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Abstract — The paper deals with the impacts of  factor. Dots above variables indicate their diffdi&ion
unbalance on the start-up behaviour of flexibly mounted with respect to time.

rotors with viscous damping. It provides an overview of the To reduce the number of the system parameters, the

dimensionless parameters describing the system in question  ¢15ing dimensionless (standardised) quantitiea be
as well as the properties determining the influence of introduced:

various degrees of static unbalance on the system start-up
behaviour for different driving torque scenarios, such as =X y=Y =% ¢=¢, t'=oyt,
transient-state and steady-state differences as opposed to i i [

balanced rotors, vibration-induced power losses, etc.

M ¥ = ﬂ b* = L (2)
Keywords — Dynamics, unbalance, simulation, driving ki2' W,
torque. wherei = [Ig/m is the radius of the rotor inertia. After
|. MATHEMATICAL DESCRIPTION OF THESYSTEM substituting the above quantities into (1), the
The mechanical diagram of the system in question idimensionless forms of the equations can be writen
roved n .. Hern s 1 07 0. ooy -2
axis, e the eccentricity defining the rotor static unbakan J* +e §* cosp = e* (%) sing —y* — 20" y* ®)

kthe stiffness of the flexible mounting the viscous _E K sing+€'§ cosh+§ =M
damping constant antl the resulting external forces y ; - Lo
) i ) where dots above dimensionless quantities indittedi
torque acting on the rotox; y are the coordinates of the " o } ) o
rotation centre S with respect to the rest posifiandd differentiation with respect to the dimensionleésset t*.
the angle of the position vector going through toer

. Il. EXCITATION WITH A LINEAR CHARACTERISTICTORQUE
centre of gravity T.

Let us now examine how the system behaves under
the effects of a torque corresponding to an indéeen
excited motor withm,_ =M, -B,«, («=¢) and the

load torque M,=const The resulting torque
M =M, -M, can be written in the dimensionless form

M*:MO_M.ZZ_Bmm:MS—M;—b;q(D* (4)
Ki
where b =B,/(Isw,)is the dimensionless motor

parameter.
In case of a balanced rotor, the system does not
Fig. 1. Mechanical system diagram. oscillate and the time history of the rotor angwialocity
can be analytically written as
The equations of motion describing the system planar

oscillations can be written as: W (1) = Whey (1_ ot ) (5)
% —epsing = ep® cosp — af x — 2bX, where s, = (Mg —M3)/br = (Mg —M,)/(B0,) IS the
y +ep cosp = ep? sing — af y - 2by (1) dimensionless steady-state angular velocityefer0. As

for unbalanced rotorge # 0), the non-linear system of

—mexsmg{5+meycos¢+ IS,¢ =M, equations was solved numerically using the Matlab
where ¢y, = . /k/m is the angular eigen frequency of the ggftware.

system oscillations and = B/(2m) the relative damping Figure 2 shows an example of the trajectories ef th
rotation centre S and of the rotor gravity centréufing
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start-up withe'= 0.02 and two different damping factor 17 — b'=0—
values ofb = 0.5 and 2. The time history of the 097 §\§\§ i\sﬂ,l\
dimensionless angular velocity depends on otheq,, °8 iy 02
parameters, specificallys’ = f (t*,b",&", Mg — M, by) - T g; | \1 O —_
05T 2 \ \
03~ 02 5
003 ‘ > 00, J g; T 10 Ny \
= centre of 002 ‘*”“Tf 1? ’ \
N\ rotations gravity 0.2 — |
017 \ : 0’1 +
R 0

-0.01 QJO 01//J002 00z -003 -0 0. %0. X 0.03 0 0,02 0,04 0,06 0,08 0,1
) Z * *
0017 / 74 X . V/ — €
s Fig. 4. Relation of steady-state revolutions tared b.

The power loss ratio can be written as

x M, g, —M, @ «w
0.03 0.03 ( Y b ): z %000 €00 =1- €0 (6)
y [b=05 €=0.02] y M, Woe, Wooo
002 ot 002 The diagram_for d|fferent values of* and b*,
vy centre of provided in Fig. 5 above, shows that extreme vabses
0.01 rotationS 0.01 gravity T L g .
K;L lead to significant losses of available power.
-0.03 ‘EJ‘BZ -0.01 a 001 002 003 003 002 001\@ 001 002 003 100
-0.01 % (5 :g 1 %
o0 (%) 10 | //
-0.03 T 60 105 _—
50 1 2 /
Fig. 2. Trajectories of the rotation centre S drmeldravity centre T zg o5 —
during rotor start-up. T ’
g P 20 0,2/
However, after introducing the standardised quiastit 101 éé é/ " ]
W /. =W (instantaneous angular velo- 0- ‘ b=o0 -
“norm- / Oco 09/ Oco . 0 0,02 0,04 0,06 0,08 . 0,1
city with respect to the steady-state value with0) and — €
thorm=t/T, where 1=Ig/B, Iis the start-up time Fig. 5. The impact of'eand bon energy losses.
constantc,, ., Will depend only on the parametefs,

X X . [ll. EXCITATION BY A NON-LINEAR TORQUE WITH

e* and b*, i.e. w,om= f(thorm € ,b ). Figure 3 shows INDUCTION MOTORCHARACTERISTICS

this relationship forb’ =2 and e (0,006) - It clearly The following example shows how the system
behaves when excited by a non-linear torque with th

demonstrates that in case of unbalanced rotorysate  jgyction motor characteristics ( Kloss equation)
revolutions (marked ag,, ) decrease with increasireg

M, =My—295_ 20s (7)
2 +S
1c ——— *= 0= o
% %; _882 where 5:1‘@/@syn is the slip in respect of the
f Y: Z sos—|  synchronous angular veIocitysyn, and g the parameter
o / 05— defining the slip value for which the torque hae t
' — *®7 maximum value ofM,. After substituting fors the
04 following formula can be obtained, showing how the
torque relates to the angular velocity:
0,z
o 20{1—] ®)
t . .
0 1 2 3 4 5 L 6 M, =M, syn .
Fig. 3. Unbalanced rotor start-up. 02 +1- w
. . W,
Figure 4 shows the impacts o (0 and . . s
9 P &(0,01) Figure 6 shows the resulting curve fer= 025, in

b (0;10) 0N the g, g, ratio. The resulting decrease which case the maximum is reached at

in revolutions and thus the power transferred ®ltad &y = (1-0) @, = 0754,
is caused by energy losses in the damper
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My 0 1,0
N w ‘ €= 0G5
Moos \ Uoyn 09T IMo =01 D0l
T 06 — 0,8] lo=0.25 ,045
0.7 * * — 0,05—
0.4 \ T i l\ilz 04Mo /—
\ 06T " =2
02 05T | —+—0055"
o 0,4 ——— 0,06
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— ’
Wsyy 021
Fig. 6. Induction motor torque characteristic. 0,17
- . . 0,0
Similarly to the previous case, let us now intraeluc 0 2C 40 60 80 100
dimensionless variables according to equation (& a — bom
assume a constant load torqhé,. The dimensionless Fig. 7. Start-up of an unbalanced rotor.
form of the resulting torque can be written as:
(A]eao lC — b* = 012:
o W, € T 1
20| 1-— ©) 0 of
» M,-M x Wsyn * )
M*=—m zZ M Yy -M; 2

Ki2 0 L2 0.7 ‘\
o2 4{1_ w } 0.€
: \

(*)syn
In case of a balanced rotor, the steady-state 04
revolutions ¢, Can be calculated using the balance of

0 0.01 0.0z 0.0: 0.0¢ 0.0t . 0.0¢
— €

the dr'V'ng and load torques: Fig. 8. The effects o&* andb* on steady-state revolutions.

The curves of the relative loss&gor different values

M M2 1
Mm:MZ = Q)oOo:wSyn 1—0‘[N|0_ %_]) ( 0)
z of € are provided in Fig. 9.

z M

For instance foig = 025 and M, = 04M, equals to
G0 =09480,, - Considering the non-linearity of the 50 /

equations, the time histories have to be calculated 40 /
numerically. The results can again be generalised by 30
introducing the standardised quantities

20
-_— -_— /
Cnorm = a’/a‘syn and toom =t a)rf /wsyn ' 10 g — 1=
In this case, the standardised angular velocity 0 . —— b =02
— * * * 0 0.01 0.02 0.03 0.04 0.0¢ . 0.06
(’Onorm_f(tnormib 'MO’MZ1G)' — » €
Figure 7 shows the angular velocity time historyiriy Fig. 9. The effects ot* andb* on performance losses.

system start-up with

b =2 M;=01 M,=04M;, o= 025.

The figure clearly shows that increasing unbalance IV. CONCLUSION
results in a decrease of steady-state revolutiafier a The results presented in this paper show some of the
certain value o€ is exceeded (in this case= 0.045), the potential issues of compensating the dynamicaleforc
system steady state revolutions are lower tharvéiige  transferred by unbalanced rotors to the base bysnef
corresponding to the motor maximum torque, resylin  flexiple mounts. Inertial forces acting upon an
the motor running under unfavourable operating,npajanced rotor produce a torque opposite to ivéng
conditions. torque, resulting in a start-up and steady-statelugon

Figure 8 shows the relation between an unstabt® rot gecrease. This leads to losses of power transféorée
steady-state angular velocit¢,, and the stable rotor load, with energy being dissipated in the damper.
velocity @000 for different values of with the given However, calculations show that the effects of $mal
imbalances are not too significant; the impactgatbr
unbalance are more pronounced only with higher
gccentricity and damping factor values.

system parameters.

Similarly to the previous example, the loss of powe
transferred to the load can be defined according t
equation (6).
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