In the presented paper a suppression of steady-state and tran-
sient torsional vibrations of rotating machines driven by asyn-
chronous motors is going to be conducted using an active mo-
tor control. The investigations will be performed by means of
a structural hybrid mechanical model of the rotating machine
drive systems, wherein geometrical dimensions and material
constants of the rotor-shaft line segments are thoroughly taken
into consideration. These systems are driven by asynchronous
motors equipped with control units of a cascade structure con-
sisting of the electromagnetic torque inner loop control and the
rotational speed outer loop control. Contrary to the methods of
active control of asynchronous motors applied so far, the mo-
tors of the tested systems are powered using a power electronic
converter with the six insulated-gate bipolar transistor (IGBT)
bridge system, which directly controls the electromagnetic mo-
ment of the electric motors using the DTC-SVM control strat-

egy. In addition, an alternative, simplified but equally effec-
tive approach is originally proposed here, which boils down to
an active, closed-loop control of the supply voltage frequency
based on monitoring of the current value of the input rotational
speed of the driven machine working tool. This approach will
be called further “the method of rotational velocity-controlled
torque” (RVCT).

2. DESCRIPTION OF THE ROTATING MACHINE DRIVE
SYSTEM UNDER TORSIONAL VIBRATIONS
In general, torsional vibrations in machine drive systems are
caused by many factors. These may be unbalanced variable
components of the resistive torque generated by the driven ma-
chine, for example in the case of reciprocating pumps, fluctu-
ations of gear meshing stiffness, gear transmission errors, cou-
pling misalignments, interaction of variable speed transmission
units like Cardan joints, and many others. In each of these cases,
the induced torsional vibrations are usually characterized by
a fundamental harmonic component, the frequency of which
may be close to one of the drive systems natural torsional vibra-
tion frequencies, threatening the effect of dangerous resonance.
In order to elaborate active control techniques for effective
attenuation of torsional vibrations, properly representative drive
systems of the rotating machines must be tested. In this pa-
per three typical drive trains will be investigated. In all these
drive systems power is transmitted from an asynchronous mo-
tor to the driven rotating machine working tool by means of
elastic couplings and shaft segments. A common structure of
such drive trains is presented in Fig. 1. In this specific case of
the drive system, the cause of excitation of torsional vibrations
will be the abovementioned fundamental harmonic component
of the variable resistive torque of the driven machine applied to
its working tool.

. . . . \\\\
driven machine inertia NN
drive shaft

Q)

Fig. 1. Scheme of the drive system of the rotating machine driven by
an asynchronous motor

asynchronous motor
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To develop a sufficiently reliable control algorithm for the
drive system under consideration, the theoretical investigations
have to be performed by means of its advanced structural me-
chanical model. In turn, electrical interactions are going to be
investigated here in order to determine in a possibly accurate
way the electromagnetic torque produced by the asynchronous
motor, which simultaneously drives and controls the operation
of the mechanical part. This is particularly essential for a re-
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liable and effective active control of torsional vibrations. For
this purpose, there is applied a circuit electrical model of the
asynchronous motor in the form of voltage ordinary differen-
tial equations coupled with motion equations of the abovemen-
tioned mechanical model of the drive system. Thus, these two
models create an electro-mechanical model of the object un-
der study.

2.1. Assumptions for the mechanical model and its
mathematical description

To conduct theoretical studies of the active control of a me-
chanical system subjected to torsional vibrations, a reliable and
computationally efficient simulation model is required. In this
work, dynamic tests of the entire drive system will be con-
ducted using a structural hybrid mechanical model, consist-
ing of torsionally deformable one-dimensional continuous finite
macro-elements and rigid bodies. Namely, in this hybrid model,
the finite macro-elements with continuously distributed visco-
inertial-elastic properties represent successive cylindrical seg-
ments of a real stepped rotor shaft. In turn, hardly deformable
drive system coupling flanges and rotor disks are substituted by
rigid bodies attached to the appropriate macro-element extreme
cross-sections. Time- or system-dynamic response-dependent
external active and passive torques can be distributed contin-
uously along the appropriate finite macro-elements or applied
in a concentrated form in given cross-sections of these macro-
elements.

Similarly, as in [18] and [19], the torsional motion of cross-
sections of each finite macro-element in the hybrid model
is governed by the wave-type hyperbolic partial differential
equations. Interconnections of the successive macro-elements
forming a stepped shaft and their interactions with the rigid
bodies are described by equations of compliance conditions,
which can be distinguished into two groups. Namely, the first
one contains geometrical compatibility conditions for rotational
displacements of extreme cross-sections of the adjacent fi-
nite macro-elements. The second group, however, includes dy-
namic conditions of equilibrium for inertial, elastic, and ex-
ternal damping moments as well as for external torques. The
solution for natural and forced vibrations is obtained using
the analytical-computational approach described and used, e.g.
in [18] and [19]. For this purpose, in order to determine system
dynamic responses, the differential eigenvalue problem must be
solved first, and then an application of the Fourier solution in
the form of series in the orthogonal eigenfunctions enables us
to obtain the set of uncoupled ordinary differential equations
for the modal coordinates &,,(t), m=1,2,...,

ém(t) + (ﬁ +Twr%l) gm(’) + wriém(t)

= yiz (.1, (1) - 08 -M,(t)), m=0,1,2,... (1)

m

where 3 denotes the coefficient of external damping assumed
here as proportional damping to the modal masses y,%,, T is the
retardation time, @, is the successive natural frequencies of the
drive system, T,;(¢) is the external torque generated by the elec-
tric motor, M, (t) denotes the driven machine retarding torque,
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and @, ®R are the modal displacements scaled by proper max-
ima and corresponding respectively to the electric motor and to
the driven machine working tool-locations in the hybrid model.
The number of equations (1) corresponds to the number of tor-
sional eigenmodes taken into account in the frequency range
of interest to us. In order to obtain a sufficient accuracy of re-
sults in this range of frequency, fast convergence of the applied
Fourier solution allows one to reduce the appropriate number
of modal equations (1) to be solved, usually to only a few or
a dozen. For comparison, in the analogous case of applying
classical one-dimensional modelling by means of the finite ele-
ment method, in order to avoid solving dozens or even hundreds
of equations in generalized (natural) coordinates, well-known,
often numerical error-prone, degree of freedom reduction meth-
ods must be used.

2.2. Modelling of the asynchronous motor

Torsional vibrations of the drive system usually cause signif-
icant rotational speed fluctuations of the rotor of the driving
electric motor. Such fluctuations of the angular velocity su-
perimposed on the average rotational speed of the rotor cause
a more or less strong disturbance of the electromagnetic flux,
and thus additional oscillations of electric currents in the motor
windings. Then, the generated electromagnetic motor torque is
also characterized by additional time-varying components that
induce torsional vibrations of the drive system. Accordingly,
the mechanical vibrations of the drive system are coupled with
the oscillations of the electric currents in the motor windings.
Such a coupling is often complex in nature, and therefore com-
putationally troublesome. For this reason, so far, most authors
have simplified the matter by treating torsional vibrations of
drive systems and electric current oscillations in motor wind-
ings as mutually uncoupled. Then, mechanical engineers usu-
ally describe the electromagnetic torques generated by electric
motors in the form of ‘a priori’ adopted functions of time or
slip of the motor rotor relative to the motor stator, as, e.g. in [2].
Such functions were most often determined using results of ex-
perimental measurements conducted for many scenarios of the
dynamic behavior of a given electric motor.

However, electrical engineers, on the one hand, very accu-
rately model time courses of the generated electromagnetic
torques based on advanced theories of operation of a given type
of electric motor, but on the other hand, they almost always
reduce the mechanical drive system to one or rarely to sev-
eral rotating rigid bodies mutually connected by linear springs,
see [9, 12—14]. In many cases, such simplifications give insuffi-
ciently accurate results, both for the mechanical and electrical
parts of the tested objects.

In order to develop an appropriate control algorithm for
a given torsionally vibrating drive system, the external elec-
tromagnetic excitation generated by the driving motor should
be described as precisely as possible. Therefore, the electrome-
chanical coupling between the electric motor and the drive train
must be also taken into account as closely as possible. Thus, in
addition to the realistic, structural hybrid model of the torsion-
ally vibrating mechanical object described above, it is neces-
sary to introduce a possibly reliable mathematical model of the
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electric motor. In the case of a symmetrical three-phase asyn-
chronous motor considered here, oscillations of electric cur-
rents in its windings are usually described by six voltage equa-
tions in the so-called coordinate system of natural axes A-B-C,
as presented in [20, 21], for example. By the use of Clarke’s
transformation into the two mutually perpendicular electrical
axes o — 3 a number of these equations can be reduced to four:

d¥, d¥,
Y:R'.Y 7‘7 0:Rr.r ) 2
U, sis + ” i+ @ 2)
where:
Us(t) Rl O
US = s 5 s = )

Uﬁ (1) 0 R

1
Li+-M 0

L.— 2

A 1 bl

0 L+ EM
3  |cos(pB) —sin(pB R, 0
Ly (p0) =M | . <p ) P ) ) r= . R
sin(p@)  cos(pB) 0 R,
1
L)+ M 0
Lr - 1 )
0 L+ -M
2 + 2

W, =1L;-i;+L,,(p0)-i,,

i = [ifx(t),ii;(t)r, i, = [i;(mg (t)f,

¥, =L.L(p8)-is+L, i,

U (r) and Uj(r) denote the supply voltage components, Ry, R,
is the stator coil resistance and the equivalent rotor coil resis-
tance, respectively, M denotes the relative rotor-to-stator coil in-
ductance, Li, L} is the stator coil inductance and the equivalent
rotor coil inductance, respectively, p is the number of pairs of
the motor magnetic poles, 8 = 0(r) denotes the rotation angle
between the rotor and the stator, and i’{,, Y= a, B, are the electric
currents in the stator for ¢ = s and in the rotor for ¢ = r, reduced
to the electric field equivalent axes & and 3, see [20,21]. Then,
the electromagnetic torque generated by such a motor can be
expressed as a function of the stator flux linkage components

¥, and ‘P‘E :

To=p |[Ph-is =P} i )

T
where the amplitude ¥, of vector ¥g = {‘Pg,‘}’ls}} and its
phase angle dy, are respectively equal to:

2 P
Yo = (\pg()2+(‘{’?;), 5!//:arctan<q€>. )

The form of expression (3) for the motor torque is useful for
modelling the control algorithm as well as for the determination
of the current torque values generated by a real motor, since
the stator electric currents are relatively easy to measure, and
the stator flux is convenient to estimate. From the modal equa-
tions (1), the system of voltage equations (2), as well as for-

mula (3), it follows that the coupling between the electrical and
mechanical system is non-linear, which leads to a complicated
analytical description leading consequently to a rather difficult
computer implementation. Thus, the effect of this electrome-
chanical coupling is realized here by the use of a direct integra-
tion method coupled step-by-step with the cubic numerical ex-
trapolation technique, which, with relatively small integration
steps applied to equations (1) and (2), gives highly effective,
stable and reliable computer simulation results.

3. MODELLING OF THE ASYNCHRONOUS MOTOR

CONTROL SYSTEM
An operation algorithm of the driving motor control system is
based on a mathematical model describing the actions of the
speed regulator as well as electromagnetic torque and stator
magnetic flux linkage. Here, three quantities will be controlled
when using the DTC-SVM method for an asynchronous motor.
These are the angular velocity registered at the motor rotor, the
electromagnetic motor output torque, and the stator flux link-
age. For all of them, the PI control strategy is applied in order
to minimize their control deviations with respect to the expected
required values.

The scheme according to [12] of the standard DTC-SVM
control algorithm applied here for the asynchronous motor driv-
ing the rotating system under study is presented in Fig. 2a. In
this figure Wt denotes the stator flux reference controlling sig-
nal, 7. is the electromagnetic torque controlling signal, ¥, de-
notes the estimated stator flux amplitude, 7, is the estimated
electromagnetic torque, Sy denotes the stator flux estimated an-
gle, U; is the determined stator voltage vector, Uy denotes the
stator voltage controlling vector, Uy is the flux component of
the voltage controlling vector, Uscy denotes the torque compo-
nent of the voltage controlling vector, I is the measured electric
current vector, Sa g.c denote the transistor gate signals, /5 B.c
are the measured currents in stator phases A, B, C, and Upc de-
notes the measured inverter DC link voltage. The outer velocity
control loop is depicted in Fig. 2b. In addition to the above-
mentioned symbols in this figure, @.s denotes the demanded
reference velocity and wy, is the measured mechanical velocity
of the motor shaft.

In the system under consideration, the momentary supply
voltage value must be properly determined to achieve the ex-
pected values of the motor output torque and stator flux linkage.
As it follows from [12] and [15], in the stator coordinate frame
x—y rotating together with the stator flux vector ¥g the supply
voltage component Ugy is proportional to the change in time of
the stator flux amplitude Ws, and the supply voltage component
Usy is proportional to the motor output torque 7,;, what can be
expressed by the following relationships:

d¥y
Uy = —

@ &)

3p
d T, = =YW Usy.
an el 2R1 SUSY

Consequently, by means of proper values of the supply volt-
age in time Ugy (¢) and Usy (¢) the required changes of the stator
flux amplitude AWs and the motor torque 7,; can be achieved
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Fig. 2. Scheme of the asynchronous motor control using the DTC-

SVM method, [12]: a) structure of torque and stator flux estimators

with adjacent controllers and the modulator governing IGBT inverter;

b) velocity control loop depicting the emplacement of the controller
part

according to (5). Further going, the required changes of the sta-
tor flux amplitude AWy and the motor torque 7,; are being ob-
tained using the PI control in the following way:

t
T, = kpr - T:lrr + k7 - /Tjrrd’t and

0
1

AW = kpy - WS + kg / werdr,
0

(6)

where T;" and W}" denote the control deviations of the motor
output moment and stator flux amplitude, respectively, and kpr,
kir, kpw, kpp are their proportional and integral gains. The volt-
age instantaneous values Ugy (f) and Ugy (¢) obtained by means
of formulae (5) and (6) must be transformed next into the non-
rotating coordinate frame a—f and then used as the supply volt-
age components Us (¢) and Ug (t) standing in (2). In order to
keep the resultant supply voltage value in the admissible rated
motor voltage regime, the anti-wind-up routine for integral con-
trol of the motor output torque and flux linkage is applied when
Usx (1) and Ugy (t) voltage components are determined.

= Usx (t) cos(8y) — Usy (1) sin(Sy),

. (N
= Usx (t) sin(Sy) + Usy (1) cos(dp).
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It is assumed that the hardware implementation of the vec-
tor control system presented above uses a classic three-phase
bridge system with IGBT transistors and energy storage in the
form of a capacitor. Then, when the vector control SVM is ap-
plied, the switching frequency f; of the voltage supplied to the
motor, equal to 16 kHz in the case under study, is high enough
to ensure a sufficiently smooth course of currents in the motor
windings. Therefore, it is legitimate to approximate the model
of a transistor converter by a first-order inertial term with a time
constant equal to 7Ty = 1/ f;. Due to the above, it is reasonable to
describe the supply voltage waveforms by means of harmonic
functions when conducting computer simulations.

Alternatively, the standard DTC-SVM method described
above will be compared with a simplified, but effective and ro-
bust approach based on the motor voltage supply frequency de-
pendent on the momentary value of rotational velocity of the
driven machine working tool registered by a speed controller,
where the supply voltage is assumed constant in time. Namely,
under steady-state operating conditions the actual value of the
supply voltage is related to the constant rotational speed of the
motor rotor so that for the rated, nominal speed, this voltage
is equal to the maximum value available in the electric net-
work. Here, this alternative approach is physically realized by
means of the mechanical part of the drive train, speed sensor,
and speed controller only. A scheme of this system is illustrated
in Fig. 3.

Velocity
controller

’C/ + We !’ T ng § p oo
| sin L Space e :

‘ - Ss .. IGBT !

PID US vector e

cos } £, modulator | Sc,;tnverter;

e

al

velocity
| measurement

Fig. 3. Scheme of the asynchronous motor control using the originally
proposed RVCT method

Using the standard PI or PID control, the supply voltage
frequency is ensured according to the current rotational speed
value of the driven machine working tool in relation to the spec-
ified reference value wy,. Thus, it will be called further “the
method of rotational velocity-controlled torque” (RVCT). In
this case, instead of projecting the supply voltage components
Usx (t) and Usy (¢) on the non-rotating co-ordinate axes o and
B by means of relationships (7), the proper constant value U of
the supply voltage vector is transformed into the non-rotating
coordinate frame o—f3:

Ua(1)
Us = Us() 3 ; ®)
B \/;Usin(ﬁ( )
5
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t

where: ¥(1) = / ,(7)d 7, and @,(¢) denotes the supply circu-

lar frequency dgtermined using the PI or PID closed-loop con-
trol of the driven machine rotational velocity.

For the assumed sinusoidal external excitation M, (1) = R -
sin(@t) generated by the driven machine working tool at the
current angular velocity Q(¢) = Q, + O(r) consisting of the av-
erage Q, and vibratory @(r) component, ©(t) is also expected
harmonic with the same frequency ®: ®(t) = G - sin(ot) + H -
cos(mtr), where |G|, |H| < Q,. Then, as demonstrated in [18],
the fluctuating component of the motor torque is induced, which
can be sought in the following harmonic form:

T,(t) = A(w) sin(wr) + B(®) cos(wr), )

where:
T,(w) = /A% (w) + B?>(®) and () = arctan (B(®w) /A(®)).
According to [18], the excitation frequency-dependent am-
plitudes A(w) and B(®) can be determined when using the
harmonic balance method for the asynchronous motor voltage
equations (2) subjected to Park’s transformation. Then, the fol-
lowing system of 16x16 linear algebraic equations describing
electromechanical coupling is obtained:

C (@, @, 0,0, 73 B, ) -D (A(), B(0))

=F (0, 5. B,7,@,R).  (10)
Here, matrix C as well as the input vector F are functions
of the mechanical system dynamic parameters, and the sine-
and cosine- amplitudes A(®) and B(®) of the electromagnetic
torque fluctuating component 7,(®) can be determined by solv-
ing equation (10) with respect of the unknown vector D for the
given retarding torque amplitude R in a required range of the ex-
ternal excitation frequencies @. Then, using (9) and by means
of the proper motor control method DTC-SVM or RVCT, the
electromagnetic torque amplitude T, (®) and the phase angle
x (@) can be properly adjusted to eliminate excitations of suc-
cessive torsional eigenmodes in the modal equations (1):

or .
T,(t) = @MRsm(a)t),
m

m=1,2,... (11)

It is worth noting that in order to achieve this target for the first,
fundamental torsional eigenmode, i.e. for m =1, the electro-
magnetic and retarding torque must mutually oscillate in anti-
phase with properly tuned up amplitudes.

It is worth remembering that in the literature, e.g. in [22],
some attempts were made in order to investigate qualitatively
the abovementioned non-linear coupling between the driven
mechanical system and the driving electric motor. To follow this
idea here, it would be necessary, similarly as in [22], to express
the electromagnetic motor torque as a function of squares and
cubes of the current rotation angle 6(r). Simultaneously, the
rotational motion of the mechanical system under study should
be reduced to an analogous motion of a torsional oscillator of
one degree of freedom described by 6(¢). Then, by means of

such a single degree of freedom of a nonlinear electromechan-
ical system, a standard qualitative and stability analysis could
be performed. However, since the main target of this paper is
an elimination of external torsional excitations according to for-
mula (11) by means of the closed-loop active control using the
driving asynchronous motor, such additional qualitative study
of the electromechanical system nonlinearity seems to be un-
necessary.

4. COMPUTATIONAL EXAMPLES

Numerical calculations have been performed for three elec-
tromechanical drive systems of the common structure presented
in Fig. 1, but with different powers, total mass moments of iner-
tia, and nominal rotational speeds. These are: “1” — the labora-
tory rotor drive system, “2” — the drive of the high-speed beater
mill used for grinding natural resources, and “3” — the drive of
the heavy industrial fan. Fundamental parameters of their elec-
tronically controlled asynchronous motors are collected in Ta-
ble 1. Static characteristics of the examined motors naturally
differ within their rotational speed ranges in starting and max-
imal torque values. However, the particular qualitative differ-
ences of these characteristics are the average angles of incli-
nation of their parts corresponding to the range of stable opera-
tion. Such mutual differences have been illustrated in Fig. 4a by
means of three variants of the exemplary static characteristics of
a given asynchronous motor. It is worth noting that these char-
acteristics were obtained by means of two methods each, i.e.
using the Kloss formula commonly found in numerous hand-
books of electric engineering, and by means of the analytical
solution of equations (2) transformed into the form of Park’s
equations, as described in detail in [18]. In this figure the plot
marked in green corresponds to the motor “soft” static charac-
teristics, the plot marked in blue to the “medium” characteris-
tics, and the plot marked in red to the “stiff”” one, respectively.
In this sense, the asynchronous motor in drive system “1”” has
“soft” static characteristics, in drive system “2” has “medium”
characteristics, and in the case of “3” — “stiff” characteristics.
The actual static characteristics of these three motors can be
easily determined using the numerical parameters contained in
Table 1.

In turn, the rotating part of a driven machine can be relatively
more “massive” or “lighter” than the rotor of its driving motor,
which results in different fundamental torsional first eigenforms
of the drive system of that object. Such exemplary first eigen-
forms obtained for the laboratory rotor drive system mentioned
above are depicted in Fig. 4b. In the case of “heavy motor” an
absolute eigenfunction value ®11v1 of the driving end (D-E) is
smaller than that of the driven end (N-E) ®f.

However, when the inertia of the driven machine is greater
than that of the motor rotor, the absolute eigenfunction value
©Y of the driving end (D-E) is bigger, respectively. For similar
mass moments of inertia of the driven machine and motor rotor,
eigenfunction absolute modal displacement values of the driv-
ing (D-E) @11” and driven end (N-E) @f are comparable or even
equal to each other, but with mutually opposite signs, as shown
in Fig. 4b.
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Fig. 4. Static characteristics of the asynchronous motors (a) and variants of the fundamental torsional eigenmode of the drive system

Table 1 Table 2
Fundamental technical parameters of the asynchronous motors under =~ Fundamental dynamic parameters of the laboratory rotor drive system
study
. . “heavy | “similar
" Drive system variant N -
2— 3- machine” | inertias
Motor number dum” i
medium st Motor rotor mass moment of 0.0036
Maximal power [kW] 3.8 200 3200 inertia [kgmz] ’
Supply voltage [V] 390 (Y) | 500 (A) | 6000 (Y) Totatlhrglgiisvrélgnsls:r; o[i mIirzt]la of 02676 01786 | 0.1476
Supply frequency [Hz] 60 50 50 i &
2
Nominal rotational speed [rpm] | 1680 | 2979 747 Modal mass 7 of the Ist 0.1120 | 0.1369 | 0.0686
torsional eigenmode [kgm~]
Number of pole pairs [-] 2 ! 4 The 1st torsional eigenfrequency 48,470 57258 | 66.080
Nominal rated torque [Nm)] 21.5 641 40907.3 o) /27 [Hz] ' ' '
Stator resistance [Ohm] 1.52 0.0302 0.0757 Retardation time .’L' of the 0.0000234
- structural damping [s]
Rotor eq. resistance [Ohm] 1.37 0.0192 0.07554
Stator reactance [Ohm)] 2.1074 0.1978 1.2514
Rot tance [Oh 2277 | 02835 | 1.04885 Table 3
ofor eq. reactance [Ohm] : : : Fundamental dynamic parameters of the high-speed beater mill drive
Mutual reactance [Ohm] 54.287 17.7 13.0951 system
. . “heavy | “similar
. Drive system variant R .
Fundamental dynamic parameters of the three electro-me- machine™ | inertias
chanical drive systems under study, which result in eigen- Motor rotor mass moment of 174
vibration properties illustrated in Fig. 4b, are contained in Ta- inertia [kgm?] ’
bles 2, 3, and 4, respectively for the laboratory rotor drive sys- Total mass moment of inertia of
tem “1, dpve of .the high-speed beater mill “2” and drive of the drive system [kgm?] 5.2763 | 3.5263 | 2.9363
the heavy industrial fan “3”. The common value of the retar-
dation time 7 of the structural damping in these three drive Modal mass 7} of the 1St2 26309 | 3.4919 | 1.9343
systems follows from the typical, relatively small loss-factor torsional eigenmode [kgm"]
values for steel. These properties significantly affect the sen- i i
aluc ' p' p g ¢ y ' The 1st torsional eigenfrequency 36.509 42179 | 47228
sitivity to external excitations and the ability to control the vi- /27 [Hz]
brations of the first torsional eigenforms of the electromechan- S
| . . Retardation time 7 of the 0.0000234
ical systems under study. This can be expressed in the form structural damping [s] .

of amplitudes 7, (®) of the variable component of the electro-
magnetic torque generated by the asynchronous motor. For the
three asynchronous motors with “soft,” “medium” and “stiff”
static characteristics and the three abovementioned variants of
the motor rotor to driven machine inertia rations, Fig. 5 de-
picts such amplitude characteristics obtained by solving equa-
tion (10) for motor steady-state, nominal operating conditions,
as related to the amplitude of the external excitation produced
by the driven object. They are a measure of asynchronous motor
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torque sensitivity to fluctuations induced by torsional vibrations
of the mechanical system. All these plots are characterized by
maximal peak values corresponding respectively to the first tor-
sional natural frequency of the rotating machine drive system.
This means, that the asynchronous motors are the most sensi-
tive to generating fluctuating components of their electromag-
netic torque in resonant operational conditions. Based on the
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Fig. 5. The characteristics of the electromagnetic motor torque amplitudes related to the amplitude of excitation caused by the driven machine

graphs shown in Fig. 5, it can be concluded that the greater the
stiffness of the motor static characteristics, the greater the value
of the maximum amplitude of the generated torque T, (). It
should be noted that all plots presented in Fig. 5 were obtained
in the case of an uncontrolled motor operation. Due to an appro-
priate control of the asynchronous motor, the variable compo-
nent of the electromagnetic torque T,,(®) can be properly tuned
in terms of its amplitude and phase, so that condition (11) is
satisfied, which facilitates an effective minimization of a given
eigenform, e.g. the first one of torsional vibrations of the drive
system under consideration.

Table 4
Fundamental dynamic parameters of the heavy industrial fan drive
system
. . “heavy | “similar
Drive system variant U T
machine” | inertias
Motor r.otor .mass m2<)rnent of 445 3
inertia [kgm~]
Total mass moment of 1ner2t1a of 1807.6 12026 | 996.63
the drive system [kgm~]
Modal mass 5 of the 15t | g7 16 | 10367 | 55426
torsional eigenmode [kgm~]
The 1st torsional eigenfrequency 22919 26.965 | 30.836
/27 [Hz]
Retardation time .1.' of the 0.0000234
structural damping [s]

By means of numerical simulations, the degree of achieving
this goal using DTC-SVM and RVCT control will be demon-
strated for the three electromechanical drive systems under con-
sideration and for all three variants of the ratio of the mass
moment of inertia of the motor rotor to the mass moment of
inertia of the driven machine. For this purpose each drive sys-
tem will be subjected to the following motion scenario: First,
it will be started up from its standstill to nominal operational
conditions by means of the classic open-loop scalar motor con-
trol U/ f = const. Next, to the rated load of the driven machine,

there will be added an oscillating harmonic component with an
amplitude equal to 15% of the nominal motor torque and a reso-
nant frequency corresponding to the drive system fundamental,
first torsional eigenform. Then, after successive few seconds of
an operation under resonant conditions, the vector DTC-SVM
and RVCT control will be turned on to suppress the resonance
until the end of its duration, and to continue to ensure the pre-
cision of parameters of further motion of the drive system. For
the three electromechanical systems under study, using various
methods several values of control gains were tested in order
to select the most optimal ones. In the case of the DTC-SVM
method, the highest effectiveness was assured for the stator flux
linkage control by means of the symmetrical optimum method,
and for the torque control using the root locus approach. In turn,
for the RVCT control, the well-known Ziegler-Nichols method
turned out to be the most convenient. All controller gains men-
tioned above ensure the overall stability of the entire electrome-
chanical system.

In Figs. 6a-c there are demonstrated abilities of the control
methods applied here to attenuate severe torsional vibrations in
these three drive systems under consideration, i.e. in the labo-
ratory drive system driven by “motor “1 — soft,” drive system
of the high-speed beater mill driven by motor “2 — medium”
and the drive system of a heavy industrial fan driven by motor
“3 — stiff,” respectively, all in the case of the variant of simi-
lar mass moments of inertia of the motor rotor and the driven
machine. In all these figures, time histories of the electromag-
netic motor torque (blue lines), driven machine retarding torque
(black lines), and dynamic torque transmitted by the coupling
(red lines) during the above-described motion scenario are plot-
ted. On the left-hand sides of these figures, there are time win-
dows corresponding to the steady-state motion phase, when the
scalar motor control U/ f = const. is applied. From the courses
of the electromagnetic motor torque 7;(¢) and the driven ma-
chine retarding torque M, () in these time windows one can eas-
ily observe to what extent condition (11) is not satisfied, both
in terms of tuning the torque amplitude 7, and the phase angle
X In turn, in the middle parts of Figs. 6a-c, time windows cor-
responding to motion intervals of the DTC-SVM (above) and
RVCT (below) control are depicted. Here, the respective plots
demonstrate, how more or less precisely both motor control
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Fig. 6. Dynamic torques controlled by the asynchronous motors driving: the laboratory rotor with motor “1 — soft” (a),
the beater mill with motor “2 — medium” (b) and the industrial fan with motor “3 — stiff” (c)
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methods being tested mutually tune fluctuations of 7,(r) and
M, () in order to achieve condition (11) satisfied. Namely, in
all studied cases of the drive systems, when applying both con-
trol methods, the motor torque 7,;(¢) and the machine retarding
torque M, (¢) mutually oscillate in anti-phase with similar am-
plitude values. This results in the very significant suppression
of torsional vibration resonances induced by the driven machine
retarding torque M, (¢), which follows from the plots of time
histories of the entire motion scenarios placed on the right-hand
sides of Figs. 6a-c.

When comparing the effectiveness of the asynchronous mo-
tor control routines being tested, the dynamic amplification fac-
tors during resonance are regarded here as a fundamental crite-
rion. Such a factor is defined as the ratio of the actual vibration
amplitude to the amplitude of the external excitation, i.e. in the
case of the conducted tests — the aforementioned 15% of the
value of the nominal torque transmitted by the drive system.
Table 5 presents values of the dynamic amplification factors in
conditions of torsional vibration resonance with the first eigen-
modes obtained using DTC-SVM and RVCT control methods
for the three electro-mechanical drive systems under consid-
eration and for all three variants of the ratio of the mass mo-
ment of inertia of the motor rotor to the mass moment of iner-
tia of the driven machine. In addition, this table also includes
for comparison the amplitude amplification factors obtained in
the initial phases of resonances, when the tested drive systems
were subjected to the open-loop control U/ f = const. The nu-
merical values of these factors, which are many times higher
than the analogous values obtained using both closed-loop ac-
tive control methods, result from a relatively high sensitivity to
torsional vibrations of drive systems made mainly of steel with
typically low loss-factor within the range of 0.00337-0.00972
associated here with the retardation time 7 given in Tables 2—
4. Analyzing the values of all dynamic amplification factors in
Table 5, it should be stated that both closed-loop active con-
trol approaches are generally highly effective as compared to
the open-loop control U/ f = const. Moreover, one can observe
that using the simpler RVCT method better results are obtained
in the cases of drive systems driven by motor “1 — soft” and mo-
tor “2 — medium”. Here, due to the control by means of this ap-
proach, the dynamic torque vibration amplitudes are minimized

Table 5
Dynamic amplification factors during resonances

DTC-
U/f= SVT “heavy “similar
const RVCT machine inertias

1.633 4.067 7.313

23.3 29.8 31.3
1.995 2.019 3.587
0.553 1.087 1.433

Motor “2 — medium” | 15.6 32.0 43.3
0.140 0.503 0.301
0.833 1.003 1.107

Motor “3 — stiff” 10.5 21.6 28.7
0.897 1.367 2.167

10

to become comparable or even smaller, i.e. with amplification
factors < 1, than the fluctuation amplitudes of the driven ma-
chine retarding torque M, (t), as demonstrated in Figs. 6a, b, and
Table 5. However, in the case of the industrial fan drive system
driven by motor “3 — stiff” a better attenuation was achieved
when the DTC-SVM control method was used, which is shown
in Fig. 6¢.

It is worth noting that in the cases of all tested drive systems,
the DTC-SVM control method works quicker than the RVCT
approach, causing the resonant torsional vibrations to dissipate
faster over time. In addition, the transient response peaks in-
duced when the active motor control is turned on are smaller
when using the DTC-SVM method. This fact is confirmed by
the corresponding dynamic responses of all three tested drive
systems in the form of time histories of rotational speeds regis-
tered at their motor ends (blue lines) and driven machine ends
(black lines), as shown in Fig. 7. Moreover, the graphs pre-
sented in this figure show that both proposed methods of asyn-
chronous motor control cause a fast and precise correction of
the rotational speed of the drive system to the desired value (per
unit) in relation to the speed obtained by means of the scalar
open-loop control U/ f = const.

At the end of the testing of both methods of asynchronous
motor control, it is worth comparing their impact on power con-
sumption. In Fig. 8, in the same way, as it was done for the
rotational speeds, for all three types of motors and the variant
of the drive system with “similar inertias,” there are presented
time histories of the consumed electric power and the mechani-
cal power performed during the assumed above-mentioned mo-
tion scenarios of the electromechanical systems under consid-
eration. Here, according to [23], the electric power was deter-
mined in the form of instantaneous power expressed as a sum
of products of instantaneous voltages and currents in both elec-
tric coordinates o and . In turn, the mechanical power was
calculated as a product of instantaneous values of the motor
output torque and shaft angular velocity. Similarly to the case
of dynamic torques and rotational speeds discussed above, the
RVCT method is characterized by the induction of much more
severe transient states in the moments of switching on the ac-
tive control and slower operation in the form of longer decay
of these states over time. Based on the time histories shown
in Fig. 8, it can be stated that when both control methods are
used, the average values of the electric power consumed are
very similar. However, when applying the DTC-SVT method
to control motor “1 — soft” and motor “3 — stiff,” the time
histories of instantaneous electric powers are characterized by
much greater oscillations around their average values than in
the case of using the RVCT method, even in the phase of only
constant load transmitted by the drive system. This fact is due
to significant, i.e. with an amplitude of ca. 30% of the max-
imal admissible limit, and not presented here in a graphical
form, high-frequency oscillations of the instantaneous value of
the control voltage using the DTC-SVM method, in contrast
to the RVCT approach, in the case of which this voltage is
constant over time, as mentioned in the previous section. This
effect was not observed in the case of control of motor “2 —
medium”.
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Fig. 7. Rotational speeds controlled by the asynchronous motors driving: the laboratory rotor with motor “1 — soft” (a), the beater mill
with motor “2 — medium” (b) and the industrial fan with motor “3 — stiff” (c)

(@ (b) ©
Motor ”1-soft” Motor ”2-medium” Motor ”3-stiff”
PTC-SVM
24 : . . . 1000 B e 12000

20 electric power | 800
i | — mechan. power 600

9000

6000
3000

Rl . T T ] 400
12 | ISR S E S— 200

power [KWW)

-200
-400
' ' ' ' -600 — — - -

6 8 10 12 14 16 6 8 10 12 14 16 18 20
RVCT

-3000

-6000

24 : : : : 1000

: : : : 800
600
400
200

power [KW]

-200
-400

: : : : 600 : : : : : : 8
6 8 10 12 14 16 6 8 10 12 14 16 18 20

time [s] time [s] time [s]

Fig. 8. Electric and mechanical powers consumed during the control of the asynchronous motors driving: the laboratory rotor
with motor “1 — soft” (a), the beater mill with motor “2 — medium” (b), and the industrial fan with motor “3 — stiff” (c)
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5. REMARKS ON THE RELIABILITY OF THE OBTAINED

THEORETICAL RESULTS
When conducting simulations, it is necessary to take into ac-
count delays and phase shifts introduced by the measurement,
computing, and executive systems that are elements of real
power electronic systems. Usually, in variable speed drive sys-
tems the useful current and voltage frequency range is often
nominally within 0 to 50-60 Hz, in rare cases up to 400 Hz, and
in order to filter current/voltage transient states occurring when
commutating diodes and transistors, a filter with a specified
cut-off frequency is applied. In the presented cases of numer-
ical simulations, the first-order filter with a cut-off frequency of
885 Hz is used. Moreover, it is assumed that the DC-link supply
voltage measurement system is also equipped with a first-order
filter with the same parameters. In such situations for an inverter
output frequency of 60 Hz the phase delay is hence less than 2°.

In the drive systems under study measurements of phase volt-
ages of the inverter are usually not performed and proper es-
timations are applied instead. These estimations are based on
the value of the momentary PWM signal duty cycle and the in-
stantaneous voltage value in the DC-link. Filters with a higher
cut-off frequency, e.g. within 100400 kHz, are connected in
a cascade to the above-mentioned filters. Such a high cut-off
frequency has practically no effect on delays in the useful mea-
surement range, but it facilitates suppressing the radio interfer-
ences from the electronic system of the inverter and eliminates
measurement noise effects. Here, all the above-mentioned in-
put filters were assumed to be implemented and modeled in the
simulation cases under consideration. In turn, no type of fil-
tration was used during the rotational speed and position mea-
surements, as its accuracy highly influences the quality of the
control. In reality, encoders of 10 000 pulses per revolution are
successfully applied.

Generally, delays in control processes resulting from the use
of the system of IGBT transistors controlled by PWM signals
have two components. The first one follows from the execution
frequency of the processor/microcontroller program that man-
ages the control loops calculating momentary duty cycles of
signals governing transistor gates, and this corresponds to the
abovementioned switching frequency f; of the voltage supplied
to the motor, equal to 16 kHz. Then, such a delay can be es-
timated by means of the first-order inertial term with the time
constant of 1/16 kHz = 62.5 ps. The second delay component
follows from the need to introduce time retardation between
turning off the conducting transistor and turning on the non-
conducting transistor within every branch of the inverter. In the
real control setups assumed to be applied in all presented cases
of numerical simulations, this delay called “dead time” was set
at 4.1 us, and then the first-order inertial term of such a time
constant was used.

6. CONCLUSIONS

In the paper, the asynchronous motor was used as an actua-
tor for the attenuation of torsional vibrations affecting the drive
systems of the rotating machines. By means of both proposed
active control methods, i.e. the direct torque control (DTC-

12

SVM) and the rotational velocity controlled torque (RVCT),
steady-state and transient torsional vibrations can be effectively
suppressed. The frequency control method RVCT seemed to be
more efficient when the asynchronous motor with “soft” and
“medium” static characteristics was applied. However, the vec-
tor DTC-SVM method worked slightly better in the case of the
motor with “stiff” static characteristics. The conceptually ad-
vanced DTC-SVM method operates faster over time and re-
sponds more smoothly when turned on and off. This is evi-
denced by lower instantaneous values of dynamic and electrical
responses of the tested electromechanical systems. On the other
hand, the frequency control method RVCT is much simpler, be-
cause it needs only one sensor measuring the driven object ro-
tational speed and operates with constant supply voltage. How-
ever, the DTC-SVM control system, operating with variable
supply voltage, must be additionally equipped with the voltage
and stator phase currents measurement devices, motor torque
and flux estimators as well as motor torque and flux PI con-
trollers. Such a complex structure of this system is much more
expensive, fault sensitive, and careful maintenance demand-
ing. Moreover, as can be seen from the comparison, the RVCT
method does not consume, on average, more electrical power
than the vector control method DTC-SVM. Thus, it seems to be
more robust and cheaper to operate, which makes this method
very convenient for numerous industrial applications.

In conclusion, it is worth noting that the computational re-
sults described above made it possible to precisely determine
parameters of the measurement and control equipment of the
laboratory rotor drive system which was tested theoretically in
this paper. Owing to this, preliminary results of an experimen-
tal verification of the computational results presented above are
very promising, which will be the subject of a separate work
in the near future. It should be emphasized that although the
traditional DTC-SVM method has already been verified in var-
ious ways to attenuate torsional transient vibrations and ensure
precision of motion parameters of drive systems, in the case
of suppression of steady-state resonant vibrations considered in
this paper, the firmness of the conclusions regarding the com-
parison of the results obtained by means of the two compared
methods of asynchronous motor control can be verified using
the planned experiments mentioned above.
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