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Computer-measuring system of the induction motor’s
dynamical torque-speed characteristics

In the article an efficient method of determining the dynamic torque-speed characteristic of induetion motors
and the computer-measuring system for its realization is considered. In this method, the additional flywheel is
used, the dynamic measurements of the angular speed as a function of time are taken at the start, after the end
of the transition process, and at during the self-braking mode of the induction motor. For approximating the
data that are obtained as a result of the measurements, the moving average algorithm is used. Also, with the
help of this system, the inertia moment, angular speed dependence on time, electromagnetic dynamic moment
dependence on time, electromagnetic dynamic power dependence on time, mechanical dynamic power de-
pendence on time, and dynamic loss in rotor winds dependence on time are measured. In.the article, the re-
sults of experimental measurements of the induction motor characteristics using a proposed computer-
measuring system are given. The proposed system is experimental; in the future, it can be used to test induc-
tion motors during their production processes.

Keywords: computer-measuring system, dynamic torque-speed characteristic, induction motor, moving aver-
age algorithm.

The measurement of the dynamical torque-speed characteristic is important in the electrical machine
check for all kinds of electrical machines. The three-phase alternating current motors with short-circuit rotors
(induction motors) are widely used in a variety-of industrial applications due to their rather simple design.
Determining the parameters of induction motors by their torque-speed characteristic is important for the
proper use of the motors since the torque moment and the mechanical losses must be agree [1]. It is common
practice to determine the dependence of the torque moment from the angular speed for the study of a motor
characteristics in the static and dynamic modes of its operation.

The authors in [2] consider an efficient method of determining the maximum performance torque-speed
characteristic for an induction. motor ' drive. This method is based on a mathematical model that provides a
method of calculation for the output power, the apparent power, the power factor, and the efficiency vs the
speed. The proposed method is applicable to the analysis of induction motors based on the results of measur-
ing their output characteristics. The authors in [3—6] deal with the practical application of the acceleration
method for evaluating induction machine torque-speed and current-speed characteristics. Also, this paper
considers the influence of the time measurement on the shape of torque-speed characteristics. However, this
method does not take into account the accurate value of the moment of inertia of the electric motor rotor. The
authors of [7] describe the measuring method for determining the torque-speed characteristic of an induction
machine, which is determined by recording and differentiating the speed signal during the starting of the ma-
chine. In the proposed system, the data is gathered using a measuring system based on a digital acquisition
card and processed in custom software, built using LabVIEW, on a personal computer. This system does not
take into account the mechanical losses on the electric machine shaft and the accurate value of the rotor’s
moment of inertia. The authors in [7-9] present a measurement method for the determination of the torque-
speed characteristics of induction motors, which is in compliance with the IEEE standard test procedure for
polyphase induction motors and generators [1]. To implement this method, dynamic measurements of the
angular speed as a function of time are carried out. Afterward, digital filtering of the obtained data is carried
out, then the dependence of the angular acceleration as a function of time is calculated using digital differen-
tiation. On the basis of this dependence, the torque-speed characteristics are calculated. In this method, the
measurements are taken with no load on the motor shaft. The dynamic measurements of the angular speed as
a function of time are taken during the start and after the end of the transition process, and the measurements
in the process of the self-braking mode are not carried out. The authors in [10, 11] describe the use of a
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curve-fitting technique to deduce the nominal torque-speed characteristic of a three-phase induction motor
from the speed data obtained in a no-load acceleration test. In paper [12] the authors propose the measuring
method of the rotor moment of inertia at the use of various numbers of additional flywheels. In this method,
B-splines are used for the processing of measured data obtained during the start. In this case, a determination
of the torque-speed characteristics during the self-braking mode is not carried out.

There is a group of methods based on the computation of the torque-speed characteristic on the basis of
the induction motor parameters, mathematical model or substitution schemes of the induction motor [13—17].
These methods are often used in automated electric drives, but they do not take into account the exact values
of the mechanical losses and the moment of inertia. This is the reason for the additional measurement error.

One of the most labor-consuming operations that electrical machines check is the measurement of the
dynamical torque-speed characteristic. The dynamical torque-speed characteristic is a very informative.char-
acteristic; it increases the probability of being able to determine certain parameters of the electrical machine,
such as the starting, minimum, maximum, nominal, and critical moments. Using synchronous hollows of the
dynamical torque-speed characteristic it is possible to analyze the condition of electrical machine isolation.
However, due to the lack of necessary measuring devices, the dynamical torque-speed characteristic in some
cases is not supervised. The main parameters of the dynamical torque-speed characteristic are the rotor iner-
tia moment and the moment of mechanical losses. Most of the existing means for measuring the dynamical
torque-speed characteristic admit, that the moment of mechanical losses is constant when actually, it is a
function of the shaft angular speed. The moment of inertia is determined through'different means of meas-
urement that are all time-consuming.

Thus, there is a necessity for a more exact and automated measurement of the inertia moment and mo-
ment of mechanical losses for determining the dynamical torque-speed characteristic. This requires a com-
puter-measuring system of the induction motor dynamical torque-speed characteristics with improved metro-
logical parameters, which uses various modes of the induction motor operations.

The authors offer a method of measuring the dynamical torque-speed characteristic, which consists of
the following.

The dynamical torque-speed characteristic is dependent on the moment on the shaft of the electrical
machine M, at an angular speed:

dw
Md(u))z‘].z_i_MO(m)’ (1)
where J — rotor inertia moment; M <— moment of mechanical losses; @ — angular speed of rotor; and
t — time. A necessary condition for its realization is the availability of the additional inertia moment J, ,

executed in a kind, simple body of rotation; for example, a disk or a cylinder. The additional inertia moment
size is calculated by its geometrical and weight parameters.

First, the dependence of the angular speed on time in two modes of the induction motor operation with-
out an additional inertia moment is measured. During the time of the transient mode (after starting) the de-
pendence of angular speed ®, on time is measured, at achievement of synchronous speed the induction mo-

tor is disconnected from the power supply. Furthermore, during its self-braking mode, the dependence of
angular speed ®,, on time is measured.

Third, when the induction motor has been stopped on the shaft end, the additional inertia moment J,, is

established; then; the induction motor is started. After achievement of synchronous speed the induction mo-
tor is disconnected from the power supply, and during its self-braking mode, the dependence of the angular
speed ®,, on time is measured.

Accordingly, the induction motor movement equations without an additional inertia moment and with
an additional inertia moment J,, are outlined in the following equation.

M, (0)=J e (0)+ M (w)
0=1J €, (0) + M, )
0=(J+J,) g, (@0)+ M,

where M ,(®w) — electromagnetic moment; € () — rotor angular acceleration dependence on the angular

speed of the rotor throughout the transient mode (after the start); 8,,1((1)7 — rotor angular acceleration de-
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pendence on the angular speed of the rotor during its self-braking mode without the additional inertia mo-
ment; €,,(®w) — rotor angular acceleration dependence on the angular speed of the rotor during its self-

braking mode with the additional inertia moment.
The methodical basis of an offered method is to decide on a system from three equations (2) with three

unknown parameters: M, (o), M, and J. After moving the unknown parameters of system (2) to the left-
hand part, we obtain the following equation:
M, (0)-M,(0)—J e (0)=0
My = (@) =0 3)
_MO(m) —Jgu(0)=J, €, (0).
Having decided on a common second and third equation of a system (3), we obtain the following equa-
tion:
J — Jm . 8172 (0‘)) ; (4)
€1 ((’)) — & ((9)
€1 (@) € (w)
€1 ((9) — € ((’))
Value of inertia moment J is averaged in all ranges of the induction motor angular speed. The elec-
tromagnetic moment M, is determined from the first equation of system (3)
e (w)—¢,(m):g,(®
M‘,[((D):Jm( 3( ) bl( )) b2( ) (6)
g, (w)—¢,,(w)
M (o) is a dynamic electromagnetic moment without a moment of mechanical losses M (). The

My(w)=J,- 6))

complete dynamic moment M (o) is determined from
M (0) = M, (0)+ M@=/, o2 D8 ™)
€, (0)—¢,(m)
The offered method can be applied to the-determination of the inertia moment J and moment of me-
chanical losses M, . For this purpose, it is necessary to eonduct two experiences of self-braking and to de-

termine the required parameters under the formulas(4)—(5). The offered method enables the determination of
not only the dynamical torque-speed. characteristic but other characteristics of the induction motor in a dy-
namic mode of its work [18], including:

— the electromagnetic dynamic mechanical characteristic M, (®) ;

— the electromagnetic moment M ,(t) ;

— the dynamic mechanical characteristic M, (®);

— the dynamic moment M ,(?) ;

— the angular speed at:the induction motor’s various modes w= f(¢);

— the sliding s = f(¢) ;

— the'rotor inertia moment J ; — the electromagnetic dynamic power P, = (), P, = f(®):

P,=M, o; ®)
~ the mechanical dynamic power P, = f(¢), P, = f(®):
B, =F, (1-5); (€))
—the dynamic loss in rotor winds P, = f(¢), P, = f(®):
P=P,s. (10)

Essentially, it enables the expansion of an area to occur using a given method.

To implement this method, an experimental computer-measuring system of the induction motor’s dy-
namical torque-speed characteristics was developed. The appearance of the experimental setup for the com-
puter-measuring system is shown in Figure 1, and the computer-measuring system structural scheme is
shown in Figure 2.
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Induction motor’s rotor (model 4A71A4CY1) with the muff is connected to an angular speed sensor
(model BE-178), the output signal of which is fed to a microcontroller unit. In the experimental setup, it is
possible to fix two additional flywheels on the motor shaft for implementing the proposed method of measur-
ing the inertia moment. The electromagnetic brake, which is shown in Figure 1, is designed to study the start-
ing characteristics of the motor and not for measuring the inertia moment.

1 — angular speed sensor; 2 — electromagnetic brake; 3 — muff; 4 < investigated induction motor;
5 — additional flywheels for measurement the inertia. moment

Figure 1. The appearance of the experimental setup for the.computer-measuring system
of the induction motor’s dynamical torque-speed characteristics

The microcontroller unit uses a microcontroller manufactured by Microchip Technology Inc. and exter-
nal RAM static memory chips for storing an array of measurement results. Data transfer to a personal com-
puter (PC) is carried out through a USB interface. To convert Universal Synchronous/Asynchronous Receiv-
er/Transmitter (USART) port signals to a USB interface, a Future Technology Devices International (FTDI)
converter is used. The microcontroller provides control of the supply driver in turning the motor on and off.

In the offered computer-measuring system of the induction motor’s dynamical torque-speed characteris-
tics, the dependence of the angular speed of the motor shaft on time is measured with the aid of a digital an-
gular sensor, which provides the formation of 1,000 pulses per revolution of the motor shaft. The time inter-

val between the two output pulses of this sensor corresponds to the rotation of the motor shaft by ¢, =0.36".
The average angular speed over a time interval between two pulses is defined as the ratio of angle ¢, to this
time interval.
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Figure 2. The structural scheme of the computer-measuring system
of the induction motor’s dynamical torque-speed characteristics
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In general, the algorithm of the computer-measuring system of the induction motor’s dynamical torque-
speed characteristics is as follows:
. Formation of a signal to control the supply driver to turn on the motor.
. Measuring the carrying out angular speed dependence on time during the starting of the motor.
. Formation of a signal to control the supply driver to turn off the motor.
. Measuring the carrying out angular speed dependence on time during the motor’s self-braking mode.
. Transfer of measurement results to a PC.
. Attaching an additional flywheel to the motor shaft to measure the moment of inertia.
. Repeat steps 1-5 with the additional flywheel installed.
. Processing of measurement information on a PC.

Figure 3 shows the experimental measurement results of the angular speed dependence on time:during
the starting of the motor. Figure 4 shows the experimental measurement results of the angular speed depend-
ence on time during the motor’s self-braking mode.
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Figure 3. Experimental measurement results of the angular speed dependence
on time during the starting of the motor
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Figure 4. Experimental measurement results of the angular speed dependence
on time during the starting of the motor

To determine the dependence of the angular acceleration on time for further calculation of the dynam-
ical torque-speed characteristics, it is necessary to differentiate the dependence of the angular speed on time.
Because the output signal of the sensor has a discrete character, the result of the direct differentiation of the
angular speed dependence on time has a very high error. To reduce this error, it is necessary to average the
results of the angular speed measurements. In our case, a moving average algorithm is used. This algorithm
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is a popular way of measuring approximate results [19]. With digital signal processing, this algorithm is very
effective at suppressing parasitic high-frequency components in the measuring signal. It also does not require
a large number of calculations (such as spline-approximation), which allows it to be used in real time mode.
The digital processing of the angular speed measurement results is carried out as follows [19]. The additive

noise n(k), which has a mathematical expectation E{n(k)}, is added to the angular speed value s. Thus,

the measurement value is described by the following expression:
y(k)=s+n(k), (an
where k£ — the measurement number; y — the measurement value of the angular speed.
To determine the assessment of the signal using the method of least squares with the loss function:

N
V=Y [ytk)-s], (12)
i=1
where N — number of measurements.

.. arv . . .
From the condition I =0, we obtain the following expression for the average value of the measure-
s

ment results:
n 1 &
SN =—>"y(k), (13)
NS

To obtain a recursive variant of the algorithm from expression (13), the previous estimate §(N —1) is
subtracted, as outlined in the following equation:

§(k)=§(k—1)+%[y(k)—§(k—1). (14)

With an increasing value of &, the influence of the individual measurement results on the §(k) de-
creases. If the parameter &, =const is used instead of the parameter £ in expression (14), the effect of all
subsequent measurements will be same, and Expression (14) will take the form

5(0) =3k =)+ )= S~ D))= =25k =1+ 300 (15)

(0] (0]

By experimentally selecting the k, parameter’s value, the necessary averaging degree of the series of

measurements is established.

Below are the results of the experimental measurements of the induction motor’s dynamical torque-
speed characteristic (Fig. 5), electromagnetic dynamic moment’s dependence on time (Fig. 6), electromag-
netic dynamic power’s dependence on time (Fig. 7), mechanical dynamic power’s dependence on time
(Fig. 8), and dynamic loss in rotor wind’s dependence on time (Fig. 9). The graphs show the measurement
results in a thin line without using the moving average algorithm, in a thick line using the moving average
algorithm.
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Figure 5. The induction motor’s dynamical torque-speed characteristic measurement result
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Figure 8. The mechanical dynamic power’s Figure 9. The dynamic loss in rotor winds’
dependence on time dependence on time

An experimental version of the computer-measuring system of the induction motor’s dynamical torque-
speed characteristics was developed. With the help of this system, the dynamical torque-speed characteristic,
inertia moment, angular speed’s dependence on time, electromagnetic dynamic moment’s dependence on
time; clectromagnetic dynamic power’s dependence on time, mechanical dynamic power’s dependence on
time, and dynamic loss in rotor winds’ dependence on time were measured. The proposed system had the
following basic metrological characteristics:

— Lower limit of angular speed measurement: 3 rad/s;

— Upper limit of angular speed measurement: 370 rad/s;

— Error of angular speed measurement < 1.5 %;

— Lower limit of dynamic moment: 0 Nm;

— Upper limit of dynamic moment: 30 Nm;

— Error of dynamic moment measurement < 2.5 %;

— Lower limit of inertia moment measurement: 0.0004 kg-m?;
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— Upper limit of inertia moment measurement: 0.005 kg-m’;

— Error of inertia moment measurement < 5 %.

The measuring method of the rotor moment of inertia at the use of an additional flywheel and the angu-
lar speed’s dependence on time during the motor self-braking mode were proposed and implemented.

To reduce the error of direct differentiation of the angular speed’s dependence on time a moving aver-
age algorithm was used. This enabled the improvement of the characteristics of the system in comparison
with analogues.
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ACHHXPOH/IbI KO3FAITKBIIITHIH aiiHAIMAIbI MOMEHTIHIiH INHAMMKAIBIK
cUnaTTaMaJapblH KOMIBLIOTEPJiK-0111ey Kyieci

Makanazia aCHHXPOHBI KO3FaJITKBIIITAP/BIH )KOHE OHBI iCKE achIpy YIIiH KOMIIBIOTEPIIIK-OJIIIeY JKYHECiHIH
aifHaIMaJIbl MOMEHTIHIH TUHAMUKAIBIK CHUIIATTAMACHIH aHBIKTAYIBIH THIMII 9JiCi KapacThIpbULAbL. by omic
KOCBIMIIIa MaxOBHKTI KOJITAHBIIT )KoHE OYPBIMTHIK KBUIIAMIBIKTEl AUHAMHKAIBIK ©JIIIey, OacTarkel, oTIeNni
nporecc asKTaJFaHHaH KeliH )KoHe aCHHXPOH/BI KO3FAITKBIITHIH 031H-031 TeXXey PeXUMIH/Ee OpBIHIAIaThIH
YaKbIT (YHKIUSCHI PeTiHAE KONJAHBUIABL OJIIey HOTMDKECIH/E ajJbIHFaH JEepeKTepAi armnpoKCHMalusuIay
YILIH KBUDKBIMANbl OpTa aaroputMi maimanbiasl. COHbIMEH Katap Oyl JKYHEeHIH KeMeriMeH HHEepIHs
MOMEHTI, OYpPBIITHIK KbUIIAMIBIKTBIH yaKbITKA TOYENJIINiri, 3J1eKTPMarHUTTIK IMHAMUKAJIBIK MOMEHTTIH,
SNEKTPMATHUTTIK JMHAMHKAIBIK KyaTThIH, MEXaHUKAJIBIK JHHAMUKAJIBIK KyaTThIH, )OHE POTOP >KeIAepiHeri
JMHAMUKAJIbIK IIBIFBIHAAPABIH yaKbITKA TOYENAUTIKTepi eueHeni. Makanaaa yChIHBUIFAH KOMIIBIOTEPJIiK-
ejlIey JKYHWeciH maianaHa OTHIPBIN, ACHHXPOHABI KO3FAJITKBIIITHIH CHIATTAMAJIapblH SKCHEPUMEHTTIK
oJIIIIey HOTIDKENepl KeNTipinreH. ¥CHIHBUIFAH JKyiie SKCIEPHMEHTTIK OOJIBIN TaOBUIAABI JKOHE OJaH opi
OJIapJIbl OHJIPY NMPOIECIHAE ACHHXPOH/IB! KO3FAITKBIIITAPbI ChIHAY YIIIH MaliaanaHbUTybl MYMKIH.

Kinm ce30ep: KOMIBIOTEpPIIK-ONIICYy JKYHeci, JWHAMUKANBIK KBUIIAM-)KbUIIAMIBIK  CHIIATTAMACHI,
ACHHXPOH/IBI KO3FAJITKBIII, KBUDKBIMAJIBI OpTa alTOPHTMI.

B.1O. Kyuepyk, WU.I1. Kypbrthuk, E.3. Owmanos, [TL.HU. Kynakos,
A.A. Cemenos, [[.)K. Kapabexonra, A.K. XaceHoB

KomnbioTepHo-u3MepuTe/ibHAS CHCTEMA THHAMHYECKUX XapaKTePUCTHK
KPYTSero MOMEHTAa aCHHXPOHHOLO IBUraTeJIsl

B crarbe paccMoTpeH 3((eKTHBHBIH METOA ONpe/eNeHus TMHAMUYECKOH XapaKTepUCTHKN BPAILATEIbHOTO
MOMEHTa aCHHXPOHHBIX JBUTaTeliel 1 KOMIBbIOTEPHO-U3MEPUTENBHON CUCTEMBI AJISI €ro peanu3anun. B atom
METOJIE HCIIOIb30BAHBI JOMOIHUTENbHBIH MaXOBHK, TMHAMUYECKHE H3MEPEHMS YTIOBOM CKOPOCTH, Kak
(YHKIMU BpEMEHH, BBITIOJIHAIOLIErocs B Ha4alie, TaioKe HoCiie OKOHYAaHMS NePEX0JHOTO MPoLecca U B Pexku-
M€ CaMOTOPMOXKEHUS aCUHXPOHHOIo jaBuratens. [Jis anmpoxcuUManuy AaHHBIX, IOIYYEHHBIX B Pe3yJbTaTe
U3MEPEHUH, IPUMEHEH aIFOPUTM CKOJIB3AIIEro cpeanero. Kpome Toro, ¢ moMomMbIO 3TOH CUCTEMBI U3MEpS-
IOTCSI MOMEHT MHEPIUH, a Takke 3aBHCHMOCTH (OT BPEMEHH) YTIOBOM CKOPOCTH, JIEKTPOMArHUTHOTO JHHA-
MUYECKOr0 MOMEHTA, 3JIE€KTPOMArHUTHOW JUHAMUYECKOM MOIIHOCTH, MEXaHHMYECKON NUHAMHYECKOH MoII-
HOCTU U JAMHAMHUYECKUX IOTEpb B BeTpaxX poropa. B cTaThe mpuBeIEHBI pe3yabTaThl SKCIEPUMEHTAIbHBIX
U3MEpEeHHH XapaKTEePUCTUK ACHHXPOHHOTO [BHIATElNsl C HCIOJIb30BAaHUEM MPEATOKEHHON KOMIBIOTEPHO-
U3MepuTenbHOI cucTeMsl. IIpeioxeHHas cucteMa sBISETCS SKCIIEPUMEHTAIBHON M B JaJbHEHUIIEM MOXKET
OBbITH UCTIONIBb30BAHA IS NCIIBITAHUM ACHHXPOHHBIX JABUTATENEH B Mpoliecce UX MPOU3BOACTBA.

Kniouesvie cnosa: KOMIBIOTEPHO-UBMEPUTEIIbHAA CUCTEMA, NTUHAMUYCCKAasA MOMEHTHO-CKOPOCTHAsA XapaKTe-
PUCTHKa, aCHHXpOHHLIfI JABUTATECJIb, AJITOPUTM CKOJIB3SAIICTO.

100 BecTHuk KaparaHguHckoro yHusepcuTeTa





