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Abstract: The acceleration time of induction machines (IMs) is essential for proper protection-relay
settings of the machine to prevent voltage sags in local power areas. In this paper, mathematical
modeling of IMs’ speed-time characteristics during no-load direct startup has been presented. Unlike
the approaches presented in the literature, the proposed approach includes the bearing losses, in
which two expressions of the speed-time characteristics of IMs during no-load direct startup are
derived. The first expression was derived based on the Kloss equation used for representing the
torque, and the second expression was derived based on the torque expression determined from the
Thevenin equivalent circuit of the machine. The derived expressions” accuracy was validated using
laboratory measurement and computer simulation approaches. The results obtained show a good
agreement between the measured and simulated speed-time characteristics of two IMs. Finally, the
proposed formulations can provide a simple analytical base to enable accurate IM modeling.

Keywords: bearing losses; induction machines; mathematical modeling; no-load operation; speed-
time characteristics; transient operation

1. Introduction

Induction machine (IMs) are the oldest electrical machines, but they are widely used
in industrial and domestic operations. This machine’s fundamental problem is its starting
period, as starting this type represents a set of processes that occur during acceleration of
the machine from zero speed to a specific speed (rated speed, no-load speed, or others) [1].
During IM direct startup, the rotor currents’ frequency depends on the rotor’s speed, and
the machine’s stator currents are very high, i.e., higher than the rated current. Hence,
analyzing the starting period of IMs is necessary for the protection and stability issues.

In the literature, many IMs’ starting methods can be found. They can be classified
into two broad categories—conventional motor starters and modern power electronic-
based devices to start the machine. The first category involves methods that rely on the
classic regulation of the supply voltage or practices using additional equipment [2,3]. The
direct-on-line (DOL) method belongs to this category, in which it can be realized with or
without the reduced voltage technique [4], the variable rotor resistance method [3], the
shunting of the stator and rotor windings [4], the star-delta method [5,6] and the usage
of auto-transformers [6,7]. The second category involves methods that rely on power
electronics devices or soft starters [2]. The advantages and disadvantages of these methods
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are comprehensively discussed in [7]. The most traditional method for IM starting is the
DOL method [8,9]. However, the DOL method is much more beneficial in parameters
estimation of IMs [10-12].

In this regard, speed-time characteristics calculation during IM startup is essential for
the secure operation power distribution network. Observing the research works investigat-
ing the IM starting process analysis, it can be noted that this research field is vital from two
perspectives.

The first perspective is that the IM starting process can benefit parameter determina-
tion either with a direct startup [8,9] or acceleration [12,13] or acceleration-deceleration
tests [14]. Many research works were dedicated to estimating motor parameters under dif-
ferent conditions. For instance, Yadav et al. in [15] have recognized IM’s parameters using
limited and non-intrusive observations of input voltages, stator currents, and the rotor
speed and convex optimization. Babau et al. in [14] proposed a complete parameter identi-
fication procedure of large IMs from no-load acceleration-deceleration tests. Kojooyan et al.
in [12] have used the instantaneous power of a free acceleration test for squirrel-cage IM
parameters estimation, and Calasan et al. in [16] proposed a hybrid simulated annealing
evaporation—rate water cycle algorithm [17] for parameter estimation of single-cage and
double-cage IMs models.

The second perspective is that the IM starting process duration is significant for
proper machine protection-relay settings, avoiding overheating and poor power quality
issues [1,18]. For instance, starting a large IM can cause substantial voltage sags in industrial
areas, adversely impacting the system’s sensitive and local loads (especially lightning and
personal computers (PC) and power quality [19]. The no-load starting time defines the
value of the maximum starting time, which in turn determines the proper current relay
action (or delay time determination) for IM protection and stable and safe operation. For
that reason, several manufacturers provide equations to determine torque and power
and their relation with starting time [20]. The technical report of low-voltage IMs is
presented in [21], and the equations, which define three-phase IMs and suggestions for the
coordination of protective devices, are given in [22].

As the machine accelerates, the starting currents decrease. The critical period of time
in such a startup period is the critical voltage-sag removal time (CVSRT). CVSRT reflects a
duration from the launch of voltage sags to the instant when an IM’s speed becomes equal
to the rated or other predefined value. CVSRT can be determined in several manners [18].
First, it can be measured by time-domain dynamic simulation that requires a complete
set of IM parameters and an appropriate program package and mathematical equations
set. This approach is quite monotonous since the simulation should be repeated until the
correct CVSRT is found. Second, CVRST can be measured using finite element methods
(FEMs). However, these methods require many machine data, including complete machine
geometric data. Therefore, it is not a practical and hand-useful method, particularly for
older machines [7-9]. Third, CVRST can be determined using an analytical solution of
the speed-time characteristics curve. These approaches are beneficial as they give simple
expressions [13,23], and can be calculated using different program packages (such as
Matlab, Maple, and others).

In the literature, Aree, in [9], has presented an analytical formula for starting time
calculation of medium- and high-voltage induction motors under conventional starter
methods. However, to control the solution using his suggested expression, Aree has
used some additional parameters, and therefore the developed formulation is not entirely
mathematically correct. Likewise, Calasan has introduced different solutions for this
problem in [8,20,24]. He developed an invertible speed-time characteristics curve during
machine startup using Kloss expression for the machine’s torque representation [24]. In [20],
invertible expressions were derived using the machine torque’s full expression based on the
Thevenin theorem and the machine’s single-cage equivalent circuit. An analytical solution
for IM acceleration and maximum acceleration value was presented in [24]. However, the
expressions given did not include the bearing losses in the suggested models; therefore,
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IMs’ speed-time characteristics modeling during no-load direct startups were not accurate
enough. The IM starting time and speed-time curves can also be determined using
numerical time-domain computation (NTDC) approaches [13]. NTDC methods assume
representing the machine with a set of differential equations for electrical machine circuits,
and mechanical motion. However, to describe the IM dynamic’s behavior, numerical
integration techniques should be used. NTDC can be implemented in specific program
packages (for instance, PSpice, Matlab, Mathematica, etc.). However, these methods are
slow, time-consuming, and require the usage of special software.

This paper aims to present a novel mathematical expression for speed-time characteris-
tics representation during DOL machine starting, including the bearing losses to accurately
formulate IMs’ speed-time characteristics modeling during no-load direct startups. In
this regard, two expressions of the speed-time characteristics of IMs during no-load direct
startup are derived. The first expression was derived based on the Kloss equation used
for representing the torque, and the second expression was derived based on the torque
expression determined from the Thevenin equivalent circuit of the machine.

The goal is also to compare the speed-time characteristics obtained by using the pro-
posed expressions with the results obtained using the expressions known in the literature.
The derived expressions” accuracy was validated using laboratory measurement and com-
puter simulation approaches. The results obtained show that the proposed formulations
enable accurate machine modeling under the worst condition—during direct startup. It
should be mentioned that the proposed method did not address saturation of the mag-
netic circuit and current displacement in the rotor bars, as the IEEE standard T-equivalent
scheme for IM machine parameters estimation was used. These phenomena significantly
impact torque-time and current-time curves, which may change the engine startup time.
But the integral equations that need to be solved to calculate the startup time will become
more difficult and complex.

The rest of the paper is organized into few sections. An overview of the known
expressions for speed-time characteristics during machine startup is given in the second
section (Section 2). The two-novel expressions for IMs’ speed-time characteristics during no-
load direct startup are presented in the same section. The simulation results are illustrated
in the third section (Section 3). Further, experimental verification of the proposed equations
is presented in Section 4, while the concluding remarks are given in Section 5.

2. Existing Methods and the Novel Expressions Proposed for Speed-Time Curve
Representation during No-Load Direct Startup of IMs

A short review of the previously published papers concerning the IM’s speed-time
characteristics during direct startup is given in this section. In addition, the novel expres-
sions proposed for the mentioned characteristics are presented.

2.1. Aree’s Method

In [9], Aree has presented a method for formulating the IM’s no-load direct startup.
In the mentioned paper, many simulations and experimental results for different starting
strategies were introduced.

For the description of the speed-time characteristics, Aree has derived the following
expression for time ¢:

TN oo [ 6
t= 3O;k]10g< P— > €))

where 7 is the speed of rotation, 1y, is the lower speed value, 1,j, and k; are coefficients
that depend on load and machine data, and | is the moment of inertia. However, to enable
stability of the solution, Aree has added a correction factor named ¢ that does not have any
physical representation.
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2.2. Calasan’s Method

Calasan have described two invertible expressions for the speed-time curve represen-
tation of IM during direct startup. The following expression was derived in [20]:

Jw? (R% + (X1 + X2
- U3R, 2

)2> (1 _ 52) +2R7Ry(1 —s) — R3log(s) 2

where s is the machine’s slip, Ry and Xt and Ut represent the Thevenin equivalent resis-
tance and reactance and voltage of the IM’s equivalent circuit, respectively.

On the other side, in [24], Calasan has proposed the following expression to represent
the IM’s speed-time characteristics during direct startup.

o Jws (1—52

= Joe (L2, log<s>) ©)

where My, is the maximum machine torque, and sy, is its corresponding slip. Details about
the parameters given in Equations (2) and (3) are presented in Appendix A.

However, it should be noted that for both derived expressions, the bearing losses
were ignored.

2.3. Proposed Expressions for Speed-Time Characteristics Representation, with Bearing Losses
2.3.1. The First Expression

The basic mechanical equation that represents rotation of any IM is given based on
Newton’s second law of motion as follows:

dw

]E = Mem — Mfriction 4)

The electromagnetic torque (M,;,;) can be expressed in terms of the Kloss equation. In
addition, the torque due to friction (Mfction) can be represented using the speed of rotation.
The time increment (df) can be calculated as follows:

B Jwss? + ]wsS%,
Bwss® — Bwss? + (2My, Sy, + Bwss?,)s — Bwsss,

dt ds @)

Therefore, the total startup time up to realize a certain speed is obtained as follows:

S
t:/ ]wssz+]wssir
/ Bw;s® — Bwgs? + (2Mp,spy + Bwss?,)s — Bwss?,

ds (6)

Equation (6) can be written in a more general mathematical form as follows:

S
06152 + oS + a3
= [ @)
/ 048° + n58° + S + Ay
so that:

061 = ]wS/
ay =0,
0(3 - ]('USS%Y/
Ny = B(,Us, (8)
A5 = —Qy,

g = 2My,sp, + Bwss%r, and
ny = —Bwssir
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The previous integral expression can be easily solved for any IM with known appro-
priate parameters. Firstly, one can formulate the solution expression as follows, in which
the unknown coefficients ki, ky, k3, 51, 71, 2, and r3 should be determined.

2152 4 aos + a3 Kk kos + k3 ©)
0483 + a552 +ags +ay s —51 1182+ 15 + 13
The coefficient s represents a real pole of the equation; thus:
w48° + a5s® 4 ags + a7 =0 (10)

The coefficients 71, 7o, and 3 are determined by dividing the polynomial ays® + azs? +
s + ay with the polynomial s — s.
The other coefficients can be defined as follows:

k1 (r132 + 798 + r3) + (s —51) (kos + k3) = a15% 4 aps + a3 (11)

Then, a system of equations is formed as follows:

1

kl r 1 0 - "1
k2 = rp X1 1 1% (12)
k3 r3 0 —X1 o3

Hence, the time expression is obtained by solving the following integrals. Thus:

s s
t:/ k1 ds+/2kzs—+k3ds (13)
/ s —81 / 718° + 18+ 13

Solution of Equation (13) is given as follows:

t=hL+L+1I5,
I = kylog(1l —s1) — ky log(s —s1),

I — 2ks tan 1 (2r1+rp)  tan"!(2rys+1y) (14)
2 \/4r3r17r% \/4r3rlfr§ \/4r3r17r§ !

Iy = kz(ﬁ(log(m + 12+ 13) — log(r15> + 128 +r3))> — 2%,%

2.3.2. The Second Expression

The second approach for the IM’s speed-time curve characteristics during the no-load
direct startup is based on using the machine torque expression derived from the Thevenin
equivalent circuit. Hence, the mechanical equation of the IM’s rotation is given as follows:

BN

— Bas(1—5) (15)
(Rr+ &)2 + (X7 + Xy)?

S



Appl. Sci. 2021, 11,5102

6 of 15

In such a case, Equation (15) can be rewritten in the form of Equation (7), so that:

&1 = Jws (RZT + (X7 + Xz)z),
& = 2RTRyJws,

a3 = JwsR3,

g = Bws (RZT + (X1 + X2)2>, (16)
a5 = Bws (ZRTRz —R2— (Xp+ Xz)z),

ng = @ + Bws(R3 — 2RTR;),and

w7 = Bw, (R2T + (X7 + X2)2>.

After that, the procedure to determine the starting time will be similar to the first
expression’s previously described methodology.

3. Simulation Results and Analyses

To demonstrate the accuracy of the proposed expression for speed-time characteristics
determination of an IM during a direct startup, we studied an IM whose parameters are
given in Table A2 in the Appendix B. We have also considered the Matlab/Simulink model
for speed-time curve determination during direct startup described in [20,24].

For the analyzed machine, the simulation speed-time curve during direct startup,
determined for different bearing loss values (B = 0.1 and B = 0.2), is explored in Figure 1.
The results obtained using the proposed expressions are compared with the model results
in the same figure. As can be seen, the proposed expression for the speed-time curve
during no-load direct startup based on the Thevenin theorem is very close to the results
obtained by the Simulink model. Furthermore, for the mentioned curves, the settling time
and the rise time are almost identical.

On the other side, the Kloss equation’s proposed expression demonstrates some
mismatching with the previously mentioned results. The impact of the variation of the
supply voltage on the speed-time curve during the IM’s no-load direct startup is presented
in Figure 2. The results obtained using the earlier expressions in [8,20,24] for IM speed-time
curve determination are also shown in Figure 2.

It can be seen that the bearing loss has an impact on the speed-time characteristics, as
demonstrated in Figure 3. As the bearing loss’s value increases, its effect on the mentioned
curves will be considerable and visible. Furthermore, the higher values of bearing loss led
to a rise in the machine’s take-off time.
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Figure 1. Speed-time curve of the IM (J = 4.9 kgm?, B = 0.1, U = 200 V) during no-load direct start-up:
(a)B=0.1,and (b) B=0.2.
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Figure 2. Impact of variation of the supply voltage on the speed-time curve during no-load direct
startup (J = 9.4 kgm? and B = 0.1).
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Figure 3. Impact of variation of the bearing loss on the speed-time curve during no-load direct
startup (J =9.4 kgmz, u=200V).

4. Experimental Results

The performance of two different IMs (SIEBER LS71, denoted as IM#1 and ATB SEVER
1.ZK90 L-6, denoted as IM#2), with the parameters given in Table A3 in the Appendix B,
has been investigated to confirm the accuracy of the derived expressions.

The experimental setup for testing these machines was realized in the Laboratory for
Electric Machines and Drives at the Faculty of Technical Science, University of Kragujevac,
Serbia. First, the initial tests (open-circuit and short circuit-tests) have been carried out
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to determine the equivalent motor parameters, and the obtained values of the equivalent
circuit data are presented in Table 1.

Table 1. Calculated equivalent circuit data.

Parameters IM#1 IM#2
Ry (QY) 23.6000 7.3365
R, (QY) 17.4600 4.5736
X1 () 11.8378 5.7642
X5 (Q)) 11.8378 5.7642
Xm (QY) 361.1000 87.2755

] (kgmz) 0.00035 0.0054

Second, to determine the friction torque and bearing losses, both motors were powered
using a Danfoss frequency converter. A resistance-current compensation was carried on
the frequency converter; therefore, the torque was constant for all frequencies, allowing
parallel mechanical (i.e., torque-speed) characteristics during recording. Further, the mo-
tor load (directly proportional to the friction torque) at different speeds was determined
using the triangle similarity rule. With the resistance-current compensation enabled at
voltage/frequency (U/f) control (and slip compensation disabled), one can roughly as-
sume that all the machine characteristics (the torque as a function in the speed) would
be parallel as frequency changes in a speed frame of interest. In that case, any difference
in the speed (with an unloaded machine) will reflect the friction torque. Thus, the small
changes in speeds at different frequencies have been recorded, and the friction torque was
calculated in a wide-speed region. B’s value was determined from the value of this torque
(Mgiction = B*n), as shown in Figure 4 for both machines. Catalog data of the value of the
moment of inertia was already known for both motors.

It should be noted that the friction torque is not linear with speed, especially at low
speeds. Stribeck friction cannot be neglected at low speeds. However, in the literature,
the friction torque is usually linear with speed as it mainly reflects viscous friction in
bearings. This approximation was made in this work, and the friction torque was consid-
ered viscous torque because it would be hard to experimentally determine the Stribeck
friction component that exists only at low speed. Another way to determine the friction
torque is to form the speed response characteristic with a switched-off motor at high speed.
However, complex mathematical investigations will be needed to model the non-linear
region accurately.

A precise recording of the two analyzed machines’ run-up was performed. It was
realized by an encoder on the motor shaft and a digital signal processor (DSP) that collects
data at 100 ms. The speed recording for IM#1 and IM#2 was performed using different
voltage values—130 V and 190 V for IM#1 and 125 V and 150 V, for IM#2. All the records
were identified where the motor is turned on at 100 ms.

The measured and the simulated results are presented in Figures 5 and 6, for both
machines. The perfect agreement between all simulated and measured results is apparent.

Power
source

Danfoss converter Electric motor

(@)

Figure 4. Cont.
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Figure 5. Measured and simulated speed-time characteristics of IM#1.



Appl. Sci. 2021, 11, 5102

11 of 15

Speed [rpm]

1200

1000

800

600

400

200

700

650

600

~~~~~ G- Measured characteristic - 126V
—%— Measured characteristic - 150V
= »2aai Calasan 2020
== = = Calasan 2019
—==—=- Proposed method - Kloss equation
Proposed method - Thevenin theorem -

100 200 300 400 500 600 700
Time [ms]

Figure 6. Measured and simulated speed-time characteristics of IM#2.

The methods presented in [8] and the proposed method based on the Kloss equation
provide the most considerable deviations from the measured values. The main reason
is that the Kloss equation does not represent an ideal approximation for a real torque-
speed curve. However, the proposed method based on the Thevenin theorem gives the
best matching results with the experimental results. This conclusion is identical to the
conclusion derived from the previous simulation results. Therefore, it can be concluded
that the proposed expressions in this work are accurate; they were derived without any
mathematical assumption, and they enable obtaining results that are in perfect agreement
with the measured results. The derived expressions can benefit IM protection device
settings or test the duration of voltage sags in power networks caused by IM starting
or similar.

5. Conclusions and Future Works

In this paper, exact mathematical expressions towards accurate speed-time character-
istics IMs modeling during no-load direct startups were derived. The derived expressions
were based on the Kloss equation and electromagnetic torque expression derived from the
Thevenin single-cage equivalent circuit, and unlike the literature, both of them include the
bearing losses. Both expressions are novel and are not presented before in the literature.

The speed-time characteristics during direct startup for different IMs (in respect
to power) obtained using the proposed methods are compared with the characteristics
obtained using the corresponding expressions presented in the literature. The simulation
and experimental results observed validate the figured-out conclusions about the accuracy
of derived expressions.

The small differences in the calculated acceleration times are due to the fact that the
investigated machine sizes are small. However, for higher machines power, the differences
will be higher. Although the differences are small, the mathematical relation proposed
in this work is accurate as they include bearing losses, simple and straightforward. In
addition, the proposed expressions can generally be applicable for all IMs, for old and new
machines, regardless of the machine power or voltage level.
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The derived speed-time dependence can be used for different engineering applications—
protective device settings in power networks with an IM, settings phase current protection
relay actions of IMs’, testings of the impact of IM starting on sensitive loads, and others.

In future works, much attention will be paid to calculating the loaded IM’s speed-
time curve. In such a case, starting the loaded IM with ventilation characteristics will
be investigated. In addition, a speed response characteristic with a switched-off motor
at high speed will be addressed to accurately determine the friction torque. Besides, the
nonlinear saturation of the magnetic circuit and current displacement in the rotor bars
will be investigated and solved as these phenomena significantly impact torque-time and
current-time curves, which may change the engine startup time.

Author Contributions: M.C. designed the problem under study; M.C., M.A, MR, NK,, performed
the simulations and obtained the results; M.C., B.A. and S.H.E.A.A. analyzed the obtained results;
M.C. wrote the paper, which was further reviewed by S H.E.A.A.,, M.A,, M.R,, N.K. and B.A. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to acknowledge the financial support received from Taif University
Researchers Supporting Project Number (TURSP-2020/278), Taif University, Taif, Saudi Arabia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to their large size.

Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations

CVSRT  Critical voltage-sag removal time
DOL Direct-on-line

DSpP Digital signal processor

FEMs Finite element methods

IMs Induction machines

PC Personal computer

CVSRT  Critical voltage-sag removal time
DOL Direct-on-line

DSP Digital signal processor

FEMs Finite element methods

IMs Induction machines

PC Personal computer
Nomenclature

B Bearing loss

dt Time increment

J Moment of inertia (kgm2)
M IM’s torque

My, Maximum machine torque
Mem Electromagnetic torque
Meiction Torque due to friction

n Speed of rotation

o Lower speed value

1y, and k]- Coefficients that depend on load and machine data
Mg Synchronous speed
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Rrand X7  Thevenin equivalent resistance and reactance of the IM’s equivalent circuit
Rq Stator resistance
Ry Rotor resistance referred to the stator side
s Slip of the machine
Spr Corresponding slip at the maximum machine torque
t Time to represent the IM’s speed-time curve during direct startup
Ur Thevenin equivalent voltage
u Supply line-to-line voltage
X1 Stator leakage reactance
X Rotor leakage reactance referred to the stator side
Xm Magnetizing reactance
S Aree’s correction factor
Appendix A
In Equation (2), Rt and X7 are given as follows:
Ry X2
R+ = 1%m
T R+ (Xq +Xm ) (A1)
Xy = X R34+ X2 X+ X1 X2,

R%"!‘(Xl +Xm )2

R; denotes the stator resistance, R, denotes the rotor resistance referred to the stator
side, X; denotes the stator leakage reactance, X, denotes the rotor leakage reactance
referred to the stator side, and X, represents the magnetizing reactance. In addition, Ut

represents the Thevenin equivalent voltage (Ur = % U), where U is the supply line-

to-line voltage, ws = 276%15 and #; is the synchronous speed. The expression was derived

by observing the IM’s Thevenin equivalent circuit and formulating the IM’s torque (M),

as follows: )
our/ ) .

M " 5 (A2)
§ (RT+ %) + (XT+X2)2
In Equation (3), My, and sy, can be calculated in the following manner:
2
M. — 3(UT/\B> X7+Xp
br Ws (Rr+X7+X) +(Xr+X)* (A3)
_ Ry
S —_ Y2
br R%-+(XT+X2)2

This expression was based on the Kloss equation for the machine’s torque representa-
tion. So that:
2Myy

S S
+ 2br

Spr 'S

M= (Ad)

Appendix B

The investigated IM parameters are given in Table A2.

Table A1l. Parameters of the considered induction machine.

Parameters Values
Pp (kW) 37.3
Un (V) 400
f (Hz) 50
p 2
R1 () 0.028

Ry (Q) 0.081
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Table A2. Cont.

Parameters Values
X1 () 0.0169
Xz () 0.081
X () 1.5156
Jn (kgm?) * 49
Ry (O)) 0.081
* Rated value of the moment of inertia.
Data of the studied machines are given in Table A3.
Table A3. Data of the studied machines.
Parameters IM#1 IM#2
Rated power (kW) 0.370 1.100
Rated voltage (V) 230/400 220/380
Rated current (A) 1.7/1 6.0/3.5
Power factor 0.83 0.7
Rated speed (rpm) 2790 920
Maximal torque (Nm) 45/1.5 32.5/10.5
Breaking slip 0.4 0.45
Rated torque (Nm) 1.26 11.42
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