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Abstract: - The article examines the frequency start of an air compressor driven by a 3-phase induction motor.
The frequency and voltage values are selected at which the motor’s locked-rotor (startup) torque is close to the
breakdown torque. Computer simulation of electromechanical processes is performed when induction motor
powered by an autonomous voltage source inverter to estimate the inrush current.
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1 Introduction

The objective of this work is to check by calculation
and by computer simulation the feasibility and
identify the characteristics of the frequency start, as
well as the factors influencing them, for the 3-phase
6-pole induction motor (IM) of type ANE200L6U2
with rated shaft power 22 kW, rated line voltage 380
V RMS and rated frequency 50 Hz, which driving air
com-pressor onboard of a mainline electric
locomotive with a starting load torque on the shaft

T, =540 N'm.

load _start

2 Problem Formulation
The load torque T, at the beginning of the start is

25T

rated °

0.28-T,

rated *

with the start of rotation it drops to

reaching a value of 0.66-T ., at 100
rpm, then the load torque increases slightly and

reaches T_ . =214 Nm at the rotation speed

rated
Mg =980 rpm, as shown in Fig. 1. Peak load

torque is limited by overload safety clutch. On
overload, the clutch disengages and separates input
and output shafts as quickly as possible [1], [2], [3],
[4]. This article does not take into account the
dependence of the compressor load torque on the
angle of rotation of the IM’s rotor [5].
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Fig. 1. Load torque on the motor-compressor shaft

To determine the most advantageous stator source
frequency f, for IM starting, we will calculate at
which fl we will have a slip at breakdown torque
S, =1 (we’d like to get a breakdown torque as
locked-rotor (startup) torque). We will use the
expression for S and the data in Table 1 for the rated

mode, assuming that a value of the starting frequency
of the supply voltage lies in the range of units of Hz
[6, 7]:

Gl

S = y
TR (X, e X))

(M

L
where C, ~ 1+—4.

m
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Table 1. The parameters of T-shaped equivalent
circuit (Steinmetz equivalent magnetic-electric
circuit [8], [9]) for IM of type ANE200L6U2 at
different modes

fi(Hz) [ 50 | 33 | 25 | 16 | 50
mode locked-rotor rated
L, (H) 0.00124
r, () 0.157
L, (H) 0.0523
w
s | =8| g8
L; (H) S 3 3 3 a
S S S S S
= = S =
=
O (@) o0 — [@))
n@ | S 8 | 9] 8|3
= = = = =
In this work, iron losses are not taken into account

0.00124

c ~1+ =1.0237.
0.0523

3 Problem Solution
Let us rewrite (1) for through the inductances
of the T-shaped equivalent circuit of IM:
S, =1
_ ar _
I+ (X, +6 X))

’
ah

P+ @af) (L, o L)

1

At f, =194 Hz and the slip frequency

willbe f,=s-f =194 Hz which is comparable

with the slip frequencysm tlthe rated mode:
f,=s-f,=0.02-50=1 Hz. At such frequencies

the effect of current displacement in a squirrel cage
conductors is practically not manifested, thus, to
calculate the IM torque during frequency starting we
have the right to use IM parameters for the rated
mode (Table 1). The expression for the locked-rotor
(startup) torque of IM:
2 '
_ 3 p 'Vphasel n (2)
2.7 £ [+ ) + (X, +6, X)) ]

start

Let us determine the line voltage at start-up
according to the scalar open loop control with

constant V / f, ratio for T, =const :

oad
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| _ . _ line_start | _
% = const ; =0 - '1”8954ar i Vine sant =14.7V,
| .
where is the phase voltage at start-up with the wye
stator winding connection scheme

Vphase_stan =Vline_start /J§:147/ﬁ:85 v
RMS. At this voltage value, the startup torque is
T

start
clearly insufficient for setting in motion the
ANE200L6U2 with N'm. Since IM

startup torque is directly proportional to the applied
to stator voltage squakgg, then=S#E the proportion
method we correct the value of the line supply
voltage to the value required for a guaranteed (with a
reserve of 10-20% for the shaft torque of IM) start
(see Table 2).

To ensure starting with T /T,g an =1.2 for

~ 83 N'm in accordance with Eq. (2), which is

the case of power supply with f, = 2 Hz, we

determine Vire sar  from  the  ratio:
V. V.
line_ start line _start
—1 = ——2 =const, then
fl 1
1 2
—L-V Le.at f =2 Hz we have
line_start, — f line_start; * ™ 1
1l
2

line _start =

E-41.1=42.4 V RMS. It will be

initial point for constant V / f, ratio with DC boost.

Without correction, the  voltage  value

Vire st =424 V RMS would correspond to the
42.4-50

frequency of the supply voltage f, = 380 =5.6

Hz.

Table 2. Calculated characteristics guaranteed to
ensure the start-up of IM of type ANE200L6U2 at

Nmand f =1.94 Hz

] Tstart / TIoad _start
TGhasacterittie (p.u.)
1.1 1.2
Tstart (N'm) 594 648
in accordance with Eqg. (2)
Vie_san 39.4 41.1
(V RMS)

Simulation using OrCAD [10], [11], [12]
confirmed that with a sinusoidal supply voltage

V adjusted for the starting torque, the IM of

line _start
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type ANE200L6U2 with a shaft load according to
Fig. 1 is guaranteed to start (see Table 3). It should
be noted that in all cases of simulating the start of the
IM in this work, the frequency and voltage value did
not change during the simulation process.

Table 3. Simulation results of starting
ANE200L6U2 at sinusoidal supply voltage

'l
fl Vlinefstart J | I start nl S
NE E .
N =]
T V RMS &0 A A :
™ & =
— p—
g\ o ~ ~ x =
F - ~ ) v
— —_ W o =)
\n
o
2 | o 3
—
S | & =
n =
N < <
N =N
! <t
— n =)

The following designations are used in Table 3:
J - moment of inertia of rotating masses, reduced to

the motor shaft; | - peak (instantaneous) inrush

current of the IM; |, - RMS value of current of

the IM phase in steady-state mode, achieved as a
result of starting; S - slip in steady-state mode; n, -

IM synchronous speed at the given f,.

Since the motor-compressor is powered by an
autonomous voltage source inverter (AVSI) [13],
[14], [15] with pulse-width control of voltage (PWC)
(a sort of PWM with carrying triangle signal and
modulating meander signal) with the number of
output voltage pulses (each of equal width) per period
of the fundamental harmonic €=24, we will
determine the duty cycles ( D ) required to obtain the
values of the fundamental (first) harmonic

V =40 VRMSand V, =43 V RMS.

1line _start Lline _start
The amplitude of the fundamental harmonic of the
phase voltage at the AVSI output with a 180-degree
transistor conductivity duration

v, =2V,

Im_ phase

D. 3)

Atthe AVSIDC link voltage V, =648 V DC and

D=1 (six step voltage [15]):
Vi ohase = 2Ve (268 410739 v Thus,
- T T

ISSN: 2367-8879

26

International Journal of Circuits and Electronics
http://www.iaras.org/iaras/journals/ijce

3
/ AV
V 1line_start
Im_ phase _start — 2 D = 412739 5

D
3
\E'Vlline_start
D= 412739 For Ve qar =40V RMS and
Viine sart =43 V RMS the duty cycles, respectively,

are D=0.0791 and D =0.085. The simulation
results presented in Table 4 show that the pulsed
nature of the supply voltage leads to a noticeable
increase in the instantaneous values of the IM current
and an increase in slip, which makes the starting
conditions for the converter quite difficult.

Table 4. Simulation results of starting

ANE200L6U2 at supply voltage PWC

f1 VI line _start J |A I start I m_ start S

S| VRMS | £l A | A A 3
s

° o = =

o | 1812 | & |B
2 5

o o N

43 ° | 2 = %

N N N S

For the designations in Table 4, index 1 denotes
belonging to the fundamental harmonic of the output

voltage of AVSL |m_Start - amplitude of the motor

phase current in the mode established as a result of
starting-up.

It should be noted that the J value has no effect
on the IM inrush current, since its peak value occurs
at a time when setting in motion has not yet occurred.

Let us check the possibility of IM starting at
supply voltage frequencies of 16, 25, 33 and 50 Hz

380
=" (V RMS)/Hz
50

line
fl
The values of the starting torque of the

ANE200L6U2, calculated according to Eq. (2) taking
into account the data of Table 1, are given in Table 5.

=47 ARMS.

Values of T, close to those shown in Table 5

under the condition of

Rated value of the motor current |,

were obtained by OrCAD simulating. These values
do not provide a start of IM at N'm.

It should be borne in mind that the applied IM
mathematical model [5], as wellgg Eq, (2) 540 other
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traditionally applied calculation methods, including
the models mentioned in [8], give underestimated
(often significantly underestimated) values of the
torque on the unstable branch of the speed-torque
curve compared to the experiment (for example in
accordance with experiments IM of type
ANE200L6U2 provides a locked-rotor torque of at

least 535 Nmat f, =50 Hz). According to [15, 16],

the torque increase is provided by the flow of currents
in the rotor steel between the squirrel cage bars.

Table 5. Calculated starting torques and peak inrush
current ratios for ANE200L6U2

f, (Hz) 16 | 25 | 33 | 50

Toare (NM) 394 | 420 | 409 | 364

at sinusoidal supply voltage

1/ | g (PAUL) 47 | 61 | 7.1 | 87
when powered by an AVSI with a PWC voltage

1/ ] e (PUL) 56 | 68| 75|86

An example of computer simulation of successful
setting in motion of the motor-compressor at f, =16

Hz is shown in Fig. 2 (voltage and current for stator
phase A).

4 Conclusion

Simulation of the motor-compressor start-up showed
the following. For a given value of the moment of
inertia, the behavior of the drive (whether it will
accelerate or not) is determined by the rate of
decrease in the load torque on the shaft with an in-
crease in the rotational speed, i.e. the value of the
rotational speed at which the rated or minimum load
torque is achieved. The air gap torque of the IM has
the character of damped oscillations in the initial
period after turning-on the voltage. The peaks of the
air gap torque exceed the initial load torque. An
oscillatory dependence of the rotational speed of the
drive in time domain is observed. That is, even after
setting in motion, the speed oscillations can either
damp to zero - there will be no acceleration of the
drive, or the speed will increase to a steady-state non-
zero value - acceleration will occur. Theoretically,
there is a boundary state when the rotational speed
could have undamped oscillations around a small
average value for an unlimited time. In practice (even
during computer simulation), such a boundary state
apparently cannot be achieved. Analysis of the
average values of the air gap torque and the load
torque during the simulation showed that even a very
small difference in the average values is decisive for
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whether the drive will accelerate or not. Thus, for a
J given value, there is a certain limiting value of the
rotational speed at which the rated (or lower) value
of the load torque is achieved. Otherwise, this can be
interpreted as a limiting rate of decrease in the load

load

dn

torque during acceleration . With the J

load  jecreases t00.

decrease, the limiting
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Fig. 2. Simulation results for successful setting in
motion of the motor-compressor at f, =16 Hz

Another task of the starting mode simulation was
to determine the effect of the inverter output voltage
generation method on the motor (inverter) phase
inrush currents. The alternative methods considered
were voltage PWC [17] with a carrier to modulating
frequency ratio of € =24 and the amplitude method
for voltage generation with a transistor conductivity
duration of 180 electrical degrees (six step voltage).
The starting option, in which the phase voltage
remains unchanged with some decrease in frequency,
is preferable from the point of view of the supply

voltage value. For example, we had f =484 Hz
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=253 V. To start the

motor-compressor, we will reduce the frequency to
f, =45 Hz. It should be noted that even without

starting the motor-compressor, a decrease in
frequency with an unchanged voltage value will
cause an increase in the current of the already
operating motor-fan and it’s AVSIL

In the case of PWC we will determine duty cycles

and V,. We will

and, accordingly, V

Im_ phase

for the given values of V. ..

determine the V, value for the amplitude method for

voltage generation for the given values of V| ...

at D =1. The relationship between these three values
is established for the selected control methods by Eq.
(3). The calculation results for J =5 kgm? are
summarized in Table 6. The initial phases of the
voltages in all computational experiments remained

the same. Thus, the value of the ratio 1/ | for

f, =45 Hz in case of PWC reaches 7.6.

rated

Table 6. Simulation results of starting-up a motor-
compressor with a shaft load corresponding to Fig. 1

The peak
Did the (instanta-
V V start-up | neous) inrush
Im.__phase D d and current of IM
subse- | (A) (indices A
quent | and B indicate
acceler- | belonging to
O ation the
Y, p.u o take | corresponding
> place? phase of
stator)
at f, =45 Hz
218.7 1.0 | 343.5 NO -
1.0 | 3974 | YES | i, =348.3
253.0 -
0.613 | 648.0 | YES 1, =357.9
at f, =2 Hz
1.0 | 552 | YES | 1I,=1142
35.11 =
0.085 | 648.0 | YES I, =266.5

It should be noted that if in Fig. 1 there is no load
torque dip below rated value, then with the supply

voltage parameters given in Table 6 at f, =45 Hz

acceleration becomes impossible. In this case, the
inrush current does not change, since it corresponds
to the very beginning of the start, when we have
locked rotor condition.

The inrush current with the amplitude voltage
regulation method is lower than with the selected
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PWC method. But at f, =45 Hz the difference in

current values is only 2.8%, which is insignificant
(the inrush current value with amplitude voltage

regulation is taken as the base value). And at f =2

Hz the difference is already 133.4%.

It should be recognized that from the point of view
of the current value, starting with a large initial load
torque is the most difficult operating mode of the
motor-compressor. An additional increase in the
instantaneous current values is due to the pulsed
nature of the supply voltage. It should also be taken
into account that, according to the data of [17],
simulation gives some discrepancy with experiment
in terms of instantaneous current values. Based on a
comparison of the experimental and simulating data
for the IM of type AZHV250M2RUHL2 which
driving fan onboard of mainline electrical locomotive
[5], [17], it can be recommended to multiply the
current amplitude obtained as a simulation result by
a factor equal to 1.3 - 1.35 in order to take into
account the "greater mobility" of the experimental
current. These factors should be taken into account
when designing the auxiliary frequency converter for
electric locomotives.

It is worth noting that induction motors with a
double squirrel cage on the rotor, as well as with deep
bars ones, are not recommended for operation with
frequency converters [15], [18]. The fact is that the
squirrel cage design of such electric motors is
intended to achieve a high torque during direct
starting [19], [20] from a source of unregulated
voltage with a constant frequency due to the effect of
current displacement in the conductors. During
frequency starting, the final mechanical characteristic
is formed from a set of characteristics obtained by
changing the frequency and voltage. In this case, the
effect of current displacement in the rotor conductors
due to the virtually constant frequency of the current
in the rotor for the fundamental harmonic will not
manifest itself, but the non-sinusoidality of the
voltage at the frequency converter output can, with
such a squirrel cage design, lead to a clearly
expressed displacement of higher harmonic currents
into the upper part of the slot, which is fraught with
overheating.
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