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Abstract The aim of this paper is to analyze the dynamics of generator units during sudden impact load, direct-on-line
starting loaded induction motors connected to a synchronous generator in autonomous operation. A complex mathematical
model of isolated electrical grid consisting of: diesel engine, synchronous generator and motor drives have been developed.
In the previous works, most often in case of direct starting of the induction motor to the grid, the torsional dynamics of the
unit was not analyzed consistently, but rather the whole generator-unit was considered as a single rotating mass. Here, sys-
tem with two rotating masses, one at the side of the diesel engine and the other at the side of the synchronous generator is
analyzed. Ship electrical grids have such units with a diesel engine and a synchronous generator as sources. Connection of
bigger induction motors to the ship's grid with such sources is the most difficult transition regime for units due to electricity
loads and also due to the torsional strains in the shaft lines. This paper attempts to analyze the torsional dynamics, combin-
ing thus the knowledge in this field with the knowledge of motor drives with induction motors. The dynamics of genera-
tor-units, as well as induction motors during direct-on-line starting on isolated electrical grid is analyzed.
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This current causes a significant voltage dip on the iso-
lated electrical grid. The voltage drop will cause distur-
bances in the torque of any other motor running on the iso-
lated electrical grid. Increasing the load, such as a sudden
change load, significant disturbances in the system appeared
and the situation is particularly difficult because of relatively
strong electrical coupling between electrical grid and loads.
To study the dynamics and transient performance of such a
system, the group of three motors is selected.

Torsional dynamics of generator units is interesting in the
case of large turbine generator units[1], thus, the working
group of the Study Committee for Rotating Electrical Ma-
chines of the CIGRE Association has developed a bench-
mark model for calculating torsional stresses of the turbine
generator shaft and the shaft fatigue[2]. The influence of the
machine parameters and disturbances on torsional stresses is
analyzed in many papers[3]-[6].

However, in smaller, isolated electric power systems it is
interesting to analyze the torsional dynamics of a unit with a
diesel engine (DM) and a synchronous generator (SG). In
such electrical networks, such as marine and offshore power
systems, the connection of bigger induction motors is the
most severe form of impact load in terms of electrical load
and stresses due to torsion, particularly in cases where mo-
tors, during run-up period, are loaded. Therefore, it is inter-

) esting to analyze the torsional dynamics of a unit with a
* Corresponding author: Lo diesel engine and a synchronous generator.
marija.mirosevic@unidu.hr(Marija MiroSevi¢)
Published online at http://journal.sapub.org/eee In the previous works, in the case of a direct connection of
Copyright © 2012 Scientific & Academic Publishing. All Rights Reserved an induction motor, the torsional dynamics of the unit was

1. Introduction

Dynamics of generator set is interesting in isolated electrical
networks, such as the ship electrical grid or backup supplies,
where the main source of electricity is synchronous genera-
tor coupled to a prime mover - diesel engine. The synchro-
nous generator, usually of salient-pole machine, is equipped
with an automatic voltage controller for purposes of voltage
maintaining. The speed of diesel engine is maintained using
a speed governor. In many applications the diesel generator
can suffer significant impacts loads that can produce dis-
turbances in the isolated network. It can be expected that
diesel generator units change operation from unloaded to full
load condition in a single step load application. These
changes cause a change in voltage and frequency, which in
turn affects the quality of electric power systems. Induction
motors are the most common active loads as they are used for
water pumps, compressors, winches and other applications
that may provide either continuous or intermittent operations,
so, there are a number of induction motors connected in the
same bus. In many applications induction motors are di-
rect-on-line switch-started and they draw high starting cur-
rents, several times the full load current.
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not analyzed consistently, because the whole generator unit
was considered as a single rotating mass. In this paper, diesel
generator units is modeled as a system with two rotating
masses, one at the side of the diesel engine and the other at
the side of the synchronous generator. Masses are connected
one to another by a flexible coupling. The flexible connec-
tion at the joint allows, in transient, these masses to rotate at
a different speed. The relative angle shifts occur between
these masses, allowing thus the analysis of the torsional
dynamics in the coupling.

2. Model of Isolated Electrical Grid

To analyze the influence of impact load on torsional dy-
namics of generator units at impact load direct-on-line
starting loaded induction motors a complex mathematical
model is developed. The mathematical model involves: a
diesel engine, a three phase synchronous generator, their
mechanical coupling, non-regulated induction motors fed
directly from the synchronous generator terminals.

As usually, electrical machines are simulated with either
fluxes or currents as state variables. Choosing fluxes as the
state variables the equations are less complicated. Here, in
the transient dg-axis model of a synchronous generator, as
well as in induction motors model, all winding currents are
selected as state variables. Thus later from the current equa-
tions the fluxes as well as air-gap torque are obtained. The
basis of the mathematical model is set of differential equa-
tions of the synchronous generator in the standard dg-axis
form. The model of a synchronous generator is given in rotor
reference frame (@ is rotor electrical speed) with following
set of voltage equations:

d
—u, =r-i,+ V/d—a)-l//q
; v,
—u, =r-i, + +o-y,
x, dy
E —¢ 424 9V
q q n dt (1)
dy
0=r, i, +—2
D "D dt
dy.
0=r, i, +—2
o 0 dt

where u, i, r, and ¥ denote voltage, current, resistance and
flux respectively.

The synchronous generator is presented as a machine with
three armature windings, field winding placed in the rotor
and damper windings. One damper winding is located along
direct-axis (D), and one along the quadrature-axis (Q). The
voltage equations are written in generator (source) conven-
tion system, in which synchronous machines are usually
represented[7] and[8].

Equations of excitation are written in motor (load) con-
vention system. The voltage controller is modelled as PI and
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is implemented on the model.
The air-gap torque of the synchronous generator is as
follows:

T =¥, 1, =¥, )

é

The role of the induction motor and its parameters, as an
active consumer in transient, was analyzed in[9]. The fifth
order model of the squirrel-cage induction motor is used to
analyze the influence of impact load on torsional dynamics
of generator units during direct on line starting of induction
motors. The machines are presented in the dg-axsis form, the
synchronously rotating reference frame. The standard mod-
eling approach, which can be found in detail in[8], is im-
plemented.

In the transient dg axis model of induction motor, as
mentioned before, all winding currents are selected as state
variables, so stator voltage equations are:

Ay

Ui = B Lan dt — OV
e v, ®
Upnin = By~ Lyinn T i +O Y,

where gy, and igpvn denote components in d and q axis of
stator current, while ¥y, and ¥y, represent the dg com-
ponents of the stator flux linkage:

¥ ivie = Lot " Vann T Loivin * Loinsn
quan =L iq]Mn + L, inMn @
The rotor voltage equations are:
0=R. . Tonm + % - (a) — Oy, ) Vo
dy. OIMn )

0=R,, " iQ]Mn + + (w — Wy, ) “¥onm

dt

where ippv, and igmn denote components in d and g axis of
stator current. The equations that represent d-¢ components
of the rotor flux linkage:

TDIMn = er[Mn Lo T Lm[Mn “Lanvm
— .7 .7 (6)
SUQIMn - er[Mn lQan + LmIMn quMn

However, three loaded induction motors are involved in
the model and index # is one for the first, two for the second,
and three for the third motor. As one can differentiate vari-
ables of induction motor and synchronous generator index
IMn is used in (3) to (8).

The voltage equations set is completed with an equation of
rotational mass motion:

T . dSIMn — T

mIMn LIMn
dt

where: T, represents load torque on the motor's shaft,
while T, denote air-gap torque of the induction motor:

-T

elMn @)
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In order to analyze the influence of impact load on tor-
sional dynamics of generator units it is necessary to model
diesel engine and its dynamic behavior. To simulate the
complete dynamics of a diesel engine system, a very large
order model will be required. It is necessary to set up a sys-
tem of differential equations which includes an equation of
the engine, the turbocharger, the air collector, the exhaust
system, and the speed controller. Taking into account the
differential equations for the turbocharger and the exhaust
system, according to[10] and[11], requires the knowledge of
a number of characteristics of diesel engines that require
complex experimental measurements. However for most
studies on speed dynamics of internal combustion engines, it
is sufficient to use a lower order model. Similar approaches
where adopted in diesel engine simulation studies.

The studies carried out in[12] showed that the mentioned
omissions do not affect significantly the results and that the
proportionality of torque to the amount of injected fuel can
be assumed. This simplification is allowed when it is of
interest to observe the transitional process of a synchronous
generator. Accordingly, the dynamic behavior of diesel en-
gine and speed controller can be described by the following
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system of equations:

dT; d(e f_ef)
Tgc - ;M =KSC~(eref—ef)+KSC-TSC~—( ©
de
T, —te =K, o
g e £ W

The influence of machine parameters and the torsional
stress disturbance are analyzed in many papers[3],[4],[5-6],
here, the torsional dynamics of isolated electricity networks
is interesting. Mechanical coupling of a diesel engine and a
synchronous generator is considered to be a rotating system
with two concentrated masses, the mass of generator rotor
and rotating mass of diesel engine.

Flexible coupling connects these two rotating shafts, as
one can see in Figure 1. This coupling allows masses to
rotate at a different speed in transients.

Figure 1. Sketch of mechanical system under study
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Figure 2. Block diagram of integral motor drives
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Thus, the equations of motion of a generator (@) and
diesel engine (@) respectively are:

Tm,%:—zsﬁc-wwm (10)
dw,
TmZWZ—TDM-FC'A(O-FDACU (11)
where:
do, do,
Yodr T dr (12)

@, @, are angular velocity of the generator rotor and
prime mover respectively,Ap, Am represents twist angle
difference and the angular velocity difference, respectively.
The generator’s equation of motion involves electrical torque
T.sg, whereas Tp,, represents prime mover torque. Me-
chanical torque of the diesel engine, C — torsional stiffness, D
— is the coefficient of internal damping. This allows calcu-
lating torque at coupling zone[13].

The analysis of the dynamics of the generator unit at im-
pact load, i.e. direct-on-line starting of the induction motors
was performed by the application of the software package
Matlab/Simulink. The block diagram of integral motor
drives is presented in Figure 2 and it consists of subsystems:
DM, SC - diesel engine, speed controller, SG — three phase
synchronous generator, mechanical coupling between them,
voltage controller, and IM1 IM2 IM3 - subsystem in which
three induction motors are modeled. Induction motors are fed
directly from the synchronous generator terminals and the
moment of connecting to the grid is controlled by ON/OFF
subsystem. This subsystem is also used for switching the
load on the motor shaft.

The validity of the mathematical model of the genera-
tor-unit at impact load direct-on-line starting of non-loaded
induction motor was checked in the previous work[14] by
comparing the results of the simulation and the measurement
on the generator-unit with a diesel engine of 46.4 kW and a
synchronous generator of 40 kVA, to which a motor drive of
7.5 kW was connected. The results obtained by numerical
calculation indicate that, compared to the results of the
measurements on an actual ship drive with induction motor,
the set mathematical model can be applied with sufficient
certainty.

3. Study Cases and Computation Results

The aim of this paper is to analyze the torsional dynamics
of generator units during sudden impact load, direct-on-line
starting loaded induction motors connected to a synchronous
generator in autonomous operation. The synchronous gen-
erator is initially in a steady state unloaded condition oper-
ating at the rated voltage (1 p.u.) and stator currents being
zero. In this condition rotation speed of the diesel engine
(apwm) is equal to the speed of the generator (axg), however,
the rated speed is 1 p.u.

At the chosen moment the first, loaded induction motor
(IM1) is connected directly to the terminals of the synchro-

Torsional Dynamics of Generator Units During Sudden Impact Load

186

nous generator. Later, when the first motor has run-up suc-
cessfully, the second (IM2) and third (IM3) loaded induction
motors are connected to the loaded synchronous generator.
Two cases are considered.

In the first case, motors are started with a constant load
Tivii=Tinme=Tim3=0.1 p.u. on motor shaft. The second, in-
duction motor is connected after the first on has run-up
successfully.

In the second case, the first induction motor run up loaded
with Tiv=0.1 p.u., while double load on the second and
third induction motor shaft is applied (Tin=T1m3=0.2 p.u.).
Additional load of Tip;*=0.1 p.u., on the first loaded induc-
tion motor shaft is applied, in both cases, at the beginning of
the start-up period of the third induction motor.

When the supply has just been switched on the induction
motor, the load on the generator-unit is instantaneously in-
creased. Thus, the initial part of transients is defined in the
initial (sub-transient) phase of the transitional phenomenon
by locked-rotor torque of the induction motor. The second,
induction motor is connected after the first on has run-up
successfully. At the beginning of the start-up period of the
third induction motor additional load of 0.1 p.u. occurs on
the IM1 shaft, approximately 0.1s after IM3 run began.
Speed transient of the induction motors during start-up pe-
riod are presented in Figure 3.
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Figure 3. Speed transient of the induction motors (v, @2, ©Ov3) during
start-up period of IM1, IM2 and IM3. The load on IM shaft
Timr=Tiuve=Tims=0.1 p.u., Ty *=0.1 p.u
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Figure 4. Transient of the air-gap torque of the synchronous generator (7esc)
during start-up period of IM1, IM2 and IM3. The load on IM shaft
Tumi=Time=Timz=0.1 p.u., T *=0.1 p.u
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Connecting motors to the grid the load on the generator
increases and the air gap torque of synchronous generator is
growing up. At the instant of starting of the first induction
motor, the air-gap torque of the synchronous generator
momentarily reaches maximum value of 1.2 p.u. and below,
as one can see in Figure 4, oscillates about an average posi-
tive value. Changes in the air-gap torque of the synchronous
generator T.sg can be noticed during the whole start-up pe-
riod of induction motors.

Changes in the air-gap torque of the synchronous gen-
erator T.sg can be noticed during the whole start-up period of
induction motors (Figure 3). These results in the difference
of the torque angle between the generator rotor and the diesel
engine shaft due to the definite final stiffness of the shaft and
different inertia of generator and diesel engine, however,
torque in the coupling T7; is presented in Figure 5.
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Figure 5. Transient of torsional torque (7}), during start-up period of IM1,
IM2 and IM3. The load on IM shaft Timi=Tim2=Tumz=0.1 p.u., Tim;*=0.1
pu

Torsional oscillations are induced with first magnitude of
1.12 p.u. at the beginning of the start-up period of IM1. At
the time of the starting of IM3 magnitude achieves a max.
value of 1.46 p.u.

1.02

1.01 \ 4

§ f
A / AR
\ \l @
N I\ SG N
0.96 v, | DM
=
0.8% 05 1 15 2

i(s)

Figure 6. Speed transient of synchronous generator (wsg) and diesel
engine (wpwm) during start-up period of IM1, IM2 and IM3. The load on IM
shaft Tinvi=Tive=Tims=0.1 p.u., Tini*=0.1 p.u
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When induction motor is connected to an idle die-
sel-generator the prime mover decelerating. The speed gov-
ernor responds to changes in load and fuel supply is growing,
so the torque on the motor shaft increasing. Speed transient
of synchronous generator and diesel engine are presented in
Figure 6. The response from the rotation speed of the syn-
chronous generator indicates torsional oscillations which are
dampened already after several oscillations.

Increases in the synchronous generator’s load, during ac-
celeration period of induction motors, the high starting cur-
rents are appeared. Thus transients of synchronous generator
stator current and components in d and ¢ axis are presented
in Figure 7.
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Figure 7. Transients of: stator current of the synchronous generator (isg),
components in d (igsg) and q (igs) axis, during start-up period of IM1, IM2
and IM3. The load on IM shaft Tini=Tim2=Tims=0.1 p.u., Tivi *=0.1 p.u

The inrush current of the first induction motor, at the in-
stant of starting, as one can see in Figure 8, reaches the
magnitude of the first oscillation of 1.73 p.u. At the instant
when the third induction motor is connected to the grid, the
magnitude of the first oscillation momentarily reaches 2.2

p-u.

25
—im
— M2
—im3
2 —iqmit [
1 dim1
iqiM2
150 i dmz
— i qiM3
1 WMIW\A\ — i diM3
~ 05 \
: \
S
X 0 | —
-05 /[
-1 N/
-1.5 WW
K 05 15 2

1
t(s)

Figure 8. Transients of: stator currents of induction motors (Zim1, Zimz, fms),

components ind (idllMl; idlIMZ; idlIMS) and q (inIMI, iquMZ; iquMS) axis, dl.lI'il’lg

start-up period of IM1, IM2 and IM3. The load on IM shaft

Timi=Tiuve=Timz=0.1 p.u., Ty *=0.1 p.u
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The air-gap torque of induction motors are presented in
Figure 8. At the instant of starting, the air-gap torque of the
first induction motor momentarily reaches 0.87 p.u. First
magnitude of 1 p.u. is appeared in transient of the air-gap
torque of the second motor. At the moment of starting the
third induction motor T,p; momentarily achieves 1.39 p.u.
as one can see in Figure 9.

1.4
—TelM1
—TelM2

12 —TelM3

1

0.8

0.6

T, (p.u.)

0.4

0.2

‘0 05 1 15 2
i(s)
Figure 9. Transient of: air-gap torque of induction motors (Temi, Temnv2,
Tens3), during start-up period of IM1, IM2 and IM3, during start-up period of

IM1, IM2 and IM3. The load on IM shaft Tymi=Tum=Tums=0.1 p.u.,
Timi*=0.1 p.u

Corresponding stator flux linkage of induction motors,
during direct-on-line starting are presented in Figure 10.
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Figure 10. Transients of: stator flux linkages of induction motors ( #wmi,
¥ime, Pims) and their components in d (¥ami, Fame, Fans) and ¢ (Fami,
Yame, Fams) axis during start-up period of IM1, IM2 and IM3. The load on
IM shaft Tivi=Tinv>=T1ims=0.1 p.u., T *=0.1 p.u

Most induction motors on board ship are direct-on-line
switch-started and they cause a significant disturbance in
transients, especially if the load torque on the motor shaft is
increased and also depending on the time of the starting of
each motor. It is a particularly difficult situation because of
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relatively strong electrical coupling between generator and
loads as well as torsional strains in the shaft line.

In order to get a better insight into the dynamics of drives,
in the second case the induction motors IM2 and IM3 are
loaded with double load on the shaft, thus Tin=7Tim3=0.2 p.u.
In the first case, next induction motor is started after the
previous one ran-up successfully.
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Figure 11. Speed transient of the induction motors (@i, @2, @ims)

during start-up period of IM1, IM2 and IM3. The load on IM shaft 7ij;=0.1
Tiumz=Tiumz=0.2 p.u., T *=0.1 p.u

In the second case, as one can see in Figure 11, the ac-
celeration time of the second induction motor is longer, thus
the third induction motor is connecting to the supply during
the start up period of the second one (IM2). At the beginning
of the start-up period of the third induction motor the impact
load of additional T*;,;=0.1 p.u. on the first loaded induc-
tion motor shaft is applied. In that moment the run-up of
second induction motor is not finished yet.

Torsional oscillations are induced with first magnitude of
1.1 p.u. at the beginning of the start-up period of IM1, as in
previous case, because the load on the first induction motor
shaft is not changed yet. The transient of torsional torque of
the second induction motor oscillations are longer present,
the start-up period of the second induction motor is longer,
because of decreasing load on the motor shaft. At the be-
ginning of the start up period the induction motor acceler-
ating, the speed is growing up. Connecting the third induc-
tion motor to the grid, acceleration of the second one is
slowed, and further decreases when the additional load is
connected to the first induction motor shaft. At the moment
of connection the third induction motor to the grid, the motor
is double loaded now, magnitude reaches higher value 1.46
p-u. Torsional oscillations are longer present than in the first
case and damped at the end of the start-up period of the third
induction motor, as one can see in Figure 12.

The oscillations are present in speed transients of the
synchronous generator (wsg) as well as in diesel engine
(®pwm). In the first case, the speed of synchronous generator,
as well as diesel engine speed increase after the first and
second induction motor run — up successfully. In the second
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case, when the third induction motor is connecting to the grid,
the run-up of the second induction motor is not finished, so
the speed of synchronous generator continue decreases and
approaches to value of 0.95 p.u. (Figure 13).
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Figure 12. Transient of torsional torque (7}), during start-up period of IM1,

IM2 and IM3. The load on IM shaft Tjm;=0.1 Timz=Tiim3=0.2 p.u.,
Tumi*=0.1 p.u
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Figure 13. Speed transient of synchronous generator (wsg) and diesel
engine (wpy) during start-up period of IM1, IM2 and IM3. The load on IM
shaft Zinii=0.1 Tinve=Tims=0.2 p.u., T *=0.1 p.u

Connecting motors to the grid the load on the unit in-
creases, the air gap torque of synchronous generator is
growing up and during the transient electromagnetic torque
of the synchronous generator approaches the value of 1.8
p-u. Changes in the air-gap torque of the synchronous gen-
erator T,sg can be noticed during the whole start-up period of
induction motors (Figure 14).

Oscillations that occurred during start-up periods in air
gap torque of induction motors are longer presented in the
second case. Changes in electromagnetic torque of the first
and the second induction motors occurred because of inter-
action between generator and loads. The air gap torque of
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induction motors during run-up period is presented in Figure
15.

1.8
1.6
1.4

\WWWVWVW \

T: (p.u)

0.4 \
0.2 \/
00 05 1 1.5 2

{(s)

Figure 14. Transient of the air-gap torque of the synchronous generator
(Tesg) during start-up period of IM1, IM2 and IM3. The load on IM shaft
Tumi=0.1 Tinee=Timz=0.2 p.u., T *=0.1 p.u
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Figure 15. Transient of: air-gap torque of induction motors (Zemi, Tevo,
Tems), during start-up period of IM1, IM2 and IM3, during start-up period of
IM1, IM2 and IM3. The load on IM shaft 7;,=0.1 Tim>=71m3=0.2 p.u.,
Timi*=0.1 p.u

Current of the synchronous generator is increased by in-
creasing the load. The oscillations are present in transient of
stator current, as one can see in Figure 16 and Figure 17,
during whole start-up period oscillating about higher aver-
age value than in previous case, and damped at the end of
start-up period, as presented in Figure 17.

Transients of stator current of induction motors and their
components in d and ¢ axis, during start-up period of IM1,
IM2 are presented in Figure 16. One can see that connection
of a next induction motor to the grid causes changes in tran-
sients of all induction motors which are already connected to
the synchronous generator.
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Figure 16. Transients of: stator current of the synchronous generator (isg),
components in d (iss¢) and q (iysc) axis, during start-up period of IM1, IM2
and IM3 The load on IM shaft T]1M1:T]1MZ:T]1M3:O.1 p.u., T]1M1*:0.1 p.u
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Figure 17. Transients of: stator current of induction motors (imv1, fivz2, iv3),
and their components in d (iavi, famz, fams) and g (iqivi, Zqive, iqiv3) axis,
during start-up period of IM1, IM2. The load on IM shaft Tjn=0.1
Tiv2=Tiv3=0.2 p.u., Tyt *=0.1 p.u

Corresponding stator flux linkage of induction motors, in
the second case are presented in Figure 18.

Disturbances, which arise in the system during sudden
impact load on isolated electrical grid, influence both, elec-

trical and mechanical characteristics of diesel generator units.

The mechanical system of prime mover and synchronous
generator is modeled as a system with two rotating masses,
one at the side of the diesel engine and the other at the side of
the synchronous generator, thus in transient these masses
rotate at a different speed. The relative angle shifts that occur
between these masses, allows the analysis of the torsional
dynamics in the coupling. Connecting induction motor to the
grid the torsional torque momentarily increasing and addi-
tionally growing up when connecting other motors to the
grid. The current of synchronous generator (i .sg), for the
first case, when the load on induction motors shaft are:
Tini=Timo=T1m3=0.1 p.u., is presented in Figure 19. In Fig-
ure 20 generator current for the second case is presented.
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This is the total current that motors draw from the electrical
grid.
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Figure 18. Transients of: stator flux linkages of induction motors ( ¥imi,
%Mz, %M3) and their components ind ( %IM]) y/dIMZ, %IM3) and q (y/qlMla
Yoz, ¥avs) axis during start-up period of IM1, IM2 and IM3. The load on
IM shaft T]1M1:0‘1 T]1M2:T]1M3:0‘2 p-u., T]lMl*:OJ p.u
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Figure 19. Stator current (facsg) of the grid (synchronous generator),

during start-up period of IM1, IM2 and IM3. The load on IM shaft

Tiner=Tinve=T1imz=0.1 p.u., T *=0.1 p.u
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Figure 20. Stator current (iunesg) of the grid (synchronous generator),
during start-up period of IM1, IM2 and IM3. The load on IM shaft 7ij;=0.1
Tiumz=Tiumz=0.2 p.u., T *=0.1 p.u
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5. Conclusions

Direct starting of induction motors in isolated electrical
networks is the most difficult case of impact loads both in
terms of electrical loads and stresses due to shaft torsion.
Most induction motors on board ship are direct-on-line
switch-started and they cause a significant disturbance in
transients, especially if the load torque on the motor shaft is
increased. Significant disturbance arises when, during the
induction motor starting, there is a direct start of the second
motor. It can be concluded that a significant torsional stress
of the shaft is present for the cases of the starting of the
second induction motor while the first motor starting is not
yet finished. The developed mathematical model of integral
motor drives together with the various operational cases
allows the prediction of time responses of the characteristic
variables in different operating conditions.
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